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SAKSIT SUMMART : THE SYNTHESIS AND DESIGN OF CURRENT-
MODE QUADRATURE SINUSOIDAL OSCILLATORS USING MODERN
ACTIVE ELEMENTS. THESIS ADVISOR : ASST. PROF. CHANCHAI

THONGSOPA, Ph.D., 174 PP.

CURRENT-MODE/BLOCK DIAGRAM/QUADRATURE OSCILLATOR

This thesis presents the synthesis and design of current-mode quadrature
sinusoidal oscillators using modern active elements which are designed from block
diagram. The active element used for designing has the advantage; it can be adjusted by
electronic method. The proposed circuits are capable of providing two sinusoidal output
signals with 90-degree phase difference. The circuits use only grounded capacitors
which are very appropriate for further development into an integrated circuit.
In addition, the condition of oscillation can be adjusted independently from the
frequency of oscillation by adjusting the bias currents of the active elements. Moreover,
the proposed circuits have high output impedance appropriate for cascade connection
in current mode which is able to directly drive load. The results of PSPICE simulation
program and experiment found that the circuits are able to provide sinusoidal
quadrature signals. Additionally, an outstanding condition of oscillation can be
adjusted independently from the frequency of oscillation which is used to prove that
the property of proposed block diagrams is authentically used for synthesizing the

current-mode quadrature sinusoidal oscillators.
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Harmonic Frequency Fourier Normalized Phase Normalized
no. (Hz) Component Component (Degrees) Phase (Degrees)

1 9.710 x 10" | 6.454x10° | 1.000 x 10" | -2.747x 10" |  0.000 x 10°

2 1.942x 10° | 8.488x 10" | 1.315x10° | 1.074 x 10’ 1.623 x 10°

3 2913 x10° | 3.450x 10" | 5.346x10° | -1.351x10° | -5.269 x 10'

4 3.884x 10° | 1.261x 10" | 1.955x 10" | -1.089 x 10° |  1.042 x 10°

5 4855x10° | 1.670x 107 | 2.588x 10" | -3.832x10' |  9.905 x 10’
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no. (Hz) Component | Component (Degrees) | Phase (Degrees)

1 9.710 x 10" | 6.477x10° | 1.000x 10" | 6.249 x 10' 0.000 x 10’

2 1.942 x 10° | 5.768 x 107 | 8.905x 10" | -1.663x 10° | -2.913 x 10’
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4 3.884 x 10° | 5708 x 10" | 8.812x 10" | 4964 x 10' | -2.003 x 10°

5 4.855x10° | 7.248x10° | 1.119x10° | 5.056x 10 | -2.619 x 10’
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Harmonic Frequency Fourier Normalized Phase Normalized
no. (Hz) Component | Component (Degrees) | Phase (Degrees)

1 4902x10" | 4.480x10° | 1.000x 10" | -1.629 x 10° |  0.000 x 10"

2 9.805x 10" | 2.432x 10" | 5.428x10° | 4.241 x 10’ 3.682 x 10°

3 1471 x10° | 1.079x 10° | 2.409 x 10” | -3.008 x 10" |  4.857 x 107

4 1961 x 10" | 4410x 10" | 9.845x 10" | -1.647x 10" |  4.870 x 10°

5 2451 x10° | 4310%10° | 9.621x10" | -1.789 x 10" |  6.356 x 10
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Harmonic Frequency Fourier Normalized Phase Normalized
no. (Hz) Component Component (Degrees) | Phase (Degrees)

1 4902 x10° | 4.974x10° | 1.000x 10’ |-7.173x10' |  0.000 x 10°

2 9.805x 10" | 3.142x 107 | 6316x10° | 1.287x 10" | 2.722 x 10°

3 1471 x10° | 1.184x10° | 2.380x10° | 1.301 x 10° |  3.453 x 10

4 1.961 x 10° | 1.747x 10" | 3.513x10" | -4.728x10' |  2.396 x 10

5 2451x10" | 1.841x10° | 3.702x 10" | -4.637x10' |  3.123 x 10’
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Harmonic Frequency Fourier Normalized Phase Normalized
no. (Hz) Component Component (Degrees) Phase (Degrees)

1 9.610x 10" | 6.913x 10" | 1.000x 10" | -1.204 x 10" |  0.000 x 10"

2 1922 x 10" | 5.749x 10" | 8317x10° | -3.227x10' | 2.085 x 12°
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5 4.805x10° | 3.730x 107 | 5.395x10° | -1364x 10" |  4.654 x 10’
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Harmonic Frequency Fourier Normalized Phase Normalized
no. (Hz) Component Component (Degrees) Phase (Degrees)

1 4.852x 10" | 3.299x10° | 1.000x10° | 1.350 x 10’ 0.000 x 10’

2 9.705x 10" | 4.877x 107 | 1.478x 107 | -1.153 x10° | -3.853 x 10

3 1.456 x 10° | 4.807x107 | 1.457x10° | 1.676 x10° | -2.375x 10°

4 1.941 x10° | 8.199x 10 | 2485x10" | -1.377x10° | -6.778 x 10°

5 2.426x10° | 3.230x10° | 9.791x10° | 8.982 % 10' -5.854 x 10°
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Harmonic Frequency Fourier Normalized Phase Normalized
no. (Hz) Component Component (Degrees) | Phase (Degrees)

1 4852x 10" | 3.645x10° | 1.000 x 10" |-1.344x10° |  0.000 x 10°

2 9.705x 10" | 6.613x 10" | 1.814x 10" | -8.590 x 10" |  2.603 x 10’

3 1456 x 10° | 5.109%10" | 1.402x10° |-5914x10' | 3.441 x 10

4 1.941 x 10° | 3.828x10° | 1.050x 10" |-6.205x10' | 4.757 x 10°
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This article presents new current-mode oscillatar circuits using CDTAs which is designed from black
diagram. The proposed circuits consist of three CDTAs and two grounded capacitors. The condition of
oscillation can be adjusted electronically/orthogonally from the oscillation frequency by adjusting bias
current of the CDTAs. The proposed quadrature oscillators have high output impedance and use only
grounded capacitors without any external resistor whichis very appropriate for future development into
anintegrated circuit. The PSPICE simulation and experimental results are corresponding to the theoretical
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1. Introduction

The current design of the active building block (ABR) devices
begins the role as being used in analog technology and analog sig-
nal processing. Therefore, ABB has been developed to be used as a
pawn in the designed circuir, which is suitable for a class of analog
signal processing for voltage-mode and current-mode technique.
In the last decade, a lot of papers in electronic circuit design have
been presented incurrent-mode technique using the current-mode
building block. It is stated that the circuit designed from current-
mode technique can provide the advantages such as larzer dynamic
range, inherently wide bandwidth, higher slew-rate, greater lin
earity and low power consumption [1]. The oscillator circuit is
important in electrical and electronic engineering. This circuit has
been widely implemented such as, telecommunication system,
measuring tool systems, and signal processing for instance. Conse-
quently, oscillator circuit is needed to be introduced with modern
active building blocks. According to recent research reviews on
designing current-mode oscillator circuit using active building
block, it is found that the most recommended qualifications for
an appropriate circuit design: the circuit uses grounded capaci
tor which is convenient for further fabrication in integrated circuit
[2,3], the circuit has high outputs impedance appropriate for cas-
cade connection application in current mode technique which is

* corresponding author. Tel.: +66 833726340,
E-noil addresses: ton @hitmail.com (S, Summart), chan@sutac.th
(C. Thongsopa), kawinai@kmitl.ac.th {W. Jaikla).

heepe/ fdx doiorg/10.1016/j.aeue 2014.07.011
1434-8411/2 2014 Elsevier GmbH. All rights reserved.

capable to directly drive load without using buffering device [5],
and the block diagram/signal flow graph has been introduced to
design the circuit which is easy and convenient for designing [,
etc.

Quadrature oscillator (QO) is one of oscillator which providing
two sinusoidal signals with 90° phase difference. Some applica-
tions for quadrature signal are used in telecommunications for
single-sideband modulators and quadrature mixers [ /]. From liter
ature survey, it is found that several implementations of oscillators
and quadrature oscillators using current differencing transconduc-
tance amplifier (CDTA) and current-controlled current differencing
transconductance amplifier (CCCDTA), have been reported [ 12-43 ],
Unfortunately, these reported circuits suffer from one more of
weaknesses. For example, many of these applications are the
condition of oscillation and the frequency of oscillation cannot
be electronically controlled for both by adjusting the bias cur-
rent [14-16,20,2124-29,31,37 38 42]. The proposed circuits use
floating capacitor [14,16,20,21,28,29,31,36,37,41], which is not
convenient to future fabricate in integrated circuits [8]. There is
excessive use of the passive elements, especially external resis
tors [ 14-16,2021.24-29,313537,38,42] and the circuits consist of
large number (more than five components) of passive components
[14,16]. Qutput impedances are not high, that make the circuit can-
not directly drive load in current-mode technique [22-24,31,40
Moreover, the condition of oscillation cannot be adjusted indepen
dently from the frequency of oscillation [ 12,21,25,29-31,3337.39]
and the proposed circuits do not present in current-mode oscillator
[20,41]. In addition, some proposed circuits presented quadra-
ture oscillator with the condition of oscillation and the {requency
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of oscillation are independently controllable [13,17-19,32,3443].
However, it is found that the proposed circuits have weak points
from reported and the proposed circuits are not designed based
on block diagram{signal flow graph or not present new technique
for designing oscillator circuit. As mentioned above, to analyze and
design current-mode oscillator and quadrature oscillator circuits
o meet all requirements is difficult and experience is needed. This
case, infrastructure diagram could help to analyze and design more
convenient, especially for the beginner and non-expert in this field.

The purpose of this paperis to present the current-mode quadra
ture oscillator circuits based on COTA which is designed from block
diagram. The proposed block diagram developed from current
mode quadrature oscillator based on all-pass filter, to be approved
appropriate for designing current-mode quadrature oscillator cir
cuit. The proposed current-mode quadrature oscillator circuits
consist of three COTAs and two grounded capacitors. Moreover,
the proposed circuits have high output impedance appropriate
for cascade connection application in current mode technique
which is capable to directly drive load. The circuits use only
grounded capacitors without the addition of external resisters.
Additionally, the condition of oscillation can be adjusted electroni
callyfindependently from the oscillation frequency. Moreover, the
proposed oscillators design based on g.,-C oscillator, it is designed
by implicating active device which can be controlled by electronic
method. This case, g, could be controlled by adjusting the bias cur
rent. Advantage of the designed oscillator is that the condition of
oscillation and frequency of oscillation can be adjusted by adjusting
the bias current of active device. In addition, adjusting by electronic
method is more popular than adjusting value of passive devices
[45]. Accordingly, the PSPICE simulation program results are in
correspondence with the theoretical analysis.

2. Basic concept of CDTA

In 2003, there was a new active building block namely current
differencing transconductance amplifier [CITA) presented for ana
log signal processing suitable for voltage-mode and current-mode
techniques [9]. The characteristics of the ideal CDTA are repre
sented by the following hybrid matrix:

Vp 00 00 [h]
V. 00 00 I
1 1 00 {
I. Vel )
00 0 ign
fx V,:

The difference of the input currents (I, and I ) flows from port z. In
some applications, the terminal of COTA can be extended to utilize
the current through terminal which is called z; (z-copy) [10]. For
CMOS CDTA, the transconductance (g Jcan be written in Eq. (2).
This gm can be tuned by external input bias current fp. The symbol
and equivalent circuit of the CDTA are illustrated in Fig. 1(a) and
(b)), respectively. The CMOS internal construction of COTA is shown
in Fig 2.

gn=1/Ks (2)
and
(W
k= pnCoxl —) f (3)
Ve

where k is the physical parameter of CMOS transistor, ji, is the
average electron mobility, G is the gate-oxide capacitance per unit
area, W is the effective channel width and L is the effective chan-
nel length. According to Eq. (2), g will be changed depending on
the transconductance parameter {ji,Cy, )Jof transistor, In practice,

I=1. =11
(b)

Fig. 1. CDTA: (a) symbol and (b) equivalent circuit.

Fig. 2. Internal construction of COTA |17,

the average electron mobility is dependent on temperature and
the doping level but is almost constant for a wide range of nor-
mally used doping level. Also, the transconductance parameter is
proportional to mobility, and since mobility falls with increasing
temperature, the overdrive rises with temperature.

3. Proposed current-mode quadrature oscillators

The designs of current-mode quadrature oscillator circuit based
onfirstorder all-pass filter have beenintroduced. [tis easy and con-
venient for designing; the circuit consists of two sections which are
current-mode first order and lossless integrator. The block diagram

5 a h
sma I, 5 I

Fig. 3. Block diagrams for quadrature oscillator based on all-pass filter,
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sub I, 5 1,
(a)
L as £
bas 1, i 5 1,
(b)

Fig. 4. Proposed block diagrams for quadrature the oscillator.

for current-mode quadrature oscillator based on all-pass filter
shown in Fig. 3 and the characteristic equation can be expressed as

s2ysla—b)+ab=0. (4)

From Eq.(4), the condition of oscillation and frequency of oscillation
can be written as

a=b (5

and

Wose = \/E- (6)

From Eqs. (5) and (6), it is found that the condition of oscillation
cannot be adjusted orthogonally from the frequency of oscillation.
However, the block diagram in Fig. 3, can be developed suitable for
designing quadrature oscillator circuit by developing the first sec-
tion (current-mode first order all-pass filter). The proposed block
diagram for current-mode quadrature oscillator shown in Fig. 4 is
divided into two cases shown in Fig. 4(a) and (b), respectively. In
addition, the characteristic equation is written as

s?+s(b—c)+ac=0. (7)

From Eq. (7}, the condition of oscillations and frequency of oscil-
lation are written as

b=c (8)
and
Wose = \/O_C {9)

From Eqs.(8)and (9),it can be found that the condition of oscilla-
tion can be orthogonally controlled for the frequency of oscillation.
From block diagram in Fig. 4{a) and (b), the realization of proposed
current-mode quadrature oscillators are achieved in Fig. 5(a) and
(b), respectively. It is seen that the proposed circuits consist of three
CDTAs and two grounded capacitors without additional external
resistor. The output circuit can provide sinusoidal signal currents
with 90° phase difference and high output impedances that are
easy to drive external load without loading effect, Additionally, the
circuit in Fig. 5(a) and (b) can be illustrated by using block diagram
shown in Fig. 6(a) and (b), respectively. By comparing block dia-
gram in Figs. 4 and 6, the characteristic equation of the proposed
circuits can be written in Eq. (10).

N sgmzfz —Zm3C1 | Em3(8m1 — &m2) 0. (10)

GG GG

From (10), the condition of oscillation and frequency of oscillation
are written as

Em2 (2 = 8mCy (11)

"

x| J
CDTA CDTA, |1,
noz nozog X
| I
ﬁ CI llo]
n X ‘_
CDTA,
P o
G
(a)
Ln -X| n XJ
CDTA CDTA, |1,
Pz P o X
| —
= 1
n X -T
CDTA,
Pz,
CI==
(b)

Fig. 5. Proposed current-mode quadrature oscillators.

and
—
_ Jlgm3[gml _gmz)‘
o - | BBt (12)

Itis found from Egs. (11)and (12) that if g = /klg;, the condi-
tion of oscillation and frequency of oscillation are written as

IpCs = Iy (13)

and

i (i - Vi)

oG (14)

Wgse =

From Egs. (13) to (14), it can be seen that the oscillation
condition can be adjusted electronically/independently from the
oscillation frequency by varying Igs and Igy while the oscillation

|\-"C| (8w &) Sy
sCi=g,, 1, 5C, 1.
(a)
L(Sm] &) sC B _J
£, 53C I, sC, I,
(b)

Fig. 6. Block diagrams of proposed quadrature oscillators,
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frequency can be electronically adjusted by Ig;. From circuits in
Fig. 5(a) and (b), the current transfer functions of I,; and I3 can be
written in Eqs. [ 15) and | 16}, respectively.

S, Summart of al./ It J. Elecron. Commun. (AED) 697 2015) 62-68 65
poe—= y .1’=I= T
T O R P
CDTA 1]
loals)  gm No—em—n Cx x
=== (15) 7 b
Ials)  sCy K, Z L cLNR
P
and W T
1‘02[5)_ ’;’;ﬂ (16) —(!_'HII —iCHh
I (s) sCy IOz o

For sinusoidal steady state, Eqs. (15)and (16) becomes

(@) —igms e 17
In(e) — weeCy oy

and

Io(e) _ g _ & (18)

IU] [_f(r}) - woeely - ihase 7 '

From Eqs. (17)and (18), the phase difference ¢ between i, and I
can be written as

¢y = -90°,

Itis seen from Eq. [ 19) that the proposed current-mode quadrature
oscillator can provide two sinusoidal signal output currents with
90° phase difference.

hy = 80°. (19

4. Analysis of non-ideal case

For non-ideality case, the characteristic equation of COTA in Eg.
(1) is written as

v n o 00 Iy
Vu 00 g ﬁ In
_ |9 —on
L= vl (20)
0 0 0 +fgm
I v,

The parameter p, oy and £ are the currentftransconductance
transfer value. The value that deviated from one is dependent on
temperature variations. Consequently, these errors affect the sen

sitivity to temperature and the high frequency response of the
proposed circuit, the CDTA should be carefully designed to min

imize these errors. Considering this fact and make it possible in
practice, these deviations are very small and can be ignored in the

ory. In non-ideal case the characteristic equation, the condition of
oscillation and the frequency of oscillation from Eqs. (10} to (12)
are as follows:

CIRCUIT 5(a):
52 IS (Q'rjlﬁ)grrllf-IQ | f"-‘p]ﬁ.’ig:rr.?(-ll .‘}
' e / 0 213
8y 3 ot B18m _anlﬁlgmlj o '
p1pIA35m3 7@1(2
n2 f28maCa = Um0 fagmaCa, (22)
and
. { PrEm — dng Pagima \] 23)

c= 4 oger
Wase \J%Ir 23 a3 ||\.\ aG )

Fig. 7. The parasitic resistances and capacitances of the CDTA.

CIRCUIT 5(b}):
s [f Oina PaimaCa — 0y %3 P33Ty \)
\ Gt /
=0, (24)
s 3
: P18m — dn2 ngr’Z\'
+0p1 3 O3 _ =
l D183 P38m3 L C10s )
L"‘n}.ﬁhgrn}!(-.] = in1 Q'n?;s?grrﬁ(-“l f (2 5}
and
| / . \
|I . { 11l Ij[ I} P T ad
Wase = .vl a.—,m.—,;;}_{gmj 1 718]3"“ G C;EﬁZg 2 ) (26)

In addition, the influence of parasitic terminal impedances of
COTAwill be also considered. The parasitic resistances and capaci
tances of CDTA, Ry and Ry are the parasitic resistances of p and n at
the input terminals. In addition, the output z and x terminals consist
of parasitic resistances and capacitances Rz, C; and Ry, G from ter-
minals z and x to ground. The parasitic resistances and capacitances
of the CDTA can be shown in Fig. 7. In this case, the characteristic
equation ol the proposed circuits becormes

I Yol 4+ Roa¥a X1+ R ¥1)[Ya(1 + Rna¥s)
+gm2) = gmal 1 + R Ya)[Ya(1 + Ra¥s) | _q, 27)
Fgma] + gmgmal1+ R Ya)(1 + Rz ¥s)

where Y1 =800 + G )4 Gony Gy, Yo =5(Ca + Gy) 4 Gy,
Yi=5(Ca +Ca+ G+ G + Gy, Ya=50a+ Ga, Ys =500 + G

According to Eq. (27), the parasitic resistances at the z and x
terminals are much more than the parasitic resistance at p and n
terminals (Ry, R; = Ry, Ry), the characteristic equation from Eq. (10}
are as follows:
EmalCa + C2) — 3T + Ca + 1)

(G +Ca2 + GGy +C2)

3m3(gml ng)
(Ca+Ca+ClCa+Ca)

siqs

=0. (28)

In this case, the current-mode quadrature oscillator, the condition
of oscillation and the frequency of oscillation from Egs. (11) and
(12} are as follows:

Em2(Co2 + () = g3 (Cr + G2+ (1) (29)

and

/ (gm1 — gm2)
Em3lEml — Em2 (30)

o = T G+ O 7 )

In addition, the current transfer functions of I, and 1, from Eqgs.
[15)and [ 16) are written as

! Sm2 (31

iy - SO+ Caa) +(1/Rz2)
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Table 1 S0
Parameters of the transistors, !vl I‘,;

Transistor Wi{pm) Lipm) -

<

M1-M10 20 1 3

M11-M12 a0 1 % o

M1& 5 1 E

M17 535 1

M13-M15, M15-M20 6.5 1
and -50 T . "

60,00 6125 6230 6375 6500

i . Time(ps)
@ S (32)

Io — s(C+ Ca)t (1/R2)

According to Egs. (31} and (12), R; and C; could have an effect
on integrator circuit and can be created the non-ideal integrator
circuit. In this case, to reduce the effect occurred, it can be adjusted
by designing COTA which have high resistance and low capacitance
at z terminal.

Moreover in the design of oscillator circuit, transistor mismatch
is an important factor. The mismatch of two CMOS transistors is
characterized by the random variation of the difference in their
threshold voltage (Vi ), their body factor () and their current factor
(£). It has been effect to the circuit design which resulted in poor
power and speed performance.

5. Simulation and experimental results

To verify the theoretical prediction of the proposed current-
mode quadrature oscillator in Fig. 5 (for example, proposed
oscillator in Fig. 5(a)), the PSPICE simulation was built with
C-| =C)_'=U.] nF, Iﬂ[=200 |.U'\, fn)_-=50|u’\ and fm=54 ]J.a'\. The CMOS
implementation of the internal construction of COTAused in simu-
lation is shownin Fig. 2. The PMOS and NMOS transistors employed
in the proposed circuit were simulated by using the parameters of
0.35pm TSMC CMOS technology |44 |. The ratio of dimension of the
transistors PMOS and NMOS are shown in Table 1. The circuit was
biased with £1.5V supply voltages. This yields frequency of oscil-
lation is 1.021 MHz, where the calculated value of this parameter
from Eqg. (14) yields 1.025MHz (deviated by 0.390%). In this case,
value of the parameter changed because the CMOS implementation
used in the circuit deviated from the non-ideal properties and the
effect of parasitic elements. The power consumption of the circuit s
about 11.5mW (The oscillator has high power consumption is that
the internal construction of CDTA used for the design has two cur
rent sources. High power consumption problem can be improved
by designing CDTA). Figs. 8 and 9 show the simulated quadrature
output waveforms during initial state and steatdy state, respec-
tively. Fig. 10 shows the simulation result of output spectrum. The
results of the total harmonic distortion (THD) of f,; and I are
about 2.107% and 2.215%, respectively. Inaddition, the phase differ
ence of the output current Iy; and [,y are approximately §9.534¢,
The generated waveforms relationship within quadrature circuit

Time (us)

Fig. 8. The simulation result of output waveforms during initial state.

Fig. 9. The simulation result of output waveloms in steady state,

1000
<100
8
E
9]

100t T 1 T 1

0 4 B 12 16 20
FPrequency (MHz)

Fig. 10, The simulation result of outpur s pectnum.

has been verified by Lissagous figure, shown in Fig. 11. The elec
tronic tuning of the oscillation frequency with the bias current Iy,
for different capacitor values is shownin Fig. 1 2. Moreover, the sim
ulation results of resistance I, and f,; are about 120,036 k€2 and
774.419kE2, respectively.

In practice, capacitor has error about £5% which has an effect
on the condition of oscillation. To prove the stability of proposed
circuit by using Mote-Carlo Simulation; capacitors £y and (3 are
used to deviate their capacitance by 5% The result of the simula-
tion, illustrated in Fig. 13, reveals that the capacitance has slightly
affected on the frequency of oscillation. Accordingly, the frequency
still remains close to 1.021 MHz.

To confirm the theoretical prediction, the quadrature oscillator
in Fig. 5(a) was experimentally set up by using AD844 ICs cur-
rent feedback operational amplifier and [IM13700 ICs operational
transconductance amplifier( LM 13700 has g,,, about 152 V). The cir-
cuit was built with C;=C;=1 nF, Igy =350A, Ig;=70pA and Ip; =80pA.

The implementation of the CDTA used in experiment is shown in

Fig. 14, The circuit was biased with £12V supply voltages. Fig. 15
shows the measurement of quadrature output waveforms during
steady state, it can be found that the frequency of oscillation is
456.058 kHz where the calculated value of this parameter from Eq.
(12) yields 458.079kHz | deviated by 0.441%).

Fig. 11. Lissagous figure.
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Simulated C=0.10F Ll %338, %0s Stop® = _Measure
Theoretical G=0.1nF V[J[]
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hd et TN /' \.Rise Time
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a8 @ 588ns @ EDGE FDC
8 =180 £ 456, 858kHz

Frequency (Hz)

- — - : - - Fig. 15. Experimental result of the output waveforms in steady state,
100 150 200 250
lg, (A
b 1) 6. Conclusion
Fig. 12. Oscillation frequencies against bias currents for various capacitances,
The current-mode quadrature oscillators have been presented
in this paper. The proposed circuits use three CDTAs and two
100 1 grounded capacitors which are designed from block diagrams. The
proposed block diagrams developed from the block diagram for
current-mode quadrature oscillator based on all-pass filter. The
quadrature oscillators designed from the proposed block diagrams,
the condition of oscillation and frequency of oscillation can be
orthogonally controlled. In addition, the proposed current-mode
quadrature oscillators use only grounded capacitors without any
external resistor that is very appropriate to further develop into
an integrated circuit and the circuits have high output impedances
which make the circuit able to directly drive load without addi-
tional current buffer. Moreover, the circuit can be proved by using

Current (pA)
=

20 . .
AD844 and LM13700 commercial ICs. The results of PSPICE sim-
% ulations and experiment are included to verify the theoretical
£ analysis. The experiment, simulated and theoretical results are in
'g 1 close agreement.
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