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Research Title: Design of Analog Filter and Oscillator Using CFTAs

Researcher: Assoc. Prof. Dr. Worapong Tangsrirat

Faculty: Engineering Department: Instrumentation and Control Engineering
ABSTRACT

In this research, the design and realization of electronically tunable universal filter and sinusoidal
oscillator using current follower transconductance amplifiera (CFTAs) as active components are proposed.
The universal current-mode biquadratic filter with one input and three outputs using four CFTAs and two
grounded capacitors is presented as a first circuit configuration. The circuit can realize all the five standard
biquadratic filter functions from the same circuit topology, and is suitable for current-mode cascading by
possessing low-input and high-output impedances. It also provides an orthogonal electronic adjustment of
the natural angular frequency (@,) and the quality factor (0) through the transconductance gain (g,,) of the
CFTA. As a second proposed circuit, the mixed-mode quadrature oscillator containing only four z-copy
current follower transconductance amplifiers (ZC-CFTAs) as active components tégether with two
grounded capacitors as passive components is presented.  The circuit is capable of generating two explicit
quadrature current outputs and two quadrature voltage outputs, simultaneously. Moreover, the realized
oscillator also provides the advantage of orthogonal electronic control of the oscillation condition and
oscillation frequency, which makes it suitable as variable frequency oscillator. The performances of the
presented circuits are studied and verified by using PSPICE simulation program and experimentally tested
using commercially available IC current feedback operational amplifier (CFOA) AD844 and operational

transconductance amplifier (OTA) CA3080

Keywords : CFTA (Current Follower Transconductance Amplifier) Filter = Oscillator
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In this paper, an electronically tunable universal filter configuration with single input and three outputs
(SITO) employing a recently introduced active device namely current follower transconductance ampli-

Accepted 4 January 2011 fier (CFTA) is described. The proposed filter is composed of four CFTAs and two grounded capacitors, and
is capable of realizing all the standard functions of the universal filter without requiring any component
Keywords: matching criterions and any extra active components. [t exhibits low-input and high-output impedances,

Current follower transconductance
amplifier (CFTA)

Universal filter

Current-mode circuit

which is highly desirable for cascading in current-mode. it also offers the advantage feature of an inde-
pendent electronic adjustment of the natural angular frequency (w.) and the quality factor (Q) by means
of tuning the external bias currents. Moreover, a high Q-value filter can be obtained by simply adjusting
the appropriate ratio of bias currents. The analysis of active and passive sensitivities is shown to be low.
In order to demonstrate the performance of the proposed circuit, PSPICE simulation results are provided.

© 2011 Elsevier GmbH. All rights reserved.

1. Introduction

Since itsintroduction in 2003, the current differencing transcon-
ductance amplifier (CDTA) has been proven to be a versatile active
building block for current-mode signal processing circuits [1]. A
large number of analog signal processing/signal generation circuit
solutions based on this device have already been presented in the
literature | 1-10]. However, the earlier configurations reported in
[6-10] do not exploit the full capacity of the used CDTAs, since one
of the input terminals (p or n terminals) of the CDTA is not used.
Moreover, the current differencing property at an input stage can
be achieved by the negative current feedback connection via the
- x terminal. This implies that the n terminal is not necessary for
some applications. To avoid the mentioned problems, the modified
version of the CDTA so-called current follower transconductance
amplifier (CFTA) was recently introduced [11]. This device can be
thought of as a combination of the current follower and the multi-
output operational transconductance amplifier. Its behavior is quite
similar to the CDTA element, in which the current follower is used
instead of the current differencing unit at the front-end. Solutions
on building the current-mode universal filters using CDTAs and/or
CFTAs as the major active building blocks have been reported in
the technical literature {1,3-9,11]. However, these solutions so far
suffer from the following disadvantages.

* Tel.: +66 2 326 4205; fax: +66 2 326 4205.
E-mail address: drworapong@gmail.com

1434-8411/$ - see front matter © 2011 Elsevier GmbH. All rights reserved.
do0i:10.1016/j.aeue.2011.01.002

(a) They do not exhibit independent tuning characteristic of the
natural angular frequency {w,) and the quality factor (Q)
[3-5,7-9.11]}.

{b) They cannot realize all the five standard fiiter functions such as
lowpass (LP), bandpass (BP), highpass (HP), bandstop (BS) and
allpass (AP) from the same configuration [1,4,6-8].

(¢) They require some external passive resistors [1,4,6,8,9,11].

(d) There are non-grounded passive components in the configura-
tion, which makes the integration of the filter difficult [1.4.8].

(e) There are not both low-impedance input and high-impedance
output terminals [3.4.7-9]. Theoretically, the current-mode fil-
ter should provide both low-input impedance and high-output
impedance for easy cascadability and generation of additional
filter responses by simply interconnecting the relevant output
currents.

In this paper, by introducing a CFTA, an electronically tun-
able current-mode universal filter having single input and three
outputs (SITO) is therefore presented which provides all the desir-
able features (a)-(e) simultaneously. The presented filter uses

“four CFTAs and only two grounded capacitors, which is important

in integration point of view. It requires only one current input,
which is applied to the low-input impedance terminal, and all
output currents are taken directly from the current output ter-
minals, which are the high-output impedances. By joining the
appropriate output currents, the proposed circuit can simultane-
ously realize all the five standard biquadratic filter functions, i.e.,
LP, BP, HP, BS and AP, without requiring component-matching
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Fig. 1. CFTA. () schematic symbol (b) behavioral model

conditions and additional active components. The filter has an
orthogonal electronic adjustment of the characteristic parameters
w, and Q, and also has very low component sensitivities of we
and Q. Moreover, the realization of the high Q-value filter can
be achieved from appropriate value of ratio of two bias currents.
The performances of the proposed circuit are studied through
PSPICE simulation, and the results agree well with the theoretical
analysis.

2. Description of current follower transconductance
amplifier (CFTA)

The symbolic representation of the CFTA and its behavior model
are shown in Fig. 1. Assuming the standard notation, the termi-
nal defining relations of this device can be characterized by the
following set of equations [11].

vr = 0, iz = if and ix = EmVz = ngziz (1)

CFTA CFTA X
f +X f I.
® RER
z z X
i
CFTA X _’J
e |
- +X p————0
£
Iin X Iol
o f

@3
>
)

Fig. 3. Proposed SITO electronically tunable universal current-mode filter.

where g is the transconductance gain of the CFTA and Z; is an
external impedance connected to the z-terminal. The CFTA consists
essentially of the current follower at the input part and the multi-
output trnascondcutance amplifier at the output part. According to
Eq. (1) and Fig. 1, the f-terminal forms the current input terminal
at ground potential (yy=0) and the output current at the z-terminal
(i) follows the current (if) through the f-terminal. The voltage drop
at the z-terminal (v, ) is then converted to a current at the x-terminal
(ic) by a gm-parameter. In general, the gm-value is adjustable over
several decades by a supplied bias current/voltage, which lends
etectronic controllability to design circuit parameters.

Fig. 2 shows the possible bipolar technology implementation
of the CFTA, which is slightly modified from the structure given in
[2.3.5].1tis mainly composed of a current follower circuit formed by
transistors Q; -Qg and a multiple-output transconductance ampli-
fier Q7-Q5s. In this case. the transconductance gain g of the CFTAis
directly proportional to the external bias current o, which is equal
to

lo
8m = 5‘7; (2)

and Vr =26 mV at 27°C.

ol Q"E'rﬁ)o"
; e,
A A

P 0

Fig. 2. Bipolar implementation of the CFTA.
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3. Proposed SITO current-mode universal biquad filter

The proposed electronically tunable current-mode universal
biquad filter with single input and three outputs is shownin fig. 3.1t
is configured by only four CFTAs and two grounded capacitors. The
proposed circuit has an advantage of using only grounded capac-
itors, which conduces to IC implementation [12,13]. According to
the terminal characteristics of the CFTA defined in Eq. (1), routine
analysis of the proposed circuit in Fig. 3 gives the following two
output currents /gy and lpz:

(SC28m3/8m18m2 Min(S)

Ioz(s) = Igp(s) = — ) (3)
Ios(5) = () = — 127 (4)
where D(s) is found to be

_ [ 2aG SC28m3
bis) = (gmlgm2> + (gmlgmz) 1 (%)

and g (= lpi/2 V1) and Ig; are the parameters gn and [g of the ith
CFTA(i=1,2,3,4).

It is clearly seen that the filter simultaneously realizes a BP cur-
rent response (Igp) at I and a LP current response (lip) at lp3.
Furthermore, owing to all the current output terminals are in high-
output impedances, the HP, BS and AP filter functions can easily be
obtained with the proper connection of the relevant output cur-
rents. As a result, the HP, BS and AP current responses (Iyp, [gs and
1ap) can be derived respectively as:

(sC1Ca/gm18m2 )lin(s)
D(s)

[(52C1Ca/8m18m2) + 1lin(s)
D(s)

(6)

Inp(s) = lo1(s} + loa(s) + loa(s) =

Igs(s) = lo1(s) + lo2(s) = (7)

and

Inp(s) = loa(s) + Ips(s)

_ (GG /em8m2) — (5Cogm3/EmBma) + 1 Hin(S)

DGs) (8)

in all cases, the natural angular frequency (wq) and the quality
factor (Q) are calculated as:

_ [Emi18m2
Wo = 4 /———Cl G (9)

and

1 Em18m2C (10)

gm3 G

Furthermore, by substituting Eq. (2) into Egs. (9) and (10), and
setting lpy =lg2 =lo and Cy =C; =C, the filter parameters w, and Q
can be rewritten as:

__b
wo—m (11)
and
/f
Q=1 (12)
03

Note that the parameter w, in Eq. (11) can be tuned electronically
and linearly through Io, while the Q-value from Eq. (12) can be
tuned independently through [p3 without influencing ws. Also note
that a high value of Q-factor can be realized by properly increas-
ing the ratio of Iy and Ip3. Moreover, the Q-factor for the filters is
temperature insensitive.

~]
o0
W

4. Sensitivity analysis

In case of the non-ideal CFTA, the relationship of the terminal
voltages and currents given in Eq. (1) can bé rewritten as:

vyp=0. i;=cif and ix = fgmZ:i; (13)

where o =1 - g; and ¢; (|&;] « 1} is the current tracking ercor from f
tozterminals, and 8 is the transconductance inaccuracy factor from
ztoxterminals. Therefore iaking the non-idealities of the CFTAinto
account, the modified parametzrs w, and Q of the proposed filter
given in Fig. 3 beceme:

0o = /ﬂlﬁgg.gmz (14)

and

% 1 B1B28m18m2Ca
= (a3ﬁagm3) G (1s)

where «; and §; represent the parameters o and 8 of the ith CFTA.
From Eqs.(14) and (15), one can realize that the values of w, and Q
are slightly altered by the effect of the CFTA tracking errors. How-
ever, in this case, the small deviations in the filter parameters can
be compensated by re-tuning the Ip;-value moderately.

The active and passive sensitivities are calculated for the pro-
posed filter as:

D) & T =% (16)
Sgo =St =1 (17
&, =5 =58, ==1 (18)
and

sg 2 -sgz 4 % (20)

It is obvious from Eqgs. (16)-(20) that both active and passive
sensitivities of w, and Q are very low in magnitude.

5. Design example and simulation results

PSPICE simulation program was carried out to confirm the the-
oretical validity of the proposed filter configuration given in Fig. 3.
In simulations, the CFTA was obtained from the bipolar technology
implementation depicted in Fig. 2. The PNP and NPN transistors in
CFTA implementation were simulated using the typical parameters
of bipolar transistor model PR100N (PNP) and NP10ON (NPN) given
in [14]. The DC supply voltages and bias currents were respectively
selected as: +V= -V =3V and Ig=100 pA.

As an example, the circuit is designed to obtain the LP, BP and HP
responses with a natural angular frequency of fo = wo /27 = 153 kHz
and a quality factor of Q= 1. To realize the filtering functions above,
the tuning currents and grounded capacitors have been selected
as: lo;=50 A (gm; =1 mA/V) and Cy =C, =C=1 nF, respectively. The
theoretical and simulation results for LP, BP and HPfilters are shown
in Fig. 4. With the same setting as above, the ideal and simulated
frequency responses for the BS and AP characteristics of the pre-
sented filterin Fig. 3 are also shown in Figs. 5 and 6, respectively. Itis
observed that the simulation results correspond to the theoretical
expectations.

To demonstrate the w,-tuning, all the bias currents lo; (ie.,
loi =lo1 =lo2 =lo3 =lpa) were simultaneously tuned from 10 pA to
400 A, ata constant Q= 1. The corresponding BP responses for four
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ik 10k 1otk 1M lom 100 A and 200 pA, while keeping I =g =l =200 wA for a con-
Frequency (Hz) stant f, =612 kHz. In this setting. the circuit is designed for Q-values
of 1, 2, 4 and 20, respectively. The resulting current characteristics
of the BP filter corresponding to different lp3 are shown in Fig. 8.
It may be noted that the high Q filter can be achieved simply by
different values of Ip; are shown in Fig. 7. The results prove that increasing the ratio of Ip and lps.
an independent current control of w, is possible without affect- In order to investigate the distortion performance of the pro-
ing the Q-factor. For the electronic tuning of the Q-value, the bias posed filter, the total harmonic distortion (THD) analysis of the BP
current Ipz was respectively tuned for the values of 10 A, 50 pA, response at f, = 306 kHz and f, =612 kHz is performed for various

Fig 5. Ideal and simulated frequency responses for the 8BS filter.
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Fig. 6. Ideal and simulated frequency responses for the AP filter.
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Fig. 9. Variations of THD with respect to applied sinusoidal input current level.

sinusoidal peak input current. Fig. 9 displays the variations of THD
(%) with respect to the input current signal level. For an input sinu-
soidal signal of 50 p.A, the THD results were found to be at the low
values of about 1.8% and 0.7% for f, =306 kHz and 612 kHz, respec-
tively. However, the THD increases to values of 6.8% and 2.7% for
an input current of 100 pA.

6. Conclusion

An electronically tunable universal biquadratic filter with sin-
gle input and three outputs is introduced using four CFTAs and two
grounded capacitors. The suggested circuitis capable of realizing all
the five standard biquadratic filter functions with interconnection

ofthe relevantinput currents, and is ideal for current-mode cascad-
ing by possessing both low-input and high-output impedances. The
circuit also provides the advantage of non-interactive electronic
control of the important parameters w, and Q through the CFTA's
transconductance, as well as exhibit low component sensitivities.
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In this paper. a current-mode Kerwin-Huelsman-Newcomb (KHN) filter structure employing four z-copy current
follower transconductance amplifiers (ZC-CFTAs) and two grounded capacitors is proposed. The circuit structure has one
low-impedance current input and three high-impedance current outputs and enables realizing lowpass, bandpass and
highpass current responses simultaneously. The bandstop and allpass responses can also be obtained by connecting
appropriate output currents directly without additional devices. The proposed filter is capable of providing an independent
current-control of the natural angular frequency () and quality factor (Q) through the transconductance of the ZC-CFTA.
Moreover, high-Q value filter can be realized by simply tuning the ratio of ZC-CFTA’s transconductance. To support the
theoretical results, the properties of the presented filter using CMOS ZC-CFTA have been verified by simulation results.

Keywords: Z-copy current follower transconductance amplifier, Kerwin-Huelsman-Newcomb, Biquad filter,

Current-mode circuit

1 Introduction

The Kerwin-Huelsman-Newcomb (KHN) biquad,
also known as the state variable type filter, is one of
the best known multifunction filtering structures'. It
consists of two integrators and a summing amplifier
to provide second-order lowpass (LP), bandpass (BP)
and highpass (HP) filtering responses simultaneously.
It also provides several advantage features such as
low component spread, low passive and active
sensitivities and good stability behaviour’. In the
current technical literature, various solutions of the
KHN biquad structure using different types of active
devices have been reportedz"o. Some of them operate
in voltage-mode””. As is well-known, the current-
mode circuits offer certain advantages such as greater
linearity, wider bandwidth, less power consumption,
larger dynamic range and simplicity in circuit
implementation compared to their voltage-mode
counterparts. Therefore, some current-mode KHN
biquads have been studied”'®. However, with three
inputs and single output, KHN biquads™ cannot
realize all the three standard biquadratic filter
responses simultaneously. Also, these filters require
an excessive number of active and passive elements,
ie., S CCClls and 2 grounded capacitors7, and 3
CDBAs, 2 grounded capacitors and 6 resistors®.
- Moreover, the output terminal® does not exhibit high-
output impedance. The current-mode KHN-biquad

using differential voltage current conveyors has been
reportedg. It provides LP, BP and HP responses
simultancously, but it suffers from high-input
impedance due to a resistor connected to its input.
Recently, using three current follower
transconductance amplifiers (CFTAs), the KHN-
equivalent filter working in current-mode has been
presented'®. The present circuit provides the three
standard biquadratic filter responses simultaneously,
while the bandstop (BS) and allpass (AP) responses
can be obtained with interconnection of the relevant
output currents. In addition, it possesses a low-input
impedance and high-output impedance characteristic,
resulting in easy cascadability for current-mode

“process. However, its natural frequency (ab) and

quality factor (Q) cannot be tuned independently.

Recently, the conception of the z-copy current
follower transconductance amplifier (ZC-CFTA) has
been firstly suggested in Ref. (11). The ZC-CFTA is
slightly modified from the conventional current
differencing transconductance ampliﬁer12 (CDTA) by
replacing the current differencing unit with a current
follower and complementing the circuit with a simple
current mirror for copying the z-terminal current.
Thus, the ZC-CFTA element is a combination of the
current follower, the current mirror and the multi-
output operational transconductance amplifier. As a
result, a number of applications based on ZC-CFTAs
can be extended .



842 | INDIAN J PURE & APPL PHYS, VOL 49, DECEMBER 2011

The design of the current-mode KHN-equivalent
biquad with low-input and high-output impedances
has been studied in the present paper. The developed
filter is composed of four ZC-CFTAs and two
grounded capacitors, which is suitable for integrated
circuit (IC) implementation. The circuit realizes LP,
BP and HP current responses simultaneously with an
independent electronic control of a and Q by means
of adjusting the bias current of the ZC-CFTAs.
Moreover, the BS and AP responses can be obtained
simply by interconnecting their relevant output
currents without using extra active devices. In
addition, high Q-value filters can easily be obtained
by adjusting the ratio of two independent bias current.
Because of the low-input and high-output impedances
of the circuit, it is easily cascadable. The circuit
parameter sensitivities are all low. PSPICE simulation
results confirming the theoretical results are also
included.

2 Description of ZC-CFTA

The schematic symbol and its ideal behavioral
model of the ZC-CFTA are represented in
Figs 1(a and b), respectively. Its operation is defined
by the following expression'':

v,1 o 0o o o o]
i |1 0 00 0y,
i, [={1 0 0.0 0fv, P
i.| 10 +g, 0 O Offv,
i, | [0 -g, 0 0 Offv.

where g, is the transconductance gain of the
ZC-CFTA, which can be controlied electronically.
The CMOS-based internal structure of the
ZC-CFTA is shown in Fig. 2. The circuit is a
combination of the current follower with very low
input resistance’®, which is the input stage of the
device, and the balanced-output transconductance
amplifier', which forms the output stage. In this case,
the gn-value of the ZC-CFTA is dependent on the
external dc bias current (Ip), which is given as:

ZC-CFTA i

. Xy

‘p X+—o Vi

V o — %
po— P i
L —> 5

z zc X- x-
ll lz ll lzc
v v

Fig. | — ZC-CFTA (a) circuit symbol (b) equivalent circuit

Balanced-output transconductance amplifier

Fig. 2 — Schematic CMOS implementation of the ZC-CFTA
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, w
8m = IO,UOCM—E ...(2)

where | is the free electron mobility in the channel,
C,, is the gate oxide capacitance per unit area and W
and L are the channel width and length, respectively.

3 Proposed Current-Mode KHN Biquad Filter

Figure 3 shows the block diagram for realizing the
proposed current-mode KHN-equivalent biquad. It
consists of two lossless integrators (1/s7 and 1/57%), a
summer and proportional gain blocks (1 and K).
Using ZC-CFTA as active element for signal
processing, the proposed current-mode KHN-
equivalent filter is shown in Fig. 4. The circuit
structure contains two integratorsI6 (ZC-CFTAL, C,
and ZC-CFTA2, C,) and current-controlled gain block
(ZC-CFTA3 and ZC-CFTA4). Note that the circuit
uses only grounded capacitors as passive elements,
thus, it is advantageous from integration point of
view. Another advantage is that it has a low-input
impedance and high-output impedance property,
thereby permitting easy cascadability. Routine
analysis of the proposed circuit given in Fig. 4 gives
the following filter transfer functions:

—> Ig

—
s
1] ‘%{ 1

&

A= 3
b —
P

Lo\

b AN
Fig. 3 — Signal processing block diagram for realizing current-
mode KHN biquad
L,
I X+ X+——o°
L, |0 7] LY, ®
z c X z c X
1 I
ClI iﬁ, CZ/J: 8r,
X- J X+
L p @ p @
zc z X+ j z oz ¥
L — o

Fig. 4 — Proposed current-mode KHN biquad filter using
ZC-CFTAs
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IBP(S)= ngCl

BP(s)=

=7 e D) @
(gmlgmzj

I,p(s) GG,
LP(s)=-*£ =
©= 9" DB )

and D(s) =s* +(@§ﬂ]s +(£’ﬁ”i] ...(6)

8m3C| CICZ

Therefore, the proposed filter simultaneously
realizes second-order HP, BP and LP current
responses without requiring any component matching
condition.

Moreover, the relevant output currents in Eqs 3)-
(5) can be tied together to obtain the BS and AP
responses without any condition or additional
circuitry as follows:

BS(s) = 11p(s) + 155 (5) (D)

and AP(s)=1,,(5) = Lp(s)+ L;p(5) (8

The important parameters & and.Q of this filter are
found as:

w, = f_—g"-'gml ..(9)
CICZ

8.2C

and Q:M ...(10)

grn4 gmlcz

where g.; and Io; refer to g and o of the i-th ZC-
CFTA(i=1,2,3,4).

Furthermore, for simplicity, substituting gmi =
gm = &gm oy = lop = Ip) and C; = G, = Cin Egs (9)
and (10) yields the following expressions:

8m
@, = .(11)
and Q = &m .(12)
8 ma
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It should be noted from Eqgs (11) and (12) that the
filler parameters @ and Q are independently
controllable. This means that the ay for all filter
responses can electronically be tuned without
disturbing the Q-value by adjusting g.. Also, the
parameter Q can be tuned independently by the ratio
of gm3 and gms. Therefore, the high-Q filters can be
obtained by setting this ratio properly.

4 Tracking Errors and Sensitivity Analysis

By taking the ZC-CFTA non-idealities into
consideration, the port relation in Eq. (1) can be
rewritten as:

[v,] [0 0 0 0 0]

i, o 0 00 Of v,

i.|=fe, 0 0 0 Ofv, «.(13)
i, 0 +g, 0 0 Oflv,

(i) [0 —g. 0 0 Offv,. ]

where ¢; = 1-& and & (Il << 1) represents the current
tracking error from p to z or zc terminals of the i-th
ZC-CFTA. Re-analyzing the proposed circuit of
Fig. 4 with Eq. (13) yields the following non-ideal
parameters :

aag g
@ = ’———' 2o mlom2 (14
0 C,C, v

and Q____a3_g"9_ gﬁﬁ ..(195)

18 ms \ A8 miC

It is evident that the values ay and Q slightly change
by the effect of the ZC-CFTA current tracking error.
However, these deviations may be compensated by
re-adjusting the g,-value appropriately. Thus, the
desired parameter values can still be satisfied. From
Eqs (14) and (15), all the active and passive
sensitivities are within unity in magnitude.

5 Simulation Results

To prove the theoretical validity of the filter
proposed in Fig. 4, this filter was simulated with
PSPICE program. The ZC-CFTAs were simulated
using the CMOS implementation given in Fig. 2
based on the 0.35 pm Taiwan Semiconductor
Manufacturing Company (TSMC) process
parameters. The aspect ratios of the MOS transistors

are presented in Table 1. The supply voltages are +V
=—V =3V, and all the biasing currents (/) which are
realized by the simple current mirror circuits are set to
50 pA. For all simulations, the capacitance values
were chosen as: C, = C, = 20 pF.

In order to realize the filter responses with a natural
frequency of fp = ay/2n = 3.23 MHz and a quality
factor of Q = 1, the following setting for the presented
filter of Fig. 4 have been selected as : gmi1 = gm2 = &m3
= gma = 405 UAIN (o1 = loz = Iz = Ips = 40 pA),
which results in total power consumption of about 9
mW. Fig. 5 shows the simulation results for HP, BP,
LP and BS filter characteristics. The gain and phase
responses of the AP filter configuration are also
shown in Fig. 6. In addition, time domain simulation
results for the LP, BP and HP responses of the
proposed filter in Fig. 4, are shown in Fig. 7, in which
a 3.22-MHz sinusoidal input current signal with 20
LA peak value is applied to the filter. In Fig. 7, the
dotted lines represent ideal response while the solid
lines denote simulated responses. It can be observed
form Figs 5-7 that the proposed filter performs all the
standard biquadratic filtering functions well and the
simulation results are close to ideal responses.

To demonstrate the electronic controllability of f,
the tuning bias curmrents gum (= gm = gm2) Were

Table 1 — Transistor dimensions of the CMOS ZC-CFTA
circuit in Fig. 2

Transistors W (um) L (um)
M, - Mg 5.6 0.7
M; -M;; 7 0.7
Ml6 - MZl 14 0'7

Gain (dB)

Frequency (Hz)

Fig. 5 — Simulated LP, BP, HP and BS responses for the
proposed filter in Fig. 4
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Fig. 6 — Ideal and simulated gain and phase responses of the AP -
filter configuration in Fig. 4
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Fig.7 — Time domain responses of LP, BP and HP filters for the
proposed filter in Fig. 4

respectively varied to 10, 40 and 160 wA, while
keeping Ipy = los = 40 pA for @ = 1. In this setting,
the fyr-values calculated from Eq. (11) are
approximated to 1.61, 322 and 645 MHz,
respectively. The resulting responses of the BP filter
corresponding to different bias currents Ip are shown
in Fig. 8. From the simulations, the corresponding fo
are found as 1.62, 3.23 and 6.02 MHz, respectively.
Fig. 9 shows the simulated BP responses with
Q-tuning (i.e., @ = 1, 2 and 4). In this case, the bias

6 - 1.61 MHz

.........

-6 j;=3.22 MHz
- f,=6.45 MH2

Gain (dB)

PR ¥ A AN SRS B

Lecccaainn

Frequency (Hz)

Fig. 8 — Simulated frequency responses of the BP filter when f
is varied and @ = |

Gain (dB)

Vo
' e
. P S

Frequency (Hz)

Fig. 9 — Simulated frequency responses of the BP filter when [0
is varied and fo = 3.22 MHz

THD (%1

0 & 10 15 20 25 30 35 40 45 50
Input cucrent (HA) (peak)

Fig. 10 — THD variations of the proposed filter versus amplitude
of the applied sinusoidal current signal at 3.22 MHz

currents were chosen as: Ip; = Ipp = 40 fA, Ips =
10 A, and Iz = 10 A, 40 pA, 160 A, respectively.
Note that the high-Q filter can be realized from high
value of Ip;. Furthermore, the total harmonic
distortion (THD) variations of BP response on the
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amplitude of the sinusoidal input current signal at
3.22 MHz are shown in Fig. 10.

6 Conclusions

The realization of current-mode KHN-equivalent
biquad using ZC-CFTAs has been described. The
circuit structure employs four ZC-CFTAs and two
grounded capacitors, which s convenient for
integration. The filter simultaneously realizes LP, BP
and HP current responses from the same topology and
it can easily be modified to realize BS and AP
functions. The circuit also provides independent
current control of @ and Q, and the filter with high Q
value can be obtained by simply tuning the ratio of
ZC-CFTA’s bias currents. It has both low-input and
high-output impedance, thereby permitting easy
cascadability. Also, the described circuit requires no
component matching conditions and has low
sensitivities.
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This paper presents the realization of the current-mode bandpass filter and mixed-mode quadrature oscillator both from
the same circuit configuration. The proposed circuit is in the resistor-less structure, which contains only four z-copy current
follower transconductance amplifiers (ZC-CFTAs) as active components together with two grounded capacitors as passive
components. As the first configuration, the current-mode BP filter with high quality factor (Q) is proposed. The center
frequency (@) and the Q of the circuit are orthogonal adjustable via the g,-value of the ZC-CFTA. From the same topology,
the mixed-mode quadrature oscillator can easily be realized that is capable of generating two explicit quadrature current
outputs and two quadrature voltage outputs, simultancously. Moreover, the realized oscillator also provides the advantage of
orthogonal electronic control of the oscillation condition and oscillation frequency, which makes it suitable as variable
frequency oscillator. PSPICE simulation results using bipolar ZC-CFTA have been given to verify the workability of the

two proposed circuits.
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1 Introduction

A high-Q bandpass (BP) filter is one of the most
essential networks, which is widely used in several
analog signal processing systems, such as electronic
measurement  and  instrument  systems = and
communication systems'?. As a result, a number of
high-Q (narrow-band) BP filters have been reported in
technical literature'®. Most of these circuits use
operational amplifiers (OAs) operated in voltage-
mode'**, However, they exhibit several drawbacks in
their performance arising from the limited bandwidth
and slew rate of an OA and require an excessive
number of active and passive elements. The recent
one using current controlled current conveyors
(CCCIlIs) was reported”. It still operates in voltage
mode and consists of two floating capacitor that is not
suitable for monolithic implementation. In the last
decade, current-mode (CM) approach has been
increasingly recognized as a way to overcome the OA
drawbacks and to realize high-frequency systems. As
a result, various new CM high-Q BP filters have been
designed using different high-performance active
elements®®. However, the studies in Refs (6,7) require
a lot of passive components and do not provide an
electronic controilability. Although the CCCll-based
circuits in mentioned in Refs (8,9) enjoy electronic
tuning through the parasitic resistance at x-terminal

(R.), they still contain an external passive resistor and
floating capacitors.

The quadrature sinusoidal oscillator also 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 or
for measurement purposes in vector generator or
selective  voltmeters. Therefore, the quadrature
oscillator is widely used in many communications,
signal processing and instrumentation systems. Many
quadrature oscillator circuits have been reported'®”,
Note that these earlier quadrature oscillators operated
in either voltage-mode'*"® or current-mode”®. In
analog signal processing applications, it may be
desirable to have quadrature oscillators with voltage
and/or current outputs; these are mixed-mode
quadrature oscillators. A careful inspection of
available technical literature reveals that mixed-mode
quadrature oscillator realizations are available’®*,
However, no circuit realization is available for
realizing both CM high-Q BP filter and mixed-mode
quadrature  oscillator ~without changing circuit
topology. Moreover, some external passive
resistors’?°, which makes the integration of the
quadrature oscillator difficult.
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Recently, the conception of the z-copy current
follower transconductance amplifier (ZC-CFTA) has
firstly been suggested®>. The ZC-CFTA is slightly
modified from the conventional current differencing
transconductance amplifier‘“ (CDTA) by replacing
the current differencing unit with a current follower
and complementing the circuit with a simple current
mirror for copying the z-terminal current. Thus, the
ZC-CFTA element is a combination of the current
follower, the current mirror and the multi-output
operational transconductance amplifier. As a result, a
number of applications based on ZC-CFTAs can be
extended™.

This paper presents the circuit configuration for
simultaneously realizing CM high-Q BP filter and
mixed-mode quadrature oscillator. The presented
circuit employs four ZC-CFTAs and only two
grounded capacitors without needing any external

- passive resistor. The use of only grounded capacitors
as passive elements is very suitable for monolithic
integration point of view. For the first proposed CM
BP filter realization, its important parameters, i.c., the
center frequency (@) and the quality factor (Q), are
independently adjustable by electronic means through
the ZC-CFTA's transconductance. It is also
demonstrated that the parameter Q of the resulting
“filter can assume very large value. Another notable
feature of the proposed circuit is that it can also be
performed as the oscillator to provide two explicit
quadrature current outputs and two quadrature voltage
outputs, and thus can be classified as a mixed-mode
quadrature oscillator. The oscillation condition and
oscillation frequency of the oscillator are separately
controlled by separate transconductances. Simulation
results obtained from PSPICE are employed to verify
the theoretical analysis of the presented circuit.

2 Description of ZC-CFTA

The schematic symbol and ideal behavioral model
of the ZC-CFTA are shown in Fig. I(a and b),
respectively. The corresponding circuit relations can
be arranged in the following matrix expression:

[(v,] [0 0 00 04, ]
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e =100 0 0)v, (1)
iX+ O +gm O O 0 v.\’+
i, | |0 -g, 0 0 Ojv_]

ZC-CFTA
_xe,
i Xt——o Vu
v o> ‘
po— P P
x- ¢
z e X[V
[LANITS
A
ol
v v
z c
(a)
S Ut R
v _’ ] 1 _> v
_g V. : X-

(b)

Fig. | — ZC-CFTA (a) electrical symbo! (b) equivalent circuit

where g, is the transconductance gain of the ZC-
CFTA, which can be controlled electronically. As
indicated in Fig. 1(b) and Eq. (1), the ZC-CFTA
device is derived from the CDTA by leaving out the
input terminal n and extending the circuit with an
auxiliary terminal z, called zc. Thus, this device has
one low-impedance current input p and high-
impedance current outputs at the terminals z, zc, x+
and x—.

Figure 2 shows the possible bipolar technology
implementation of the ZC-CFTA, which is slightly
modified from the structure given in Ref. 35. It is
mainly composed of a current follower circuit formed
by transistors Q;-Q; and a multiple-output
transconductance amplifier Qg-Qy. In this case, the
transconductance gain g,, of the ZC-CFTA is directly
proportional to the external bias current o, which is
equal to:

g, =—2 @)

where V7 is the usual thermal voltage (approximately
26 mV at room temperature 27°C).
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Fig. 2 — Possible bipolar implementation of the ZC-CFTA.

3 Single ZC-CFTA based Current-Mode First-
Order Allpass Section

As is well known, a very high-Q BP filter can be
effectively realized employing first-order AP
sections'”. In this section, we therefore present the
resistor-less realization of CM first-order AP section.
Figure 3 shows the schematic diagram of the CM
first-order AP section using a single ZC-CFTA and
one grounded capacitor. Routine circuit analysis leads
to the following current transfer function :

_&m
Lu(s)_""C -
Iin(s) s+g_'"
C

Clearly, the pole frequency (a) and the phase
response (@) of the circuit are obtained as:

, =g—c'" )
and ¢=—2tan”’ [E) .(5)

It should be noted from Eq. (5) that an electronic
control of the phase response (¢) can be accomplished
by tuning the g.-value of the ZC-CFTA. Moreover,
the suggested AP section also exhibits low-input and
high-output impedances, enabling an easy cascading
in current-input current-output operations.

4 Proposed Circuit Configurations

4.1 Proposed current-mode high-Q bandpass filter
The proposed CM high-Q BP filter is shown in
Fig.4. The circuit structure contains two AP sections

Fig. 3 — CM first-order AP section using single ZC-CFTA
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Fig. 4 — Proposed current-mode high-Q BP filter

(ZC-CFTA3, C, and ZC-CFT A4, () of Fig. 3 and the
current-controlled current amplifier (ZC-CFTAI and
ZC-CFTA2) [36]. Note that the circuit uses only
grounded capacitors as passive elements, thus, it is
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advantageous from integraticn point of view. Another
advantage is that it has a low-input impedance and
high-output impedance property, thereby permitting
easy cascadability. In general, for simplicity.
grounded capacitors and bias currents of the
ZC-CFTAs in two AP sections are chosen to be equal
to each other, i.e. Ci=Co=Cand lpy=lps=1Ip (gm3 =
gms = gm). Hence, routine circuit analysis of the
proposed circuit as shown in Fig. 4 gives the
following current transfer function :

(%]
QAﬂ:(K ) ¢ ..(6)
I 1+K e 2
ul(s) sz+2 1-K ﬁ s+ &
1+K )\ C C

where K = gni/gm = Ioi/Ipz is the gain of the current
amplifier.

From Eq. (6), we then obtain the important
parameters @), and Q of this filter as:

=&n_=[_0 (D
° C 2V,.C
and Qz_l_(_li-_l_{.)z_l_ LMQL - (®
2\1-K 20 15— 1

Substituting Eqgs (7) and (8) into Eq. (6), Eq. (6)
may be simplified to:

2
s+a)o]

am@)_[zg—4) [ Q
-2

L s) s +[ﬂ}v+w3
o

One can see that the realized filter function is an
approximated BP function®. This is due to the fact that
the transfer function in Eq. (9) has a double zero at
@= @,, while an ideal BP filter function has a simple
zero at origin. Consequently, the frequency response
of this function exhibits both gain and phase
characteristics similar to an ideal BP response at
frequencies closed to @, but exhibits some deviations
in both gain and phase at frequencies above and
below a}. Egqs (7) and (8) reveal that the filter
parameters a), and Q are orthogonally adjustable. This
means that @, can be adjusted electronically by
changing Iy without disturbing the Q-value. Also, the
Q-value can be tuned electronically through Iy, and
lpy without effecting @,. Moreover, a high Q-value

...(9)

BP filters will be obtained from moderate values of
the ratio of Iy, and /p,.

In a very high-Q filter implementation (K = 1), the
scnsitivity of Q with respect to K is:

s¢=g. : ...(10.1)

This sensitivity factor is identical to that previously
determined®*”®, but the configuration requires no
external passive resistor. It is also clear that the
sensitivity S% could be significantly increased if the
QO-value increases.

4.2 Proposed Mixed-Mode Quadrature Oscillator

From the proposed configuration of Fig. 4, the
mixed-mode quadrature oscillator circuit with current
and voltage outputs can easily be obtained by leaving
out i;. The resulting circuit is shown in Fig. 5.
According to Eq. (6) and the feedback theory, the
system characteristic equation can be expressed as:

2 1-K\(g g ’
STH2l —[| 22 |s+| =2 | =0 ...(10.2)
1+K A C C

Replacing s = jw, and equating real and imaginary
parts, this results in the condition of oscillation (CO)
as:

Ioy=1g, (1D

and the frequency of oscillation (FO) as:

@=8n-to - (12)
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Fig. 5 — Proposed mixed-mode quadrature oscillator
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Egs (11) and (12) indicate that Ip; and/or Iy can
independently control the CO without interfering with
the FO. Similarly, the FO is maintained independent
of the CO by adjusting /5. Thus, the described circuit
provides non-interactive control of the CG and FO.

At oscillating frequency, it can easily be shown
from Fig. 5 that the various current and voltage
outputs are related as :

Iautl = j[oull -..(13)
and V{mIZ = jvnull ...(14)

It is evident from Eqs (13) and (14) that the two
marked quadrature currents and the two marked
quadrature voltages are obtained ~with equal
magnitudes. Also, note that the oscillator exhibits
current outputs from high-impedance terminals for
explicit utilization, while the two quadrature voltages
are to be buffered before use.

5 Simulation Results

The behaviour of the proposed circuit have been
confirmed by PSPICE simulations. In simulations, the
ZC-CFTA was performed by the schematic bipolar
implementation as shown in Fig. 2. In the design, the
transistor model parameters PR10ON (PNP) and
NRIOON (NPN) of the bipolar arrays ALA400 from
AT&T were used. The dc supply voltages of £3V and
all bias currents /5 = 100 ¢A were chosen. For all the
following simulations, the capacitance values were
chosenas : C; = Cy =1 nF.

Figure 6 shows the ideal and simulated frequency
responses of the developed AP section of Fig. 3 for
different values of Ip. For this purpose, the bias
current [, is varied from 50 A, 100 (A to 150 A,
which results in a 90°-phase shift at f, = /21w = 153,
306 and 459 kHz, respectively. The simulation results
agree very well with the theory.

Figure 7 shows the frequency responses of the
proposed BP filter of Fig.4 compared with the idea
BP filter. The active and passive components were set
to Ip, = 199 ,UA, Ips = 201 ,uA and lpy=lps =1Ip = 63
HA, corresponding to f, = 192 kHz and Q = 100. From
the simulation results, it is seen that, at very near f,,
the gain and phase characteristics agree well with the
ideal responses. As explained above, we also see that
the results represent some deviation from an ideal
curve at above and below f,.

Next, an independent current tuning of the Q-value
was demonstrated by designing the proposed BP filter

Gain Phase
(dB) (degree)
207 2007

—— Simulation |;
~ == Ideal

-20
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Fig. 6 — ldeal and simulated gain and phase responses of the AP
section in Fig. 3
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Fig. 7 — Frequency characteristics of the proposed BP filter of
Fig. 4. (a) gain-frequency response (b) phase-frequency response

for f, = 192 kHz and changing its Q value through o
In this case, the circuit components were taken as: lo
= 200 /IA and Igy = lps = Ip = 63 ﬂA The
corresponding results for @ = 10, 50, 100 and 200 are
obtained by adjusting o, = 180, 196, 198 and 199 A,
respectively. Fig. 8 shows the simulated gain-
frequency responses which exhibit convenient
Q-tuning. To demonstrate the f,—controllability of the
proposed BP filter of Fig. 4, the bias currents o3 = /o4



TANGSRIRAT ef al.: CURRENT-MODE HIGH-Q BANDPASS FILTER 605

50
. — 1, =199 A
) L AL E Y | SRR | VR S EELLE 1= 198 A
. e = 196 A
. — i 1= 180 A
=)
5 257
C]
0 i
S—
HiS 1 T o]
-10 : i
i0k 100k ™M

Frequency (Hz)

Fig. 8 — Gain-frequency response of the proposed BP filter, when
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Table | — THD analysis for iu2 of the proposed quadrature
oscillator in Fig. 5
Harmonic Frequency Fourier Normalized Phase Normalized
no. (Hz)  component component  (Deg) Phase

1.530E+05 9.627E-06 1.000E+00 -7.674E+01 0.000E+00
3.060E+05 1.851E-07 1.922E-02 -3.884E+01 1.146E+02
4.590E+05 5.384E-08 5.593E-03 -5.338E+0 1.768E+02
6.120E+05 4.254E-08 4.419E-03 -4.407E+01 2.629E+02
5 7.650E+0S 3.226E-08 3.351E-03 -3.647E+01 3.472E+02

DC Component = -3.558 104E-07
Total Harmonic Distortion = 2.077507E+00 Perceat

S -

= I, were simultaneously adjusted for Ip = 50, 60 and
70 wA, while keeping O constant at 100. The
corresponding curves are shown in Fig. 9, which
exhibit current tuning of the f,-value.

Figure 10 shows the simulated output waveforms of
the proposed mixed-mode quadrature oscillator of
Flg 5 with Ip; = Toa=1Ip = 50 /IA (g,,.3 = Bms = m =
0.961 mA/V). This setting leads to obtain fo=153
kHz, while their simulated values are equal to fo= 149
kHz. Fig. 11 shows the simulated frequency
spectrums of the quadrature output waveforms. The
results of total harmonic distortion (THD) analyses
for i, and v are summarized in Tables | and 2,
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Fig. 12— X-Y plots for the quadrature outputs. (a) current
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Table 2 — THD analysis for veun of the proposed quadrature
oscillator in Fig. 5

Harmonic Frequency Fourier Normalized  Phase  Normalized

no. (Hz) component component  (Deg) Phase

L 1.530E+05 9.605E-03 1.000E+00 -8.596E+01 0.000E+00
2 3.060E+05 1.876E-04 1.954E-02 -5.445E+0! 1.{7SE+02
3 4.590E+05 7.057E-05 7.347E-03 -7.342E+01 1.845E+02
4 6.120E+05 3.549E-05 3.695E-03 -6.853E+01 2.753E+02

5 7.650E+05 2.319E-05 2.414E-03 -6.444E+01 3.653E+02
DC Component = -4.845867E-04
Total Harmonic Distortion = 2.133430E+00 Percent

respectively. The quadrature relationship between the
generated waveforms has been verified using the X-Y
plot (lissagous figure) and shown in Fig. 12.

6 Conclusions

This paper describes a very high-Q current-mode
BP filter with electronically tunable features based on
the Z-copy current follower transconductance
amplifiers (ZC-CFTA). For this purpose, the current-
mode first-order AP section using only one ZC-CFTA
and one grounded capacitor is suggested. Then, the
current-mode BP filter with high-selectivity based on
the suggested AP sections is proposed. Four
ZC-CFTAs together with only two grounded

capacitors are used to realize the proposed RP filter.
The important filter parameters &) and Q can be
adjusted independently/electronically by changing the
bias currents of the ZC-CFTAs. Furthermore, a
mixed-mode quadrature oscillator can be obtained
from the same circuit configuration. The circuit offers
an independent electronic control of the condition of
oscillation and the frequency of oscillation,
availability of two explicit quadrature current outputs
and presence of two quadrature voltage signals.
PSPICE  simulation results verify that = the
characteristics of the proposed circuits are in good
agreement with the predictions of the analysis
performed.
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