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Abstract

In this paper for the first time a catalogue of linear voltage-controlled fractional-order oscillators employing multiplication-
mode current conveyor (MMCC) have been systematically derived using state variable approach. The work also includes
detailed relevant analysis of the derived oscillators. Furthermore, three special cases are considered for each of the derived
oscillators. Non-ideal analysis has been done for all the oscillators to show the impact of port non-idealities on the
frequency. Port parasitics are also examined to justify the deviation between the theoretical and the simulated frequency
values against the controlling voltage. Fourier analysis has been carried out to find out the total harmonic distortion figures.
Functionality of all the oscillators have been verified on PSPICE utilizing the library files of AD844 and AD835 to realize
MMCC. Simulation results are also provided for each special case including the integer-order case. Relevant MATLAB
plots are provided for one of the oscillators to facilitate comparison between factional-order and oscillation parameters of

the oscillator.

Keywords Multiplication-mode current conveyor - Fractance - Canonic - Voltage-controlled oscillator - Condition of

oscillation - Frequency of oscillation

1 Introduction

The prominent observed controlling features of the sinu-
soidal oscillators analysed so far are the Condition of
Oscillation (CO), Frequency of Oscillation (FO) and the
control of the amplitude of the sinusoid being generated.
Thus, from fixed-frequency to variable-frequency, from
multiple-element controlled to Single-Resistance Con-
trolled Oscillator (SRCO) and single-phase to multiphase
of the FO, the range of oscillator type has been pretty
diverse. Research developments on oscillator circuit con-
figurations from the past have been mostly employing
active elements such as; Operational Amplifiers (OA),
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Operational Transconductance Amplifiers (OTA), Current
Feedback Operational Amplifiers (CFOA), Current Con-
veyors (CC) for performance features suitable to different
application situations. Since these integrated circuits are
available off-the-shelf, the oscillator realizations from
these are available in abundance in open literature. A book
[1], recently published, presents a useful account on vari-
ous facets of these oscillator developments involving
variety of many other active elements too. To uncover
better performances and new features from oscillators, new
analog building blocks are being looked up to by motivated
researchers. A comprehensive collection [2] of massive
range of active elements was presented to assist circuit-
designers recognize their proper choice of active element
for their specific application requirement of analog signal
processing and generation. Many of these analog building
blocks are still in their symbolic infancy today and need
bipolar and/or CMOS implementation for their utilization
in linear/non-linear signal generation/processing circuit
configurations and are yet to be used in advancing oscil-
lator circuit configuration synthesis.
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There has been lot of interest in evolving SRCO but to
be able to control FO of the sinusoidal oscillator through
voltage automatically makes it a preferred choice due to its
programmable and flexible nature. As this manuscript is
majorly concerned with the Current-Mode (CM), canonic
(employing not more than three resistors and two capaci-
tors only) Voltage Controlled Oscillators (VCOs) utilizing
only one type of active device, hence, our focus of dis-
cussion in the following is in this light and on VCOs
offering (or can be made capable of providing) current-
mode outputs. A survey summary of features of some
prominent selected VCOs is tabulated in Table 1 which
provides, at a glance, comparison among them. It is obvi-
ous from Table 1, that all the voltage-mode sinusoidal
VCO configurations (except [12]) have utilized two or
more types of active devices to accomplish the voltage-
control feature of FO and no additional FO control by any
resistance. In the VCO of [12], however, only OTAs have
been used for voltage control functionality but four mat-
ched grounded capacitors have been employed thereby
making it non-canonic. The VCOs in [3-5, 9, 11] employ
OA and FET and/or analog multiplier and are all Voltage-
Mode (VM) type where possibility of achieving current

Table 1 Comparative features of some selected prominent VCOs

output from a high impedance port is non-existent. How-
ever, in other voltage-mode VCOs such as [6-8, 10, 12-18]
the second active device used are from Current Conveyor
(CC) family where it can be said (in retrospect) that the
voltage-mode VCOs realized, with CCs, CFOAs and/or
other CC family device, could have yielded current output
if additional current output ports (mostly Z-port) of these
devices were tried to have been made available in these
configurations.

Now, in conclusion it can be said that VCOs [3-18]
have the following features and limitations.

1. All VCOs [3-6, 9—18] are voltage-mode VCOs and do
not offer additional FO control by any resistance,

2. All employ two or more type of active devices except

(12],

3. Except [6-10, 15-18] all are non-canonic, that is

employ more than 3R and 2C passive components,

4. Except [5, 9, 11, 12, 15-18] all do not provide linear

voltage control of FO and,

5. Current output availability is non-existent in all (except

one circuit in [10]).

References Nos. of oscillator Do they employ only Whether employs Voltage control Whether
configurations one type of less than or equal of FO provided by linear VCO?
reported active device? to; 3R-2C?

[3] 02 No No FET No

[4] 01 No No FET No

[5] 03 No No Multiplier Yes

[6] 01 No Yes FET No

[7] 01 No Yes FET No

[8] 01 No Yes FET No

[9] 01 No Yes Multiplier Yes

[10] 06 No Yes FET No

[11] 04 No No Multiplier Yes

[12] 01 Yes No (requires Gm of the OTA Yes

matched
capacitors)

[13] 07 No No FET No

[14] 01 No No Multiplier No

[15] 08 No Yes Multiplier Yes

[16] 02 No Yes Multiplier Yes

[17] 17 No Yes Multiplier Yes

[18] 08 No Yes Multiplier Yes, except one

[19] 03 Yes Yes MMCC Yes

This work 13 Yes Yes MMCC Yes
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Currently traditional calculus is viewed as a mini breed
from the huge fractional-order calculus which is a division
of mathematics about non-integer-order differentiation and
integration. Over the past few decades fractional-order
calculus has obtained remarkable recognition from the
investigators. Following innumerable fractional-order
analysis the applications as therein [19—37] have appeared
for the situations of analog signal processing and genera-
tions. The Fractional-Order Element (FOE) or Constant
Phase Element (CPE) is the generalized form of typical
passive circuit component and has, mostly, been the core
device utilized in these works. Phase angle of this CPE
relies on the Order of the CPE and its impedance is called
as fractional-order impedance. This fractional-order impe-
dance is designated simply as fractance. Although CPE is
not accessible commercially, several papers have proposed
various techniques to realize CPE which incorporates
rational approximations [20-22, 27], RC ladder network
[30], and chemically realized CPE [24].

Due to extensive applications of sinusoidal oscillators
[1], fractional-order synthesis of these has especially been
given greater intentness. During the design and synthesis
stage of oscillators, fractional-order calculus assists in the
generalization of several oscillator characteristics specifi-
cally FO, CO and phase. Fractional-order calculus provides
extra control over these parameters which make them
useful in various application situations. Taking into
account these noticeable features of fractional-order
oscillators several oscillator design configurations can be
found in open literature, for instance, see [19, 23, 32-38].
In all these oscillator configurations the conventional
capacitance is replaced by fractance. The fractional-order
oscillator configurations developed so far have mostly
utilized active components such as OA, OTA, CFOA,
Operational Trans Resistance Amplifiers (OTRA) and CCs.
But till now none of the works talks about Fractional-Order
Voltage-Controlled Oscillators (FO-VCO) except [19].
That becomes motivation of this communication to present
to the readers a catalogue of a class of current-mode FO-
VCOs systematically derived by invoking a well-known
state-variable oscillator synthesis method [39]. As pro-
mised therein the work [19], this communication is,
therefore, the extension of the same that uses the multi-
plication-mode current conveyor (MMCC). In [19] we
have utilized only one Z" port of the MMCC but in this
paper two output ports (Z* and Z~) of the MMCC device
are being utilized, hence, a large number of VCO realiza-
tions are achievable.

The proposed MMCC-based oscillators are synthesized
by utilizing state variable technique and employing FOE,
hence these oscillators are termed as Fractional-Order
Voltage Controlled Oscillators (FO-VCOs). The last row of

Table 1 highlights deliverables of this work and the
remainder of this manuscript is organized as follows.
Section 2 introduces the MMCC and its ideal circuit
equivalent. In Sect. 3, we present the state-variable
methodology in the development of MMCC-based VCOs
and the investigation of fractional-order oscillators. The
non-ideal behaviour of MMCC and influence of their par-
asitics have been considered and analysed in Sect. 4. The
simulations that justify the FO VCO performances have
been included in Sect. 5 and in Sect. 6 some discussion
about the proposed oscillators are carried out. Finally, in
Sect. 7 the conclusions of this paper have been elaborated.

2 Multiplication-mode current conveyor
(MMCC) and its applications so far

An interesting device of current conveyor category namely
MMCC was initiated in 2009 [40]. A block description of
MMCC is portrayed in Fig. 1 and its terminal relationship
is specified in Eq. (1) where ideally m and n are unity and k
is an MMCC constant. This constant relies on the param-
eters [40] of the transistors employed in MMCC.

Li=Iy=0
Vyx = kmV,1 Vi, (1)
:tIZ = :tnIX

The MMCC [40] consists of CMOS Differential Voltage
Current Conveyor (DVCC) preceded with a CMOS folded
Gilbert multiplier. It has only one Z* output port therein
[40], which in light of [41], can easily be converted into
multiple output ports with complementary (Z* and Z7)
current outputs with addition of few more numbers of
PMOS and NMOS appropriately connected in the output
part of the MMCC making it even more versatile. Thus, we
can have one Z" and one Z~ port or n numbers of Z* and
Z~ output ports. Some exemplary application configura-
tions are reported in [14] to demonstrate utility of MMCC.
Later, some more works involving MMCCs [29, 31] also
appeared where [29] is on MMCC-based integrators and
differentiators, and [31] is about realization of all pass filter
using MMCC. Both of these [29, 31] works demonstrate

IY] . IZJr
Vi Y MMCC % e
Iy2 ) 1,
VYZ Y2 X /s
Ix
Vx

Fig. 1 The symbolic notation of an MMCC
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voltage control feature to various possible tunable param-
eters of the realized circuit.

For the first time MMCC has been used to implement
sinusoidal oscillator and/or VCO configurations in [19] and
considers utilizing constrained output ports of the MMCCs,
that is, making use of single Z* port of MMCC for the
realization of the VCO configurations. Thus, two frac-
tional-order VCOs have been explored in [19] that utilize
three MMCCs along with canonic number of passive ele-
ments, that is less than or equal to three resistors and two
capacitors. They provide explicit current output and facil-
itate linear voltage control of FO and additional FO control
by single-resistance. In light of [41] when we do not con-
strain the output ports of MMCC [40] and allow them to
offer more numbers of current-output ports (Z* and Z7)
then by using such MMCCs, indeed, the number of VCOs
realized could be very large with possibly better features.
Hence, by using MMCCs, with Z* and Z~ ports in this
work, thirteen new fractional-order VCOs are uncovered.

An ideal controlled source equivalent circuit of this
MMCC can be drawn as shown in Fig. 2. Using this, the
ideal SPICE macro model for the MMCC was developed to
test the ideal performances of MMCC-based VCOs of this
work.

3 Derivation of fractional-order MMCC-
based VCO

The oscillators are synthesised by using state variable
approach [39] by employing MMCC as their active ele-
ment. At first the oscillators are analysed for conventional
case by make use of integer-order capacitors. Then by
replacing integer-order capacitors by fractional-order
capacitors, fractional-order investigation is carried out for
all the oscillators.

(K VYI VYZ)

Fig. 2 Controlled source equivalent of an ideal MMCC

@ Springer

3.1 State-variable approach of VCO synthesis
using MMCC

By looking at voltage-product feature of Eq. (1) we intu-
itively consider utilizing MMCC for the realization of
VCOs. Hence, we are employing MMCC of Fig. 1 with
both Z* and Z~ ports for the realization of single-resis-
tance controlled oscillators (SRCO) following the state-
variable synthesis approach [39]. Here, we briefly outline
this state-variable SRCO synthesis methodology.

A canonic second order oscillator can be characterized
by the following autonomous state equation

¥ = [A]lx] (2)

which can be expanded as-

HEERSE o

From Eq. (2) above, the Characteristic Equation (CE)
can be extracted as

5" — (a1 + an)s + (a11a — apayn) =0 4)
Which yields the CO and FO of the oscillator as
CO: (6111 +a22) =0 and

5
FOICO(): ()

(allazz - 61126121)

Now the methodology of SRCO synthesis involves
selection of the parameters aj;, ajz,a2; and a; in accor-
dance with the required features; that is, choosing them for
decoupled CO and FO, converting the resulting state
equations into nodal equations and finally, arranging a
physical circuit from these nodal equations. A large num-
ber of circuits are expected to be generated by making
different choices of parameters a;;,an, ax; and ay,. In [42]
a total of 14 such [A] matrices, that yield canonic SRCOs,
have been spelled out that provided non-interacting CO and
FO. In this work, we have followed the same approach to
derive MMCC-based canonic SRCOs that eventually
would turn out to be VCOs. For this we need to put
Rl,Rz,Rg,Ci(,Cg and VC in ayy,ain,az and an of [A] in
such way that wy becomes a linear function of V¢ and also
CO and FO remain decoupled.

3.2 Fractional-order oscillator’s investigation

The fractional-order oscillators investigated in this segment
comprises of two fractance devices with fractional orders «
and f. In general, a linear fractional-order system described
by the form

D*vi\ _ (an an Vi
(Dﬁvz> n <6121 azz) (V2> (6)
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can build oscillations only for a value of w that satisfies
concurrently both the following two equations

WP COSM —apof cos@ — ayno* cos + |A|
2 2 2
=0
(7a)
WP sinM —apof sin@ — ano® sin =0
2 2 2
(7b)

where |A| = ajjan — annay is the determinant of the
system coefficient matrix. The phase difference between
the two states v, and v, is given as follows on the basis of
[25] and [26]:

. [oT
wtsin(7)
tan~! W if the sign of ay, is positive
w*cos|— ) —a
) 11
® . (O
ot sin(7)
tan ™! — 7 If the sign of ay, is negative

* COS(O;—H) —an
(8)

The characteristic equation of the system described by
Eq. (2) is obtained by converting that into the s-domain as
below

SOH—ﬁ — a“sﬁ — agzs“ + |A| =0 (9)

3.3 Fractional-order MMCC-based VCOs

More number of single-resistance-controlled and voltage-
controlled oscillators of extensive variety have been
revealed by using the state-variable approach of [39] in
concurrence with the terminal characteristic of the MMCC.
By making use of one Z* port and one Z~ port of the
MMCQC, thirteen VCOs are uncovered and presented in this
paper. Each of the oscillators reported in this work is
constructed by deploying three MMCCs, two fractional-
order capacitors with fractional-orders o and f# and three
resistors. The thirteen fractional-order voltage-controlled
oscillator configurations and their corresponding state
matrices are presented in Table 2. Out of these thirteen, six
oscillators provide explicit current output from all the
MMCC’s output ports, remaining oscillators provides
explicit current output but not from all the output ports but
only from some ports. Five oscillators are quadrature
oscillators and eight are multiphase oscillators. It is evident
from Table 3 that in all the FO-VCOs, CO is controlled by
R, and FO can be linearly controlled by controlling voltage
Ve.

3.3.1 Analysis of first circuit from Table 2 (FO VCO 2.1)

The FO VCO 2.1 given in Table 2 is described by the state
matrix

kV. kV. (1 n l>
D‘o’(l _ R;Cy Ci \Ri R Vi (10)
sz kVC ch 1%
R;C; CyrR4

The characteristic equation extricated from (10) is given
as

o+p kV.

kVC B
- N
CoRy

K2
s C
CiR3

=0
RyR3;C G

"+ (11)

Resolving individually, for the real and imaginary parts
of Eq. (11) with the aid of Euler’s relations by putting
s = jw in that, we obtain the succeeding two relationships:

W cos ((0‘ + ﬁ)’f) KV W cos (ﬂ)

2 CoR 2
_;’_Lw/fcos @ _;’_ﬂ
CiR3 2 RoR;C1 G
=0 (12)
ot+p o (“J’_ﬂ)n _ kV. o o O(_TE
o tsin( ) o sin (%)
kV, fr
P Lt
+ CiRs m( >
=0 (13)

If both (12) and (13) can be satisfied concurrently by
some o then the circuit (FO VCO 2.1) can build sustained
oscillations [25, 26]. Select R; as the parameter to control
the CO, R obtained from (12) and (13) is given as follows

kV.RyR;Cw* cos (1—2”)

Ry =
kV.R,CrP cos (%) + RyR;C Cra0* P cos (%) +k2V?
(14)
kV.R;C " sin (%2
Rl - 3L ] (2) (15)

kV,.CroP sin (%”) + R3C, Coo0*F sin (%)

Eliminating R; from (14) and (15), the obtained FO can
be given as

@™ P sin (ﬁ) + kVe P sin (L —;x)n)

2 CiR;
“in (om) K*V?
2/ RR3C Cy
~0 (16)

The phase difference between the two states v; and v; is
given as

@ Springer
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Table 2 The new uncovered fractional-order MMCC-based VCOs with their [A] matrices

FO-VCO The evolved MMCC based FO-VCOs Matrix [A]
No.
2.1
L MMCCI MMCC2 MMCC3 [ P (1 . 1)]
Yl - Y1 - Y] [A]= ]f]l/R3 Cl kva Rz
o c c
\./LY + CI .JL VC Y + EYZ [ CoRs CGRy ]
x LT ~1ex 7L MPx
L&
- i
R2 Rl
22 =
t MMCCI MMCC2 L MMCC3
N oo Yioo- b 1, Ly
VC C]a_[ Vc :l VC [A]= C1R1 C1 R1 Rz
Y, _ + T Y, + Y, + kVe _ kW
x 1 T 'x |1 x |l G, Gk
p L
ﬂ—‘—n—‘ G T
qu Rl R3
23
MMCCI MMCC2 MMCC3
. CkV kvl 1
Vi T —Y, - oo P o lw*w)
v i v = [4] v, v,
Sy + Y, Co Y. “CR C.R
2 2 + 2 + 213 23
X Clu_J__ X X
1 ng _]:
Y —
RQ? Rl R3
24
L MMCCI MMCC2 MMCC3
Y, - Y, -
Vely Ve | Ve el 1y kel L1
Tx 'x * [A]Jcl RR) TG\ TR, Rsl
kV, kV,
= G " CoRs
Rzﬂ R, R; =
23 L MMCC2 [ MMCC3
MMCCI v
L I S L vioo- (L Ly kel 11y
L "¢ \R "R/ R TR, R
VC Vc 4] = kV, kV,
'—Yz + o Yz + '*Yz X + l _ c c J
X C] -—te X = CyR3 CyRs3
1 Czﬁ_ .
e = 1
R, ? R, R3
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Table 2 continued

kv, kv,
CyR3 Ry

kv, kVC<1+1)
[C1R3 Ci \R, Rzl

FO-VCO The evolved MMCC based FO-VCOs Matrix [A]
No.
26
L MMCCT MMCC2 [ MMCC3
kV.;2 1\ kV,/2 1 1
W b H SR en-d)
1 ml 1 4] = C,\R, Ry C,\R, R, R,
Ve ' V. k. k.
. _
Y X + 1 Y, - — Y + C,R, C,R;
C]a— = =
1 Czﬁ.l‘
RZJ[! R1 R3
2.7 - -
MMCC MMCC2 [ MMCG3
v - kVE(Z 1) kVC(Z + 1 1)
I ] o | R R T R TR TR,
V. C\Y V. Y kY _ K,
= CR; CR;
2.8
2kV, kVC<2 . 1)
[A]JQR1 GARy Rz]
| kv, kv, |
[c,r, Ry |
29
2kV, kVC<2 . 1)
u=| GR G \R TR
A kv,
C,R C,R
C CLJ\. 1 213 213
1 =
T CZB_JL
1
R2 R] R3
2.10
rﬂ(i_i) _ﬂ<i+i_i)1
[A]:{cl 2R, R, ¢, \2R, ' 2R, R3I
| o S
C2R3 C2R3
2.11
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Table 2 continued

R2 Q Rl

FO-vVCO The evolved MMCC based FO-VCOs Matrix [A]
No.
2.12 =
L MMCCI MMCC MMCC3
kV, kV. 1 1
Yi - Y - Y, - |[— - ——C(—+—)]|
o [A] = | CiRs Cy \Ry Rz|
vl [ ey, - T
2x 1 T " lex 1 I2x 20R, 2GR
I N .
— C2'3 I

213
L MMCCI 4‘“““? MMCC3
Yl - Yl - Yl -

\/LYZ X + Cl _JLV-C—YZX + EYE X +j_
= R3 =
Cs
-
R2 Rl

kV, kV, ( 1 + 1)

[A] :[ 2CiR; 2C;\R; R, }
kV, kV,

C,R,

CoRy

_1 R3C1w“ sin(%)
tan -7
R;C w* cos (“‘—2”) + kVe

Oscillation parameters such as frequency of oscillation,
condition of oscillation and phase are derived separately
for each of the oscillators of Table 2. Furthermore, four
cases are considered for each of the oscillator configura-
tions. First case is the conventional case (¢ =f=1),
second case is equal fractional-order case (x = f§ # 1),
third case is («x=1) and (f # 1) and the last one is
(f=1) and (o # 1). For all the oscillators resistor R; is
chosen as the parameter for controlling the condition of
oscillation. The FO-VCOs obtained parameters for each of
the above described cases are organized in Table 3.

The plot showing the change of oscillator characteristics
(FO, CO and phase) with respect to fractional-order
parameters (o and f) for one of the oscillators (FO VCO
2.3) are displayed in Fig. 3. All these plots are generated
with the help of MATLAB simulations by using the fol-
lowing values: Ci= C»,=10 pF, R,= 50 KQ and R;=1 KQ.
Figure 3 also showcases the consequence of various values
of V¢ on the FO, CO and phase for all the special cases
(@a=p#1,0<a<2;a=1,0<f<2and f=1,0<a<?2)
in addition to the relationship between phase and fre-
quency. By providing different values for Vc (0.5, 1 and
1.5), the consequence of oscillation parameters and frac-
tional-order parameters can be deciphered from these
MATLAB plots.

For identical fractional-order case (6 = f #£ 1,0 < a <
2) Fig. 3(a), high FO can be obtained when o is very small.

(17)

@ Springer

When V¢ is greater than one, high FO in the range of GHz
can be achieved with low values of o. With increase in «,
FO decreases but R, increases and phase increases first then
decreases rapidly and again increases slowly. With respect
to frequency, phase is decreasing then increasing suddenly
and again decreasing gradually. From the phase versus o
plot, it is evident that phase is independent of V- which is
in contrast to the FO and CO. Surface plot of FO and CO
are also shown in the figure. From the surface plot of FO, it
is visible that high FO can be achieved when o reduces and
V rises.

For the first mixed case (o =1, 0 < f < 2) Fig. 3(b), FO
is low compared to the identical fractional-order case and
FO starts decreasing gradually when o increases. The CO
initially increases and then reduces for high values of o.
Phase for this case initially decreases and after some extent
it increases rapidly and again decreases. The surface plot of
FO versus -V plane and CO versus fi-V plane shows the
values of frequency and R; achieved by using the corre-
sponding values of R, and R;.

For the next mixed case (f = 1, 0 < a < 2) Fig. 3(c), FO
initially reduces slowly and after some extent it rises
slowly. When o increases, CO reduces for all the values of
Vc. From the phase versus frequency plot it is under-
standable that phase depends on V. The surface plot of FO
and CO shows how frequency and R; varies with respect to
the o-V¢ plane.
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Table 3 (continued)

1S

4 Non-ideal and sensitivity analyses
on derived oscillators
T ‘\: The non-ideal analysis and sensitivity analysis are carried
an an out for all the FO VCOs presented in Table 2. We have
/; :i\ . @ % also considered non-ideal port transfer behaviour of the
. - Zlz MMCC and also the port parasitics for investigating their
oo £l8 G £l8 effect on the VCOs performance
~ | & S|F & &%
s s 8- &
| = 4.1 Non-ideal analysis
The non-ideal expressions of wy and the sensitivity fig-
ures are presented in Table 4. Obviously, with m and n
very close to unity, the port non-idealities are not affecting
C”> the wy significantly.
) o
Gl =R 4.2 Consideration of port-parasitics
F :fZ* on the derived oscillators
i(‘:/ S Now, considering the possible prominent port-parasitics of
,Sg R= the MMCC as parallel Ry-Cy at y-terminals, parallel Rz-C,
55‘ R at z-terminals and Ry, the series resistance at port-x, as
) il? shown in Fig. 4, the FO-VCOs of Table 2 have been again
! 3 analysed and their expressions for angular frequencies have
Lo & %;ﬁ been worked out. This self-explanatory parasitic analysis is
Sl 5+ tabulated in Table 5.
o ~[E 2 % ;S It can be concluded that the port parasitics play some
role in altering the CO and FO expressions of the FO-
VCOs to some extent.
4.3 Monte-Carlo performance analysis results
5 The Monte-Carlo analysis was also performed for one of
\é/ the oscillators of Table 2 (FO-VCO 2.8) and is presented
g = % @ here. This analysis generates histograms together with the
g \5’ g ;i GE summary of statistical data. The corresponding histogram
g 12 55 F3 plot is shown in Fig. 5. Tolerance of 10% is added to
= E«ig SfEe S luf resistor R; to generate various waveforms for different
S|~ sl £ <5 . . . R
NS S8 < § P values of R; and the simulation result is presented in Fig. 6.
5 Verification of the workability
of the derived MMCC-based VCOs
" m”Z i v _ v - v For validating workability of the synthesized FO-VCOs we
z TR RV T have undertaken PSPICE simulation for all the oscillators
“ Boresese shown in Table 2. The fractional-order capacitors C{ and
Cg of order 0.8 are simulated with the aid of RC ladder
network [33] as shown in Fig 7 which is realized with a
g fifth-order Oustaloup Recursive Approximation [22, 43].
8 MMCC is constructed by utilizing AD835 type analog
g « multiplier and AD844 type current feedback operational
&= N
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Table 4 The worked out non-ideal expressions and sensitivity figures of wg

FO-VCO no. Expression for wo(uon—ideat) Expressions of sensitivity figures for

2.1 D) (non—ideal) = DoNN. S =18 =1; 80 =—4; SE =—4; S =—3; Sqpr=—3; S =1; S =1
22 D0(non-—ideal) = CoMn S =L S =S = S = S = S = S = S =1
2.3 O0(non—ideal) = OMN S =180 =1; S@ =L S@ =Ly s =L S =1y s =1; s20 =1
2.4 D) (non—ideal) = oMM S =1 8P =1; 80 =4SP =4 S =—3; Spr =—4; S =1; 50 =1
2.5 D (non—ideal) = VOMN SO =L S =L Sy = S = S = S = S =S =1
2.6 OO (non—ideal) = PoNMN S =180 =1; S = =4 S& = — 1 Spt = — 4 SR =1 S =1; S» =1
27 D0(non-—ideal) = oMM S =L S =L S =S = S = S = S =L S =1
2.8 O0(non—ideat) = WM S =18 =180 =—4; SP =4 S =—1; S =—4; S =1; 50 =1
29 D0(non-—ideat) = Domn SO =L Sy = Se = - SE =y S = oy Sp = s S = LS =1
2.10 O0(uon-ideal) = Gomn S =L S =hS = S =i S = S = S =Ly =1
211 0ty = o S =S = 1 SE =k S =i S =i SE =~k S = LS =1
2.12 W0 (non—ideal) = oMM SO =18 =1 8= -4 Set = - Spp = -4 Spe = —3; Sm=1; 87 =1
2.13 O0(non—ideal) = oMM S =1 8P =180 =4 SE =4 S =—1; S =—4; S =1; S0 =1

MMCC

Fig. 4 The possible prominent port-parasitics of the MMCC

amplifier (CFOA) taken from analog devices [44] as shown
in Fig. 8. The implementation of MMCC requires a single
analog multiplier and three CFOAs to generate two output
ports (Z* and Z7). The values of Ry, R,, R; and R, are
chosen to be 2.7 KQ, 100Q, 10Q and 10Q respectively.
The MMCC constant k is ideally taken to be unity to meet
out condition of Eq. (1).

Under Table 6, PSPICE simulation of all the cases are
presented to justify the theoretical findings. The compo-
nent values chosen for all the cases are shown below the
corresponding waveforms. All the thirteen oscillators
presented in Table 2 are simulated separately for integer-
order case, mixed case and pure fractional-order case. The
maximum FO obtained for integer-order case is
157.6 kHz (FO-VCO 2.8), for mixed case is 65.3 kHz

@ Springer

(FO-VCO 2.1) and for
281.7 kHz (FO-VCO 2.2).

The variation of FO with V¢ curve for pure fractional
order case is also presented in Table 6 (fifth column).
Slightly deviated level of simulated curve in contrast to the
theoretical curve of FO variation against V¢ is a conse-
quence of port-parasitics of MMCC. The theoretical value
of wy cannot be calculated for some of the oscillators of
mixed case due to the complex value of ® and hence it is
not entered in Table 6. Fast Fourier Transform (FFT)
analysis have been carried out for all the oscillators in pure
fractional-order case and illustrated in Table 5. The Total
Harmonic Distortion (THD) figures of the FO-VCOs of
Fig. 2 found out through simulations are presented below
each FFT analysis curve. All the simulation results
demonstrate satisfactory operation of the synthesized FO-
VCOs

pure fractional-order case is

6 Discussion

Of all the thirteen oscillators presented in Table 2, con-
sidering only the pure fractional-order case, the FO-VCOs
2.1, 2.2, 2.3, 2.8, 2.10, 2.11 and 2.12 provides explicit
current output at all the output ports of MMCCs and the
remaining five oscillators provides explicit current output
at some output ports of the MMCCs. Compared to other
oscillators, FO-VCOs 2.1 and 2.5 are having very low THD
values. From the simulations it is observed that the FO-
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Table 5 The assumptions considered in parasitic analysis and expressions of affected angular frequency (w;))

FO Parasitics inclusive FO-VCO of Table 2 (as per the right column assumptions) Assumptions considered and expression of W( considering port-parasitics
vCco
No.
2.1 Assumptions
t MMCCI w MMCC3 G >» (Czl +Cz t CYz)
Yo- o N § 1§Z>—>1§Z3~ Ry, Ry Ry » R
wl, Lol Jub L Ly, I R et
X 1 LRy TRy = =
= Non-ideal FO
R, Ry L R,R; R, R,R;
wy =wg [|1+ -5 + -
= K?VERqR, KVcR, KVcR{Ry
22 Assumptions
MMCCI MMCC2 MMCC3 > (Cz, +Cy,)
v v v - Cy » (Cz, + Cy, + Cy,)
1 - - .
v, Clﬂ ﬂ]Rb Ve |, R Czﬂ Rq = (Rz,||Ry,||Ry,): Ry Rz, Rs > Ry
—1Y. + == U — + — Y2 a - Ry, = (Rz ||R
ol ML | R = (Rale)
+ T TV, L =1 1
RZQ Rl R3 Non-ideal FO
RaR3 R, RaR3
= wy = w, [[1+ + -
0 0\/[ K2VZR,R, ' KVcR, KVcRiR,
Assumptions
23 L MMCCI MMCC2 L MMCC3 C,>» (CZ1 + CVz)
v, - Vely, . A ] Ca » (Cz, + Cy, +Cy,)
Ve L A = Rq = (Rz,||Ry, ||Rv,); Ri,Rz Rs > Ry
Y. Y. Y.
—1Y n p + — Y2 +
x_JcolL Rbﬂ x T b ) Ry = (Rz,[|Ry,)
i1 { ‘ Rl == Non-ideal FO
— — <
RzE R, R; wh = |[1+ RaR3 ReR3s Ry
L K2VZR,R, KVcRiR, KV(R,
24 Assumptions
oot MMCC2 [ MMCG C;» (Czy + Cy, + Cz,)
v, - v - Y, - Cy » (Cz, + Cy, + Cy,)
v Cll Ry| V. R Czﬂ{ Rq = ERZz ”RYJhRYJ); Ry, Rz, R3 > Ry
1Y, 4+ == [l Y, —1Yy 4 - Ry, = (Rz ||Ry, ||R
)‘( o v )l( 4 2y I b 2z, || 8y, |1z,
R = = Non-ideal FO
— wp
RZQ R R; o [ ReRe RRe | Ry R RiRy
= 0 K2VZR,R,  KVcRR, KVcR, KVcR, KVcRiR,
2.5 Assumptions
MMCC2 [ mmccs € > (o, + G, + Cz)
L MMCCI - Cy » (Czy + Cy, + Cy,)
Yooy - Y- Ra = (Rz,||Rv,[[Ry,) ; Ry, Ra, Rs > Ry
LI Ve Ry = (RzJ|Ry, [IRz,)
< Y. V.—Y.
—Y, x * | i * ¢ x * C ﬁ\_ Non-ideal FO
Cla -l— Rb = Ra 2_ -
L I b
qu R, R co s BeRs | RRs  RR Ry R |
| 0 K2VZR,R, KVcRiR, KVcRiR, KVcR, KVcR,|
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Table 5 continued

FO Parasitics inclusive FO-VCO of Table 2 (as per the right column assumptions)

Assumptions considered and expression of W( considering port-parasitics
VCO

2.6

Assumyp

Cy» (Cz, + Cy, + Cz, + C,)

Cz > (Cz, + Cy, + Cy,)

Rq = (R, || Ry, ||Rv,): R1,Rz Rs > Ry
Ry = (Rz,|Ry, Rz, [|Rz.)
Non-ideal FO

wp

B R,R; 2R,R, 2R,R, R, R; |
=@ [1 + K2VZR4R, ' KVcR\R, KVcRR, KVcR, KVcRy|

=
i

2.7

Assumptions
L MMCCI At Cy» (Czy + Cy, + Cz + C3,)
Y, Cz > (Cz, + Cy, + Cy,)
Ry = (Rz,|| Ry, IRy, ); Ri,Ra Rs > Ry
Ry = (Rz,||Ry, Rz, |[Rz,)

X
= = Ve Non-ideal FO
wp

RZQ R, R :wnj[1+ RiRy 2RoRs R, Rs 2R,R, |

+ -_
K?VZR,R,  KVcR;R,  KV:R,  KVR, KV:RiR,|

28 Assumptions
C; » (Cz, + Cy, + Cz,)
Cy » (Czy + Cy, + Cy,)
Ry = (Rz,|| Ry, IRy, ); Ri,Ra Rs > Ry
Ry = (Rz|[Ry,||Rz,)
L MMCCI L MMCC3 Non-ideal FO
Y, - Y, - W) = woj[l + R22R3 + R, 2RyRs
Ve - g V. R.pC2 | K2VER4R,  KVcRy, KVcRiR,
Y,  + —Y, _ * =
Rlﬂ Ry R;
Assumptions
29 L MMCCI MpeC2 t MMCC3 C; » (Cz, + Cy, + Cz,)
YT Verly, - M ] Cy » (Czy + Cyy +Cyy)
V‘LYE + Y. o+ VC-—Y1 + N Rq = (st|| RY3||RY1); R1, Rz, R3 > Ry
T o J\._ X l ~ X C B Ry = (Rzl ”RYZ ”RZ )
C"+ R, R, 2JL Non-ideal FO
I — 1T - RyRs 2R,Rs R,
Rz? R R Go @ [1 T KRR, | KVcRiR,  KVcR,
2.10 e WS Assumptions
L Cy» (Cz, + Cy, + Cz,)
Cy » (Cz, + Cy, + Cy,)
Rq = (Rz,|| Ry, ||Rv,): Ri,Rz Rs > Ry
Ry = (Rz, ||Ry, ||Rz, )
Non-ideal FO
wp
2R,R; RyR, 2R, Ry RyRs
- w“ﬂ K2VZRRy T KVeRiR, | KVeRy T KVcR,  KVeRiRq
2.11

Assumptions
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Table 5 continued

e

FO Parasitics inclusive FO-VCO of Table 2 (as per the right column assumptions) Assumptions considered and expression of W( considering port-parasitics
VCO
No.
L MMCCI e MMCC3 Cy>» (CZ1 + Cy, + CZZ)
V
v Y, Sl ey, _1 Y, anl Cy > (CZ3 +Cy1)
Sy, x * Y2 x 7 Y2 x " Rq = (RZ3” Ryl); Ry, Rz, R3 > Ry
= B Ry = (Rz, ||Ry, ||R
C]u_JL Ry R, R CZ‘JL b ( 2y ” Y; ” Z, )
I I all = Non-ideal FO
RZE Rs wh =y ||1+ RaRs RRs Ry
L KZVCZRaRb KVcR{R, KV¢R,
Assumptions
212 L MMCCI MMCC2 MMCC3 C;» (Cz, +Cz, + Cy,)
RO o - o B gz»zgzs Ry, Ry Ry » R
Vc CIJL Rb . Ra Czl Ra : (;37 ”Rp ”;, 3 X
—1Y, X +1_ -\T‘sz 1 Y, - b = Itz ||y, || Rz,

Non-ideal FO

- o= o |1+ 2R;R3 + 2R;  RaR;
Rz? R, oo K2VZR,R,  KVcR, KVcRiR,
2.13 Assumpti
L MMCCI 4M‘Mﬂj MMCC3 C;» (Cz, +Cz, + Cy,)
v - v, - v - { | a»G,
Vc C] \. Rb E Ra C2 [ Rq = RZz; R1, Ry, R3 >> Ry
—Y, x \TYZX + I Y, X +T o= Ry = (R21”RY2||R22)
-7 c R3 L
Non-ideal FO
) =-R | 2R,R5 R, 2RyR3
1! |

wy =wy [|1+ +
0 OJ[ K2VZR4R,

KV:R, KVRiR,

Fig. 5 Monte Carlo analysis: histogram plot
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\/\/\/\/\/

Fig. 6 Multiple simulation results during Monte Carlo simulation for different values of R,

[N
cus A
C1 Cz C3 C4
B B
Ry e
R, Rs Ry Rs

Fig. 7 Realization of fractance

Fig. 8 MMCC created with one
AD835 type multiplier and three
ADS844 type CFOA

@ Springer

VCOs 2.3, 2.8, 2.9, 2.12 and 2.13 are quadrature oscillators
and the rest of the seven oscillators are multiphase oscil-
lators. The output waveforms of one of the quadrature
oscillator (FO-VCO 2.13) and multiphase oscillator (FO-
VCO 2.6) are depicted in Figs. 9 and 10 respectively.
Amongst themselves FO-VCOs 2.1 and 2.3 are superior in
terms of frequency of oscillation, quadrature phase, explicit
current output and total harmonic distortion.
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Table 6 Simulation results, Variation of FO with V¢ and FFT analysis for all the derived FO-VCOs

Current (milli amperes)

WL
T a5 12 1B 13 s e s 18

Time (micro seconds) "

s

Current (micro amperes)

T
Time (milli seconds) '

A

Current (micro amperes)

5 s S S0 S5 51 512 51 51 518 52

Time (micro seconds) "'

Rz = R3: IKQ, C1 = sz
InF,Ve=1V,k=1Ri7=
IKQ, Rls = IKQ, Wt =
999.99Krads™, wos =
886.108Krads™!, % of error
=11.38%

Rz = R3: IOKQ, C1 = lnF,
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Table 6

continued
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Table 6 continued
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Table 6 continued
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Fig. 9 Quadrature oscillator

FO-VCO 2.13 output waveform

Fig. 10 Multiphase oscillator

FO-VCO 2.6 output waveform

@ Springer

O N b~ O

-2

Current (microamperes)

1.5

o
o

Current (micro amperes)
o

'
o
&)}

1.15

Time (micro seconds)

_><10'4

1.2 1.25 1.3 1.35

1.04

1.06

1.08 1.1 1.42 1.14

Time (micro seconds)



Analog Integrated Circuits and Signal Processing (2020) 103:31-55

53

7 Conclusion

This work, for the first time, has demonstrated use of only
one type of active element namely MMCC to synthesize
current-mode sinusoidal FO-VCOs. Without constraining
the output ports of MMCCs and following the well-estab-
lished state-variable SRCO synthesis method [39], this
work has revealed existence of thirteen new canonic FO-

oscillators with fractional-order capacitor consideration
and has successfully tabulated their significant features
compared to other conventional oscillators by employing
MMCCs.

Appendix: Derivation of state matrix
coefficients for FO-VCO 2.3 of Table 2

MMCCI1
Ve
Y] - q — Yl

Y2

MMCC2 MMCC3
- Y, -

Ve .
1 X2
x * x T
kVex, - kVCXZ Czﬁ' - %2
e T
R;

VCOs. All these FO-VCOs have employed three MMCCs,
three resistors and two grounded capacitors. The oscillation
parameters are derived for each of the oscillators by con-
sidering three special cases and are tabulated. The con-
ventional case is also considered to compare with the
fractional-order parameters. The FO of the generated FO-
VCOs can be linearly controlled by the controlling voltage
V¢ and all of which are also single-resistance-controlled.
All the FO-VCOs of this work were checked for their
functionality and validation of theoretical assertions using
PSPICE. The commercial macro model of MMCC created
with help of AD835 and AD844 integrated circuits from
Analog Devices were considered to test the satisfactory
operation of the synthesized VCOs. Finally, salient findings
of this work are enumerated as below.

(1) All thirteen FO-VCOs are also single resistance
controlled VCOs

(2) They are all canonic employing three resistors and
two grounded capacitors only

(3) All the oscillators have decoupled CO and FO

(4) Seven oscillators provide explicit current output at
all Z-ports

(5) Five oscillators provide quadrature phase output

(6) Five oscillators have very low THD values ranging
from 0.001 to 0.008%

In conclusion, to the best knowledge of authors, this
work for the first time presents the new set of voltage-
controlled together with single-resistor controlled

By utilizing MMCC’s terminal relationship as given in
Eq. (1) and voltage across C; as x; and across C, as X, we
can write KCL at the nodes of C; and C, as

c % _ kVszI;1 kV.x; n k‘l/;:cz (18)
Ciéy = — k‘;clx' + k‘;clxz + k‘;cjz (19)
which can be rearranged as

(e
c, ddi: _ kVszR—3 kV.x (21)
Coxp = — k‘l/;jl k‘l/;jz (22)

Similarly, Eq. 22 can be rearranged as

kV. kV.
X, = | — 23
X2 ( R3C2)XI + (R3C2>x2 ( )
Comparing Egs. (20) and (23) with Eq. (3) the coeffi-
cients of the state matrix can be obtained as follows

kV, kv, (1 N 1 kV.
ajg = ———; ap = —+—; a = — ;a
11 Rlcl y €12 Cl Rl Rz y U21 R3C2 y U22
_kV.
 RC
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