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ABSTRACT

Thle purpose of this thesis is to present the resistorless current-mode phase shifter with
electronic tuniing property using only two current differencing transconductance amplifiers
(CDTAs) and ione virtually grounded capacitor without needing any external passive resistors. Its
phase shift carél be electronically adjusted by varying the bias current of the CDTA. The proposed
circuit uses a plinimum number of active and passive components and does not require passive

component ratio-matching conditions. The circuit also exhibits high-output impedance, which 1s
easy for casca‘lding in the current-mode operation. As application examples electrically tunable
current-mode %quadrat’ure oscillator and biquadratic filter based on the proposed CDTA are also
presented. Th%e performances of the proposed circuit and its application were simulated using

PSPICE simul|ation pfrogram and experimentally tested using commercially available IC CFOA

ADS844 and OTA CA3080.
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Abstract— The realizatiofn of an clectronically tunable phase
shifter using current differencing transconductance amplifiers
- (CDTASs) as active components is présented. The proposed filter
employs only two CDTAs and one virtually grounded capacitor,
which its phase shift can be electronically adjusted by varying
the bias current of the CDTA. The circuit also exhibits high-
output impedance, which is easy cascading in the current-mode
operation. As application lexample, the current-mode biquad
filter based on the proposed CDTA-based phase shifter circuit is
also presented. PSPICE éimulatioix results of the proposed
circuit and its application are given to confirm the theoretical
analysis.

I.  INTRODUCTION

The phase shifter is | widely “used in analog signal-
processing applications.  In general, it is used for phase
shifting from 0° to 180° (or from 180° to 0°), while keeping
the amplitude of the signal constant over the frequency range
of interest. It can also be used to realize universal biquadratic
filters, to synthesize qua(;irature and multiphase oscillators,
and to implement high quality factor frequency selective
filters [1]-[6]. Current-mode circuits are receiving much
attention because of their Ipotential advantages such as wider
bandwidth, wider dynamic range, simpler circuitry, and lower
power consumption. Considering this fact, a number of
current-mode first-order ' allpass ' filter realizations using
different active building blocks were reported in the literature
[6]-[10]. Most of these circuits use a large passive component
count and suffer from the need of passive component ratio-
matching conditions. ! Moreover, none of them are
electronically adjustable. = Although first-order translinear-C
current-mode  allpass sections with electronic tuning
properties were reported i m [11], they suffers from low output
impedances.

In this paper, we propose an electronically tunable phase
shifter realization using only two CDTAs and one virtually
grounded capacitor. Due to electronically tunability
properties of the CDTA [6], [12], the phase response of the
proposed circuit can be adjusted by an external bias current.
No component-matching ‘condition for realizing the allpass
function is required. Also, the circuit is cascadable and
suitable for monolithic integration. The second-order current-
mode notch and allpass !filters .consisting of the proposed
CDTA-based phase shiﬁe:r sections are also discussed as an
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application example. Simulation results that agree very well
with the theoretical values are obtained.
II.  CURRENT DIFFERENCING TRANSCONDUCTANCE
AMPLIFIER (CDTA)

The electrical symbol of the CDTA is shown in Fig.I,
where p and n are input terminals, z and x are output
terminals. The terminal relations of the CDTA can be
expressed by the following equations :

VW=vu=0, i:=i,-i, and i, = gV, = gnZ.i, (1)

where g, is the transconductance gain of the CDTA, and Z,
is an impedance connected at the terminal z. From equation
(1) can conclude that the current through the terminal z (i;)
follows the difference of the currents through the terminals p
and n (i,-i,), and flows from the terminal z into an outside
impedance Z, The voltage drop at the terminal z is
transferred to a current at the terminal x (i) by a
transconductance  gain (g.), which is electronically

controllable by an external bias current.

AL ET g

» 5
Y p X amad &
i CDTA i
n x
Vo S n z = N VR

ii
A
v,
)

Figure 1. Symbol of the CDTA

The possible bipolar implementation of the CDTA circuit
used in this work is shown in Fig.2 [13]-[14]. It mainly
consists of a current subtractor formed by current followers
Q1,-Qap and Q,-Q4n, and a multiple-output transconductance
amplifier Qs-Q29 that converts the voltage drop at the terminal
z (v;) to its corresponding differential output currents i,. In
this case, the transconductance gain g, is directly proportional
to the external bias current /5, which can be written by :

Ip
Em =y

@

where Vr=26 mV at 27°C is the thermal votage.
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Figure 2. Possible bipolar implementation of the CDTA.

Therefore, the phase response of the proposed phase shifter
can be electronically controlled through CDTA’s bias current.

out

= IV. SIMULATION RESULTS

To verify the theoretical analysis, PSPICE simulation has
been used to confirm the characteristics of the proposed filter

Figure 3. Proposed electroni;::ally tunable phase shifter using CDTAs. of Fig.3. In simulations, the CDTA was performed with the
: transistor model of PR100N (PNP) and NP10ON (NPN) of the
I PROPOSED CIRCULF bipolar arrays ALA400 from AT&T [15]. The bias conditions
The proposed electronically tunable phase = shifter were Ch(.)SCI} as: V=43V, [, =100 A, Ic =50 pA and C, =
employing two CDTAs and one virtually grounded capacitor 1 nF. I is given externally to control the transconductance.
is shown in Fig 3. From routine calculations for the proposed
filter, the current transfer function can be given by : 107 20
0
d 1 C, -------- Theoretical
I :(S) —sg_ . (3) ES — 45 ——— Simulation
H(s)= I"L T iy % %" Magnitude (dB)
() (I+s£] Zo0{ 5w <
| Em S| e
) R =) =
. ; e . = -135
Equation (3) shows that the circuit in figure 3 realizes the 51
.~ first-order allpass transfer function. Because the output "o
terminal of the proposed first-order allpass filter is connected o T . , . .
to the x terminal of the CDTAZ2, the output terminal can be k % 30k 300k M 1M
directly connected to the inext stage. Where g, is the trans- Frequency (Hz)

condutance of CDTAL. For CDTAZ2, its transconductance can

. |
be set arbitrary. The pole frequency (w,) and the phase
response (¢) can be found!as : Figure 4. Magnitude and phase responses of the proposed electronically
| tunable phase shifter.

o =200 @ To obtain f = 292 kHz, while their theoretical value is f, =
| 1 @,/27 = 318 kHz, the active and passive components were
; chosen as : g, =2 mA/V (I[=100 pA), and C, = 1 nF. Fig.4
and 4 =-2tan™ ‘ol | - 5) shows .the magnitude and. phase responses of the
| & electronically tunable phase shifter, which is obvious that the
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simulated responses are found to be in good agreement with
the theoretically predxcted ‘behavior.

20

Phase (deg)

35 1

180~ : >
- : . ] ;
Ik 3k 30k 300k M 1M
EFrequency (Hz)
+

Figure 5. Simulated phase responses of the proposed electronically tunable
phase shifter when g is varied.

To demonstrate the electronicaily controllability property
of the phase shift, Fig.5 sllmws the: simulated phase responses
of the proposed electronically tunable phase shifter when g,
is respectively adjusted to 1 mAN 2 mA/V and 4 mA/V.
From the simulations, it ¢an be observed that the phase shift
are approximately located at -127°, -90° and -53°, while the
theoretical values are -126°, -90° and -50°, respectively.

V.  APPLICATION EXAMPLE

As an application of ithe proposed CDTA-based phase
shifter circuit, the current-mode biquadratic filter realizing
both notch and allpass[functions is implemented. The
resulting circuit is now shown in Flg 6. By setting i; = i, = i,
the current transfer function of thlslc1rcu1t can be given by:

I:s +s(g’"2 3<M]+ EmEm2
Low(s) _ G G GG

o | L ©
in() 52 +S(M+ gm2)+ EmlEm2
NG G &)

F

From equation (6), if g2 = ‘ 3g,,,1 and C,; = C,, a second-order
notch funtion can be reahzed Moreover, if gm 2 gmand

C, 2 C,, a second-order allpass funtion can also be obtained.

The pole angular frcquency (@,) and the quality factor (Q) of
the proposed filter can be expressed as:

| :
GGy

!
(e]
|
|
|
!_ VEmEmCGCs
and QL NEmEmTT2 (8)
E gmlc +gm2c

The sensitivities with ! respect to the active and passive

parameters can be wrltten as:

1
[

|
!
!
i
i
!
|
!
|
]
1
i

'

v
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1

S 4 =S50, =1 ®
)

z(gmlcz + gmlcl)

It is important to node that the active and passive sensitivities
are lower than 0.5 in magnitude.

iny
L

ol — ]

n +X
CDTAl CDTA3 x
p z +X 7 p z +X
i7
=
- Ile |
n X 1 n +X imn
CDTA2 CDTA4 >

Figure 6. Current-mode biquadratic filter using the proposed CDTA-based
phase shifter sections.

Magnitude (dB)
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Frequency (Hz)
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Phase (dcg)

0K 0K 100K 300K M M lom
Frequency (Hz)

®

Figure 7. Theoretical and simulated results of the notch filter of Fig.6
(a) magnitude response  (b) phase response



Fig.7 depicts the simulated magnitude and phase responses
of the notch filter of Fig.6!with gm.= 1 MA/V, gup =3 mA/V
and C; = G, = 1 nF. Fig.8 shows the simulated frequency
responses of the allpass ﬁlter of Fig.6, comparing with the
ideal responses, when 8m = &m = 2mA/Vand C;=C,=1nF.
It should be noted from both figures that, by properly setting
the g,-value, the filter can realize current-mode second-order
notch and allpass filter functlons without changing the circuit
topology. .

10 40 7 T i 7
: b H

—~ 5 i‘ |
) P,
n=J — H
= = i
w Kl
201 5 180 =
= 3
en
21E e

-5 Simulation

360 e e
-10 -400

300k M

| Frequency (Hz)

1M

Figure 8. Magnitude and phase responses of the allpass filter of Fig.6

VL. CONCLUSIONS
|

This paper has been pr;oposed a new configuration for the
realization of clectronically tunable phase shifter. The
proposed filter requires two CDTAs and a single virtually
grounded capacitor, thus results in a canonical allpass filter.
The output of the proposed citcuit exhibits high-output
impedance that makes ] the circuit attractive from the
viewpoint of cascading in current mode. An application
example of the current-mode second-order notch and allpass
filter realization is also’ given to demonstrate the design
possibilities using the proposed CDTA-based phase shifter
section. PSPICE srmulatlon results are given to confirm the
theory.

!
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Abstract Theé resistorless electronically controliable
current-mode quadxa'ture oscillator is presented. The proposed
oscillator circuit is rcahzed through the cascade connection of
the phase shifter c1rcu1t and integrator, which employs only
three current dlffprencmg transconductance  amplifiers
(CDTAs) and two %:apacitors‘. The outputs of two current
sinusoidal waveform;s with 9Q° phase difference are available
from the conﬁgurati(:)n. Both outputs have high impedances,
which can be directly: cascaded in current-mode operation. The
oscillation condition' and oscillation frequency (an) of the
proposed oscillator : circuit dre electronically adjusted by
varying the bias cur:rents of the CDTAs. PSPICE simulation
results of the proposed circuit are given to confirm the
theoretical analysis. :

Keywords : CDTA, c:urrent mode, quadrature oscillator
|
II. INTRODUCTION
The quadrature s:inusoidal‘ oscillator plays an essential
electronic circuit, because it can produce two sinusoidal outputs
of identical frequency but of 90° phase shift, as for example in
telecommunications for quadrature mixers and single-sideband

generators [1] or for ;measurerrient purposes in vector generator
or selective voltmeters [2].  Therefore, quadrature oscillators
are widely used in many corhmunications, signal processing
and instrumentation systems. Many quadrature oscillator
circuits have been reported in [3]{11]. Note that these earlier
quadrature oscillan:rs in [3]:[7] operated in voltage-mode.
Recently, the current-mode approach of signal processing has
offered elegant solutlons for analog circuit problems. The main
advantages of this operanon mode are wider bandwidth, high
frequency response, sunpler circuitry, and lower power
consumption. Thus the quadrature oscillator  structures
operating in current-mode have then been proposed [8]-[11].
However, most of these ctrcults use a large passive and/or
active component count [8F [11] and cannot be electronically

1
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controlled [8]-[10]. By recently introducing the CDTAs in
2003 [12], it has attracted considerable attention of analog
designers due to recent developments in current-mode analog
integrated circuits [13]-[17]. The CDTA is also useful for
quadrature oscillator design. The CDTA-based quadrature
oscillator circuit was then introduced by Keskin and Biolek
[16]. However, this configuration employs a large number of
external passive resistors. Although resistorless realizations of
an tunable current-mode quadrature oscillator using CDTAs as
major active elements were reported in [17]. However, the
CDTA is still being used in a large amount, i.e., four CDTAs.
Therefore,
controllable current-mode quadrature oscillator. This type of
circuit is composed of the phase shifter circuit and integrator,
containing totally three CDTASs and two capacitors without an
external passive resistor. The circuit can produce two sinusoidal
waveforms with 90° phase difference, all at high output

we present the resistorless electronically

impedances. In addition, the circuit permits current tuning of
the oscillation condition and oscillation frequency (ay), which
is important from integration.  PSPICE simulation results of
the proposed circuit are given to confimm the theoretical
analysis.

1L CURRENT DIFFERENCING TRANSCONDUCTANCE
AMPLIFIER (CDTA)

The electrical symbol of the CDTA is shown in Fig.1, where
p and n are input terminals, z and x are output terminals. The
terminal relations of the CDTA can be expressed by the
following equations :

vp=v,,=0, l‘z=ip‘in and ix=gmvz=gmzziz (1)

where g, is the transconductance gain of the CDTA, and Z; is
an impedance connected at the terminal z.  From equation (1),
the current through the terminal z (;) follows the difference of
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the currents through the tfi:xminals p and n (i), and flows
from the terminal z into an outside impedance Z. The
voltage drop at the termin'al zis tmmfcn'ed to a current at the
terminal x (i) by a transconductance gain (g,), which is
generally controllable by an electronic means.

i lIB:
i . : i

P ! x
v,o—>—p X—»—ov
d .
i i CDTA i
n i x
v o—— 1['1 z X —+—0vy,
Is
i *
i
| Yz
|
|
3
| @
1 i,
) .l
. .vt
IP | ix M
Vo —= L — -3
i ! g v |g.v i
n mz m'z ——
V,o0— ; ) -———OVZ
i-i
p 'n
-

1
| ®
Fig. 1.! Symbol of the CDTA
() circuit sy;;nbol (b) equivalent circuit

I

The possible bipolar Simplememation of the CDTA circuit
used in this work is show:n inFig.2 [14]. It mainly consists of
a current subtractor fom}ed by cuirent followers Q;,-Qqp and
QinQsn and a multiplt;t-output transconductance amplifier
Qq-Qu that converts the voltage drop at the terminal z (v;) to its
corresponding diﬁ'erentia“l output currents i,  In this case, the
transconductance gain g, is directly proportional to the external
bias current /5, which can be written by :

g =25 0)
v

where V=26 mV at 27°C is the thermal voltage.

[I. ELECTRONICALLY TUNABLE PHASE SHIFTER
USING CDTAs.

The proposed electronically tunable phase shifter employing
two CDTAs and one virtually grounded capacitor is shown in
Fig 3. From circuit analysis, the current transfer function can be
given by :

2
Lu@ _\  &n ®

1..(s) (l—f—sﬂ-]
Em

The pole frequency (@) and the phase response (#) can be
found as:

H(s)=

o=5m 1C))
",
and ¢=_2m-.(w_cl) ®)

It is clearly seen from equation (5) that the phase response of
the circuit can be electronically controlled through CDTA’s bias
current.

Fig.3 Electronically tunable phase shifter using CDTAs.

i . +V

RV

: Fig.2 CDTA implementation using bipolar technology.
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Fig. 4. Propose%i resistorless electronically controllable
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V. PROP:OSED CURRENT-MODE
QUADI;{ATURE OSCILLATOR
Based on the ¢DTA-b%ed electronically tunable
phase shifter of fFig. 3, the proposed resistorless
current-mode quad;rature osjcillator is shown in Fig. 4.
The configuration! is composed of the phase shifter
(CDTAI, CDTA2land C)) and the integrator (CDTA3
and ;). Routine ‘circuit analysis using equation (1)
yield, the character:istic equation as :
l
i
s2+s[_;é_’ﬂ_§n;_3]+gmlgm3 -0
C G €€

t
|

r

From equation (6), the oscillation condition and the
oscillation frequenicy (@,) obtained from the proposed
circuit can be given by

©)

P Em . Ems @)
E Cl CZ

and I w, = Em&Em3 . (8)
| cC
|

Furthermore, if :we setting C; = C; = C and g1 = gm3
= gu , then the pr(;Jposed oscillator circuit of Fig.4 can
be controlled to osl‘cillate at'the oscillation frequency of

— ®
2z 2aC

|
|
}f 0= 2o _ En
j
It should be hoted from equation (9) that the
frequency  of ioscillat_i’on can be controlled
electronically by lfnearly adjusting the
transconductance 3gain gn or the external bias current
Ip. ;
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Also from Fig4, the relationship between two
quadrature outputs I,; and I,; can be expressed as:

Ty _ 8m
I sC,

ol

(10)
which. shows that the phase difference (g) between I,
and I, is equal to

¢=90" (11

This guarantees that the current /,; and I, are to be
quadrature outputs.
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Fig.5: Simulation results of the quadrature outputs /,) and I
of the proposed oscillator.
(a) output waveforms (b) output spectrums.
V. SIMULATION RESULTS

To verify the theoretical analysis, PSPICE
simulation has been used to confirm the characteristics
of the proposed filter of Fig4. In simulations, the
CDTA was performed with the transistor model of
PRIOON (PNP) and NP100N (NPN) of the bipolar
arrays ALA400 from AT&T [18]. The power supply
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voltages were chosen to be £V = #3 V and the values
of the bias currents were equal to [, = 100 pA and Ic =

50 pA. ? .

Fig.5(a) depicts the simulated output waveforms of
the quadrature oscillatqr of Fig.' 4 with [y =I5 = Ip =
In=100 AA (81 &t ™ 8m2= w3 = 2 mMA/V) and C, =
C,=1nF. This settir:lg leads to obtain f, = 318 kHz,
while their simulated values are equal to f, = 283 kHz.
Fig.5(b) shows the simulated frequency spectrums of
the quadrature outputs I, and [,. Additionally,
analysis of the total hai'monic.distortion obtained from
the circuit operation can be suminarized in Table 1.

Table 1 : Total harmonic distortion analysis
i

Harmonic | Frequency Fourier Normalized Phase Normalized
no. (Hz) component | component (Deg) Phase

1 2.837E+05 | 9.580E-06 1.000E+00 | -5.952E+01 | 0.000E+00

2 5.673E+05 | 1.022E-07 1.067E-02 6.933E+01 1.884E+02

3 8.510EH05 | 2.001E-08 2.089E-03 9.210E+01 2.707E+02

4 1.135E+06 | 9.882E-08 1.032E-02 1.221E+02 | 3.602EH)2

5 1.418E+06 | 7.545E-08 7.876E-03 1.128E+02 | 4.104E+02

DC Component = -2.560074E-08 '

Total Harmonic Distortion = 1.692967E+00 Percent
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Fig.6: Simulation oscillation frequency of the proposed quadrature
oscillatior when /5 is varied.
|
Fig.6 depicts the ;simulate_d oscillation . frequency
error when [y is varied. The deviations between the
theoretical calculated :from equation (9) and simulated
values are less than 2%, 4%, 6% and 12% for Iz within
the ranges 10-50 yA, 50-100 wA, 100-150 pA and
150-200 4A, respectively.
|

|
V1. CONCLUSION
The resistorless rcaliization of an electrically tunable
current-mode quadrature oscillator is presented. The
proposed oscillator ¢ircuit is realized through the

cascade connection of the phase shifter circuit and
!
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integrator, which employs only three CDTAs and two
capacitors. The proposed quadrature oscillator circuit
offers the following advantages ; (i) two quadrature
sinusoidal output waveforms of 90° phase shift are
obtained simultaneously; (ii) it provides high output
impedance; (iii) the oscillation condition and the
oscillation  frequency (ay) are controllable
electronically. PSPICE simulation results of the
proposed circuit is given to confirm the theoretical
analysis.
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