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Abstract: This paper proposes an alternative way to implement a linearly tunable CMOS voltage differencing transconductance
amplifier (VDTA). It has been designed by using the floating current source (FCS) and the current squaring circuit. The circuit achieves
its linear tunability by squaring the long-tail biasing current of the FCS. In this way, the transconductance gains of the proposed
CMOS VDTA can be varied linearly through adjusting the DC bias currents. As an application example, the proposed VDTA is used in
the design of an actively tunable voltage-mode multifunction filter. The derived filter possesses the following desirable properties:
simultaneous realization of three standard filter functions; employment of only two grounded capacitors; and electronic tunability of
the natural angular frequency and the quality factor. The performance of the proposed circuit and its filter design application were
examined by PSPICE simulations with TSMC 0.25-mm CMOS real process technology.

Keywords: Voltage Differencing Transconductance Amplifier (VDTA); Current Squarer; MOS analog circuits; Low-voltage circuits;

Electronically tunable.

Linearno nastavljiv CMOS napetostni
transkonduktancni diferencialni ojacevalnik

(VDTA)

Izvleéek: Clanek predlaga alternativno resitev uporabe linearno nastavljivega CMOS napetostnega trnskonduktan¢nega
diferencialnega ojacevalnika (VDTS). Nacrtovan je z uporabo plavajocega tokovnega vira (FCS) in kvadriranjem toka. Vezje dosega
linearno nastavljivost s kvadriranjem pocasnega deleza toka FCS. Na ta nacin se lahko z nastavitvijo napajalnega toka linearno
spreminja transkonduktan¢no ojacenje. Filter ima naslednje lastnosti: socasna realizacija treh standardnih funkcij filtra, uporaba le dveh
ozemljenih kondenzatorjev in elektronska nastaljivost wo in Q. Lastnosti so bile simuliranje v PSPICE okolju v TSMC 0.25-mm CMOS

tehnologiji.

Klju¢ne besede: napetostni transkonduktancni diferencialni ojacevalnik; (VDTA); tokovni kvadrirnik; analogna MOS vezja;

nizkonapetostna vezja; elektronska nastavljivost
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1 Introduction

A brief review of the recently reported active elements
and an introduction to several new controllable ele-
ments are given in [1]. Among other things, the voltage
differencing transconductance amplifier (VDTA) is one
of attractive active devices with two-parameter control
[2-6]. This device is a modified version of the previously
introduced current differencing transconductance am-
plifier (CDTA) element, in which the current differenc-
ing unit at the input stage is replaced by the voltage
differencing unit. Usually, the VDTA solution can be
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realized by composing two voltage-controlled current
sources, which are interconnected internally. Each of
them provides two independent transconductance
gains (g, and g_J), which are electronically adjustable
by external DC biasing currents [5]. Therefore, the VDTA
element is very useful in active circuit synthesis and
quite suitable for electronically controllable analog cir-
cuits. Another advantageous feature of this element is
that it can easily be used for transconductance-mode
solutions due to its input signals being voltages while
the output signals are current [2]. Several CMOS reali-
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zations of the VDTA circuit have been described in the
literature [2-4]. Previously, the CMOS implementation
of the VDTA employing basic floating current sources
(FCSs) and supply voltages of £0.9 V was introduced in
[2]. The improved CMOS VDTA was suggested in [3], in
which the ideal current sources are realized with swing
cascade current mirrors. This kind of current mirrors is
used because it has good accuracy and high-output
impedance, and the minimum output voltage swing
is approximated to 2V [7]. In [4], the design of the
CMOS VDTA was also reported, where both transcon-
ductance sections were derived from the structure pre-
sented in [5]. In this structure, the well-known configu-
ration of multiple-output second-generation current
conveyor (MO-CClI) has been supplemented to obtain
the required number of current outputs of the first
transconductance section. However, their major disad-
vantage though is the well-known fact that their per-
formance (namely the gain g ) is directly proportional
to the square root function of the external DC biasing
current. Due to this the tunability is non-linear, and
their linear transconductance ranges are rather limited.

The motivation of this paper is to develop the CMOS
VDTA with linearly tunable transconductance. To this
aim, the proposed CMOS VDTA utilizes the floating cur-
rent source (FCS) in its voltage-to-current conversion.
In the presented work, the CMOS current squaring
functional circuit with the output current proportional
to the square of the input current is employed as a bi-
asing circuit for the FCS. The main feature of the pro-
posed VDTA is that it exhibits an ability to linearly tune
its transconductane gains by electronic means through
the external DC bias currents. To illustrate the applica-
tion of the proposed VDTA, the design of active volt-
age-mode multifunction filter with single input and tri-
ple outputs is considered. It realizes simultaneously the
three standard biquadratic filters namely lowpass (LP),
bandpass (BP) and highpass (HP) from each output of
the circuit. Orthogonal electronic programmability of
®, and Q s also discussed in detail. PSPICE simulations
with TSMC 0.25-um CMOS process parameters are also
reported, which demonstrate the linearity and effec-
tiveness of the proposed VDTA and its application.

2 Basic concept of the VDTA

Basically, the VDTA is an alternative versatile active
building block, having five high-impedance terminals,
as symbolically shown in Fig.1. The characteristic be-
tween terminal voltages and currents can be described
by the following matrix relation:
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Figure 1: Circuit symbol of the VDTA.

where g _and g . are the first and second transcon-
ductance gains of the VDTA, respectively. In (1), the dif-
ferential input voltage applied across the p and n ter-
minals (vp -v)is converted to a current flowing out of
the z terminal (i) by g_.. Similarly, a voltage across the
z terminal (v) is transformed to the current outward
from the x+ and x- terminals by g .

3 Basic functional circuits

3.1 Current-squaring circuit
C

Fig.2 shows a current squaring circuit (M,-M,) based on
the square-law characteristic of MOS transistors biased
in the strong inversion region [8-10]. The current-con-
trolled biasing circuit (M;,-M,,) is introduced in order to
supply the bias voltage V,, where |, is the bias current.
Assuming that all transistors are properly biased to op-
erate in saturation mode and obey the ideal square-law
function, the relation between the output current ISQ
and the input current /, is given below.

_ 1

=2 (2)
%8I,

To guarantee a proper operation, the input current / is
restricted within the range:

-4, <, <4, . (3)
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Figure 2: Current squaring functional circuit.

We observe from eq. (2) that |, is the squaring function
of I, with the gain equal to (1/8/,). In addition to eq. (2),
the current [, is ideally temperature insensitive.

3.2 Floating Current Source

Fig.3 shows the circuit diagram of the floating current
source (FCS) [11], which will be used as a fundamental
circuit for exhibiting the transconductance gain of the
proposed VDTA. The circuit can be viewed as two long-
tailed differential pairs of PMOS and NMOS connected
in parallel. It converts the differential input voltage (v,
= v* - v) into two balanced output currents i and i .
The NMOS transistors M, and M, are identical and the
PMOS transistors M_and M, are also identical. Assum-
ing that all the transistors are working in saturation re-
gion, an effective small-signal transconductance of the
FCS can be expressed as [11]:

g :i0_+:i0_-:—gm”+g’"1’ 4)
Ve v 2

where g and g, are respectively the transconduct-
ance values of the NMOS and PMOS transistors, equal
to:

K I 6 . (5)

Em(p) = Bnplo

_ 'uﬂ(p)cox w H _
i =T W, is the aver

age carrier mobility for NMOS and PMOS transistors, C,,
is the gate-oxide capacitance per unit area, Wand L are
the effective channel width and length, and l,is the ex-
ternal DC bias current. Evidently from egs.(4) and (5),
the g _-value of the FCS circuit in Fig.3 is proportional to

a square-root of the control current /.

In above expression, K
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Figure 3: CMOS FCS circuit.

4 Proposed linearly tunable VDTA

A complete circuit diagram of the proposed linearly
tunable VDTA (LT-VDTA) and its symbol are shown in
Fig.4. Basically, it consists of two FCSs (M -M, .. and
M,-M,.J) in Fig.3 and two current squaring circuits (M, -
M., and M -M, ) in Fig.2. The current-controlled DC
level-shifting circuit M_,-M_, and /, provide a bias volt-
age V, for the circuit. As seen in Fig.4, the currents [,
and /,; are mirrored to be the bias currents / _and | of
two FCSs by means of the current mirrors M, -M,. and
M,.-M,, respectively. It can be arranged that if (W/L), . =
(W/L),, = 8(W/L),, and (W/L),, = (W/L), = 8(W/L),, then,
using eq.(2) and considering /.= 8/, .and I .= 8l we
have :

12
I, =-2, (6)
IA
and
]2
J . =255 (7)
oS IA

Substituting eqgs.(6) and (7) into (5), and solving for the
first and second transconductance gains of the pro-
posed LT-VDTA in Fig.4, the results are :

Eur =K, Igp (8)
and
s = K lps ©
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(10)

parameters of TSMC 0.25-um CMOS technology. The
transistor sizes used for simulation are listed in Table 1.
Bias voltages were £V = 1.5V and bias currents /, were
50 pA.
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Figure 4: Proposed CMOS VDTA with linearly transcon-
ductance tuning. (a) complete circuit diagram; (b) its
circuit symbol

Since K is considered as a constant value, eqs.(8) and
(9) imply that the transconductances g_.and g, of the
proposed LT-VDTA can be adjusted electronically and
linearly by /.. and I, respectively. As was stated earlier,
in order for the proposed circuit to operate correctly,
the linear operating condition for the input controlling

currents /. and lsis bounded according to eq.(3).

Owing to the performance of the traditional FCS stage
used in the proposed LT-VDTA structure of Fig.4, the output
resistances at terminals z, x+ and x- are not high enough
for some applications. In order to increase the output re-
sistance level, the improved FCS [12] can be employed for
this structure. However, while the output resistance value is

improved, the output voltage swing drops by upto V.

5 Simulations, results and discussions

For all the circuits examined in this work, the computer
simulations with PSPICE are performed using model
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Table 1: Transistor sizes of the proposed LT-VDTA in
Fig.4.

Transistors W (um) L (um)

Mg - Mg,

Mg = Mar, Mis - My, 7 0.25
Mg, Mas, Mz, Mys

Mse, Mg 6 0.25
Mse - Mg, Mss - Mes 49 0.25
Mg, Msgs 6.2 0.25
Mgr - Mior, Mgs - Mygs 17 0.25
M1 - Migr, Mg - Mios 24 0.25

The CMOS current squaring circuit in Fig.2 is simulated.
Fig.5 illustrates the DC current transfer curves of the
current squaring circuit in Fig.2, obtained for the input
controlling current /. value ranging from -200 pA to 200
UA. It can be deduced from the simulation results that
the circuit performs the current squaring operation as
expected.

120 —
Simulated |7
\ ---- Expected [} /
s04— /
A
~ AN yd
g N //
s
2
. \ il
N 7
>
“\\ >
2200 100 100 200
Iz (UA)

Figure 5: DC current transfer curves of the current
squaring circuit in Fig.2.

In order to demonstrate the linear tuning performance
of the proposed LT-VDTA in Fig.4, the simulation for the
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transconductance g, _is carried out. Fig.6 shows theg .
variations as a function of the input controlling current
I In these plots, the simulated results and the expect-
ed values are compared, and in good agreement over
a considerable input range from 20 pA to 180 pA. It is
clear from the curves that the proposed circuit can be
tuned linearly by means of the current /.
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Figure 6: Expected and simulated g__ of the proposed
LT-VDTA of Fig.4 as a function of /.

The DC transfer functions of the proposed LT-VDTA in
Fig.4 are also simulated and shown in Fig.7, with vy (=
v, - v.,) continuously changing from -400 mV to 400
mV, and Lo being equal to 50 pA, 100 pA and 150 pA,
respectively. For /. = 150 UA, the circuit has a linear re-
gion over +180 mV and non-linearity error is less than
9.16%.
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Figure 7: Simulated DC transfer characteristics be-
tween v, and i with tuning /..

To study the AC transfer characteristic of the proposed
LT-VDTA, the simulated frequency responses for g .
when /. is swept from 50 pA to 150 uA with 50 LA step
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size are plotted in Fig.8. According to Fig.8, the useful
bandwidth of about 400 MHz can be observed. In addi-
tion to the simulation results, the maximum power dis-
sipation is 6.25 mW, when vV, =180my, and Ly = 155150
LA. The quiescent power dissipation is 1.34 mW, when
Vi e and I, are zero.

&ns (MA/V)

106 100G IT

Tk 10k

100k IM 10M  100M 1G

Frequency (Hz)

Figure 8: Simulated frequency characteristics of g .
with tuning /..

6. Active voltage-mode multifunction
filter realization

To demonstrate the effectiveness of the proposed LT-
VDTA, an active voltage-mode multifunction filter of
Fig.9 is realized as a design example [13]. The circuit
consisting of two proposed LT-VDTAs in Fig.4 and two
grounded capacitors realizes three standard biquad-
ratic filtering functions, i.e. lowpass (LP), bandpass (BP)
and highpass (HP), simultaneously without changing
its configuration and without the need to impose com-
ponent constraints. Straightforward analysis of Fig.9
using eq.(1) yields the following three voltage transfer

functions.
V,..(s 1
o — LP( ) :Ho ng2ng2 , (-I—I)
V.. (s) ¢ C, D(s)
V..(s s
ap — BP( ) :HO ng2 , (12)
V., (s) G LD(s)
and
A
= Vip(8) = H, S , (13)
V., (s) D(s) |
where
Ho — M, (14)
8msi
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D(s)=5>+ Enr28ms2 ¢ | Emr18mr28ms2 T
ZusiCi 8usiCiC

and g . and g, (i =1,2) are respectively first and
second transconductance gains of the j-th LT-VDTA. It
follows from eqs.(11)-(15) that the natural angular fre-
quency (w) and the quality factor (Q) of the filter are

o = nglng2ngZ ,
’ \ g.5:1CC,

and
C
0= /nglng] 1
Eni28ms2Ca
IBFIWIBSI

X+
LT-VDTA

(16)

Vsn O

X- © Vyp

X+
z
—O V_LP b@ Vgp
&) % Cy T
Figure 9: Actively tunable voltage-mode multifunction
filter realization using the proposed LT-VDTAs.

To achieve independent filter parameter control, a
proper design can be developed by setting equal
transconductances suchthatg =g =g . andg =
9.»=9,. then® and Q from eqs.(16) and (17) turn to

w, = M , (18)
GG,
and
C
Q=Sm =1 (19)
gm VG,
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The parameter , can be tuned separately by changing
g, The transconductance ratio of g_, and g_, can be
used for an adjustment of the parameter Q. However,
if independent electronic control is needed, only g,
could be used for Q control.

Furthermore, from egs.(16) and (17), the active and
passive sensitivities of @ and Q can be expressed as:

1 1
®, — _QW, _ ®, __
ngFl’ngZ’ngZ - ngSl - 2 ! SCI,CZ - 2 (20)
and
s¢ =-5¢ L
EmF1:8ms1 EmF2-8ms2 2 ! G & 2

Both are low, and equal to 0.5 in magnitude.

As a design example, the multifunction filter of Fig.9
has been realized to obtain the LP, BP and HP respons-
es with the natural angular frequency f = ® /2n = 5.50
MHz and the quality factor Q = 1. For this purpose, the
circuit components were setto: I, =1, =1, =1, =1,
=70uA(@9 =9, .=9 =9 5=9,=0.66 mA/V) and
C, = C, =20 pF.The simulated LP, BP and HP amplitude
responses of the circuit are shown in Fig.10, where the
simulated values of f were found to have a maximum
deviation of 2.83% from the expected values. In this
simulation, the total power consumption of the de-
signed filter is about 4.51 mW.
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Figure 10: Simulated AC transfer responses for the ac-
tively voltage-mode multifunction filter in Fig.9.

In Fig.11, the electronic adjustment of the BP character-
isticis illustrated by simulating multiple values of f_(i.e.
f =4.50 MHz, 7.60 MHz, and 11.35 MHz), and keeping
a constant Q = 1. Its responses for three values of f_are
obtained by tuning identical bias currents I, = 50 A,
100 UA, and 150 A, respectively.
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Figure 11: Simulated BP responses of Fig.9 with tuning f .

The simulation results of the BP response for variable Q
and fixed f_are given in Fig.12. In this way, the values of
Q were tuned via LT-VDTA 1, for Q = 5, 7, 10, which cor-
respondto /, (i.e,l, =1 =1I.)=250uA, 350 uA, 500

UA (g, ,=2.40 mA/V,3.33 mA/V, 4.86 mA/V). A constant
f =4.50 MHz was set with the bias currents of LT-VDTA

2,ie, I =1_=I=50uA(g ,=0.57 mA/V).
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Figure 12: Simulated BP responses of Fig.9 with tuning Q.

7 Conclusions

In this work, a linearly and electronically tunable CMOS
VDTA circuit is realized. The circuit realization is based
on floating current sources (FCSs) forimplementing the
transconductance stages. The CMOS current squaring
circuit is used for supplying the long-tail bias current of
the FCs stages. Its transconductance gains are linearly
tuned and accurately determined by the external DC
supplied currents. The use of the proposed VDTA is il-
lustrated with a realization of an electronically tunable
voltage-mode multifunction filter, which employs two
VDTAs and two grounded capacitors. PSPICE simula-
tions, performed using TSMC 0.35-um CMOS technol-
ogy and confirming the performance of the proposed
circuit and its application, are also given.
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