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This paper presents ultra low-voltage (LV) low-power (LP) CMOS structure for Current Conveyor Transconductance
Amplifier (CCTA). The proposed structure is performed using recently presented technique named bulk-driven quasi-
floating gate (BD-QFG) enabling the CCTA to operate at low supply voltage £0.3 V with low-power consumption in the
micro range of 34 uW. Moreover, the proposed circuit provides adjustable transconductance via external grounded resistor.
In addition to the topology simplicity, the proposed circuit offers high linearity and extended range of transconductance
controlling. Two new figure of merit (FOM) are used to characterize the performance of the design and prove its
effectiveness as compared to other. Eventually, to verify the functionality of the circuit, two current mode multi-function
biquad filters are included as examples of application. The simulations are performed in PSPICE environment using the

0.18 pm CMOS n-well process from TSMC.

Keywords: Bulk-driven MOS, Quasi-floating-gate MOS, Low-voltage low-power, Current conveyor transconductance
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1 Introduction

Prolonging the battery life time and miniaturizing
circuits are considered as basic requirements of
modern portable electronics and battery-powered
implantable and wearable biomedical devices.
Therefore, many efforts have been exerted towards
minimizing the power consumption and supply
voltage of the circuits. However, circuit designers
encounter difficulties to preserve reliable performance
of the analog circuits with scaling down their
supply voltage, owing to the fact that the threshold
voltage and supply voltage are not decreased
proportionally. Hence, various techniques have
emerged to overcome the rather high threshold
voltage problem of MOS transistors (MOSTs).
Among the most effective and interesting techniques
are the unconventional*"***® ones, i.e. Bulk Driven
(BD), Floating Gate (FG), and Quasi Floating Gate
(QFG) MOST. Where the threshold voltage is
significantly reduced or even removed from the
signal path by using these techniques. Moreover,
these techniques proved their potency to built
countless LV LP active elements, such as voltage
followers™*“°, operational amplifier'*'***, operational

. 7,10,13,15,18.44 .
transconductance amplifiers™'*"*'>"** second generation

current conveyors4’6’l7’l9, current differencing external
transconductance amplifiers’, differential-input buffered
and external transconductance amplifiers'?, winner
take all circuit’, differential voltage current
conveyor”’, transconductor'®' and  differential
difference current conveyor'".

Utilizing the BD, FG and QFG techniques offer
circuit simplicity, high functionality, extended input
voltage range and ultra-LV LP operation capability.
However, there are some drawbacks with these
techniques. Since their transconductance values are
smaller than the transconductance value of the
conventional gate driven (GD) MOST. As a
consequence, they suffer from reduced bandwidth and
higher input referred noise. On the other hand, the FG
and QFG MOSTs occupy larger area on chip due to
their input capacitors. Two new techniques Bulk
Driven-Floating Gate (BD-FG) and Bulk Driven-
Quasi Floating Gate (BD-QFG) have been revealed as
promising  techniques which congregate all
advantages of BD and FG and QFG techniques and
suppress their limitations”*. Besides their LV LP
operation capability, they enable ac and dc signals
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processing.  Moreover, they enjoy  higher
transconductance value near to the transconductance
value of the GD MOST, higher bandwidth and
smaller input referred noise. Recently, the
implementation of BD-FG and BD-QFG MOSTs in
analog circuit design shows attractive results, for
instance: second generation current conveyor>,
differential difference current convey0r23,
transconductor’’, current mirror” and voltage
follower’®. It is worth mentioning that BD-FG
technique suffers from some limitations in
comparison to BD-QFG technique, i.e. larger
occupied area on the chip, uncertain residual charge
trapped at the floating gate and shortage of simulation
models?. Therefore, the BD-QFG has been chosen to
be implemented in this work.

The  Current Conveyor  Transconductance
Amplifier” was firstly introduced in 2005. It is
considered as a versatile current mode building block
for analog signal processing, which combines the
advantages of the current conveyor and the
operational transconductance amplifier OTA. Thus, it
is expected to show the following attractive
characteristics: high bandwidth, large dynamic range
and high linearity. A modified version of the CCTA
named Current Controlled Current Conveyor
Transconductance ~ Amplifier =~ CCCCTA  was
introduced in Ref. (37). Both active elements
CCCCTA and CCTA possess identical properties,
except that the parasitic resistance of input terminal
can be electronically controlled in CCCCTA.
Although the CCTA and CCCCTA represent pure
current mode active elements, they are possible to be
utilized efficiently in voltage mode or hybrid mode
circuits. Hence, they have widespread applicability.
Numerous of analog signal processing circuits have
been realized utilizing CCTA and CCCCTA, like
analog signal frequency filters®>***, as well current
mode oscillators™.

However, the proposed structures of the CCTA and
CCCCTA in literature are not able to operate under
ultra LV conditions; for instance, the supply voltage is
+1 V in Ref. (30), £1.25 V in Ref. (33), £1.5 V in
Refs (38, 39), £1.75 V in Ref. (32), £1.85 V in
Ref. (29), £2 V in Refs (28, 34, 35), and £10 V in
Ref. (34). Hence, the attractive performances of the
CCTA cannot be exploited in ultra-LV LP
applications.

In the present work, a new CMOS structure of the
CCTA is realized. The proposed circuit is constructed
using BD-QFG MOST. Hence, it is capable to operate

with extremely low supply voltage of only +0.3 V and
consumes very low-power in the micro range around
34 uW. Thus, it is very useful to be used in portable
and wearable electronic equipment where the low-
power dissipation is highly desired. Moreover, the
proposed structure provides linear tunability of the
circuit parameter. To express the efficiency of the
design, relative to low-voltage working capability and
extended input range, two new Figures of Merit
(FOM) are presented. The first FOM; indicates the
efficiency of the design regarding the threshold
voltage value over supply voltage FOM,;=
(V1i/Vpp)*100%. Note that among designs with
various technologies (i.e. different Vr and Vpp) FOM,
presents a reasonable indicator regarding the design
capability of working with low-voltage supply.
Second FOM, indicates the efficiency of the design
regarding the maximum allowable input swing over
voltage supply FOMy= (Viymax/Vop)*100%. Higher
values of the FOM; and FOM, indicate design
effectiveness. Besides, to prove operation capability,
two current-mode multifunction filters based on the
proposed BD-QFG CCTA circuit are introduced.

2 Novel ultra-LV LP BD-QFG CCTA

2.1 Principle of BD-QFG MOST

The BD-QFG has emerged as a promising
technique for low-voltage low-power analog circuit
design”*. To demonstrate the principle of the BD-
QFG technique, its symbol and the realization in
MOS technology are shown in Fig. 1. It is notable that
the quasi-floating gate terminal of the transistor Mpp.
orc is tied through a very high value resistor R, to a
suitable bias voltage on Gupi,s terminal Fig. 1(a).
Practically, this resistor R, is implemented via MOST
M, operating in cut-off region as shown in Fig. 1(b).
The input voltage is applied to the quasi-floating gate
through suitable capacitance from one side and to the
bulk terminal from the other side.

G. S
I— Muvore M, |}|1 Menore
Guas [)
Giaw D
(b)

Fig. | — BD-QFG MOST: (a) symbol, and (b) realization
in MOS technology
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By utilizing the BD-QFG technique the
transconductance gmpp-grc 1S significantly increased
as it is shown in the following equation:
8m.sp-0r6 = 8&m» T &m.orc (D)
where gm, and gmorc are the bulk transconductance
and the QFG effective transconductance, respectively.

As a result, the transient frequency of the BD-QFG
MOST is increased:

gmb + g}n,QFG
zn(chs + Cb.\‘uh + Cg\)

...(2)

/ T.BD-QFG —

where Cy, Cpop and Cy denote bulk-source, bulk-
substrate and gate-source capacitances, respectively.

2.2 Principle of BD-QFG CCTA

The schematic symbol of the CCTA is shown in
Fig. 2. The CCTA is a five terminal active element;
one low impedance input terminal (X), one high

CCTA

Iv
Vv O—’—

Ix
Vx
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O H4—0 VYo

I:

VA —‘—OV:

Set

Fig. 2 — Schematic symbol of the CCTA
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impedance input terminal (Y) and two high
impedance output terminals (Z, O). The terminal (Set)
is connected to a resistor Ry for tuning the effective
transconductance value g,, of the circuit. The variable
resistor Ry can be realized either by passive resistor
or by voltage-controlled resistance based on simple
CMOS transistor.

The input/output behaviour of the CCTA circuit
can be described by the following matrix:

LY (00 0 0)V,
Vel [t 0 0 o)1 6
Ll lo1 o oy,
1,) Lo 0 +g, o)lv,

The MOS internal structure of the proposed
BD-QFG CCTA is shown in Fig. 3. The BD-QFG
CCTA circuit is constructed from two BD-QFG
OTAs, whereas the first OTA acts as a current
conveyor and the second OTA represents a
transconductor. The BD-QFG differential pairs of the
first and second OTA are implemented via transistors
M, M, and M3, My, respectively. The gates of these
transistors are tied to the negative supply voltage Vss
through extremely high value resistors constructed by
transistors Myp;, M2, My3, My, respectively, which are
operating in cut-off region. The input terminals of My,
M,, M; and M, are capacitively coupled via C;, C,, C;5
and C,, respectively to their quasi-floating gates from
one side and to their bulk terminals from other side.
The transistors M5 and Mg act as tail current sources
of the first and the second differential pair,
respectively. The multiple output current mirror

Vo ] > -9
M »J _|,'_,J_I_|,.,'J_I
18 M19
|l
‘TLC‘ Cﬂ M —|I-3-I|— Mo
- Vss Set
—t IIMM Mn._3+-ll; LR - ©
M — - v-l:l—” | B
iy |, [ f
Mie = 17¢
: ] AL
: |'< \% M15F MusF— M17|
Ve [ Rl 1l Rl "

Fig. 3 — MOS internal structure of the proposed CCTA
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created by transistors Mo, Mjy, My;, My, My3, Myy,
M;s, Mg and Mj; provides current biasing of the
circuit branches. The transistors M;, M;., Mg, Mg,
My, and M. ensure equal currents flowing through X
and Z terminals. Likewise the transistors Mg, Mg,
My, Mg, Miee and M7, ensure equal currents
flowing through O and Set terminals. The
compensation networks (R.;, C.1) and (R, Cc,) are
implemented in the first and second OTA,
respectively, to ensure the stability of the circuit. The
biasing of the circuit is provided by the current bias
L. The external resistor R is used to set the value
of the transconductance. Eventually, unity gain
feedback is provided in the first and second OTA to
confirm the voltage transfer between (X and Y),
(Z and Set) terminals, respectively. Moreover, high
linear controllable transconductor is obtained due to
the internal feedback connection. Hence, this method
of controlling the transconductance is more beneficial
than the conventional method of modifying the bias
current in the circuit’*"?*.

Assume that the negative feedback is disconnected
and the input terminal of M3 is grounded, then the self
transconductance g, «ore can be described by:

Iy
VZ

gm,mre - . (4)

By reconnecting the negative feedback and the
external resistor Ry as shown in Fig. 3, the
straightforward analysis yields to:

1
V, =V, =—2 -+
. gm,core
1 I
VZ = © + VRM = ° + IO R.\'et e (6)
gm,cure gm.cm‘e
I 1 1
gm:—ozl—z— if <<<Rm ..
VZ + R.vet Rset g m,core
gm,core

The voltage transfer between X and Y can be
described by:

Vi 8nbp-0r6.m Tount 8 mm, our

Vy 1+ 8 1.BD-0FG .M, Tourt 8 m ., Vour2

..(8)

_ 8m.p-0rG.m, ~1

8 m.BD-QFG .M,

where 1oy and 1o are the output impedances of the
first and second stage of the first OTA as follows :

1
y =—
outl .. (9)
gO,M2 + go,Mlz
1

R, =

8o.ms80.Msc 8o.m1080,m10¢

+ + &,.80-0rG. M4

mmse T 8momsec  Emmioe T mb.aioc

...(10)

whereas g, is the output conductance of the
correspond transistor.
The current transfer ratio is described by:

IZ — gm,M8 "~"1

I ...(11)

x  8nm,

It can be observed that the minimum voltage supply
required is extremely low and can be given by:

Vopmin =Ves Vo ..(12)

Ssat

The cascode structure is used to provide
significantly high value impedances looking into the
Z and O terminals, as it can be observed from the
following equations:

R, = ! ..(13)

8om1780m17¢ + 8om1980.M19¢

gm,M17c + gmb,M17c gm,Ml‘)c + gmb,Ml9c

! ...(14)

go,MSgo,MSC go,MlOgo,Ml()c

+

umse T 8mmse  Emmioe T mpmioc

+8, sp-orG.ma

Y terminal also possess high impedance as it is
expected, On the other hand, X terminal possess low
impedance and it can be described by:

8om2 1 8omn2

R, = ...(15)

8m.m78 m,BD-QFG.M2

where g, and g,, denote the gate and bulk
transconductance of MOST, respectively, g, is the
transistor output conductance.
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3 Application Examples

3.1 Multiple-input and single-output (MISO) universal filter

To express that the proposed ultra-low voltage low-
power CCTA can be applied to realize analog signal
processing circuits, two types of universal filters
using the proposed CCTA as active element are
demonstrated as example applications. The first
circuit is the multiple-input and single-output (MISO)
universal filter as shown in Fig. 4. It employs one
CCTA, two grounded capacitors C;, C, and one
resistor R;. The filtering function can be obtained by
appropriately connecting the input terminals.

The multiple-output Z-terminal (Z’) and O-terminal
(O") of CCTA can easily be obtained by adding
additional current mirrors at these output terminals.
Using Eq.(3), the output signal I, can be obtained as:

(s’C,C,R +sC,+g,)I

— _(gm)lin2 — (SCQ )Iinl
s’CC,R +sC,+g,

in3

...(16)

From Eq. (16), the filtering functions can be
obtained as follows:

1 Band-pass (BP) filter: I,y =li, lino=Iin3=0

2 Low-pass filter: lyp=Ili, lin1=lin3=0

3 High-pass (HP) filter: Iy =lin=Iis=Ii

4 Band-reject (BR) filter: Lini=linz=lin, lina=0
5 All-pass (AP) filter: Iin1=21in, Iin3=Iin» Iin2=0

Thus, the filter in Fig. 4 can realize all the standard
types of the biquadratic filters without changing the
circuit configuration as well as without active and
passive-matching condition requirements. Since both
two capacitors are grounded, thus the circuit is
beneficial to an IC implementation*’. It may be
mentioned that multiple-input currents (/) and a
twice of input current (2/;,,) are required for realizing
five standard filtering functions. In practice, the input
currents [;, and 2I;, can be obtained by using only an

CCTA J
Timt R L
o+—e NN\ X (o) I '"13
Z’
Ciom
[ [

A\ 4

O

o

in2

Fig. 4 — MISO universal filter using BD-QFG CCTA

additional CCTA. From Fig. 2, the input signal
current ([,) is then injected into the terminal X, while
each current [;;, can be taken from terminal Z and the
current 2/, can be taken from two Z terminals. The
natural frequency (@,) and the quality factor (Q) of
Fig. 4 can be given by:

) = ...(17)
CGR
CRg
Q= |+t1em ...(18)
G

From Eqs (17) and (18), it can be seen that the
value of @, for all the filter responses can be
controlled by simultaneously adjusting g, and R, and
maintaining the value of g,R; constant whereas the
parameter Q can be controlled by simultaneously
adjusting g, and R; and maintaining the value of
gn/R; constant. It is further noted that the constant of
values gnR; and g./R; may easily be obtained, where
the value of g, is inversely proportional to the
variable resistor Ry The active and passive
sensitivities of @, and Q in Eqs (17) and (18) are
calculated as:

1

@, __ Qb —
ng - SC|~C27R| - 2
1

0 —_ Q9 _
SCI'Rlvgm - SCz - 2

3.2 Single-input and multiple-output (SIMO) universal filter

The second CCTA-based universal filter is shown
in Fig. 5. It is the single-input and multiple-output
(SIMO) universal filter. The circuit is consisted of
three CCTAs, two grounded capacitors and five
grounded resistors. Using Eq. (3), the output signals
1,1, I; and I; of Fig. 5 can be obtained as:

. CCTA, CCTA,; J
L]
> X zZ Y | B CCTA,

Lk
o L& o

x
v z I X o L

Fig. 5 — SIMO universal filter using BD-QFG CCTA

Y z

NNOQO

b
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I s°C,C,R
01:(R1gm1) 5 1~27%2
I, s"C,C,R,R, +sC,R,R, g, +1
...(19)
Lz: > SC2R3R4gn12 (20)
I, s’C,C,R,R, +sC,R,R,g,, +1

- =(ngm3)(

1
s’C,C,R,R, +sC,R.R,g, , + J
...(21)

From Egs (19)-(21), it can be seen that the filter
simultaneously realizes the HP, BP and low-pass
current response at the terminals I, I, and I3,
respectively. Three outputs of the filter are provided
through high-output impedance terminals and input is
also virtually grounded which is ideal for the current-
mode circuit, thus the filter in Fig. 5 is very suitable
for high order filter cascade™. If BS and AP current
responses are needed, BS current response can be
obtained by connecting I, and Iz (l,1+1,;) and AP
current response can be obtained by connecting /,;,-1o,
and I3 (I,1-I,p+1,3). It should be noted that, for the AP
response, a minus current I, (-I;) is required. In
practice, the current-I,, can easily be obtained by
using an additional CCTA with its y-terminal
connected to ground. The current I, is then injected
to the terminal x, while the minus current /., (-1,;) can
be taken from the z terminal of the additional CCTA.
The parameters @, and Q of Fig. 5 are expressed by:

1
0= |—
VCGR.R,

.(22)
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0= ...(23)

1 /CIR2
Rg,, \CR,

From Eqs (22) and (23), it can be seen that the
value of @, for all the filter functions can be
controlled by adjusting R, and R, simultaneously,
while maintaining the value of R;g,, constant and
equaling the values of C; and C,. On the other hand,
the parameter Q can be controlled by adjusting g
while maintaining the value of R,/R, constant,
equaling the values of C; and C, and fixing the value
of R;. Therefore, the parameters @, and Q can be
orthogonally controlled. Moreover, the gains of HP
and low-pass filter responses (I, and /,3) are adjusted
by the products R;gm; and Rsgnms, respectively. It
should be mentioned that the biquadratic filter with
adjustable current gain makes easy to realization
sixth-order elliptic band-pass filter*”. The active and
passive sensitivities of @, and Q in Eqgs (22) and (23)
are calculated as:

o, _ 1
C,C, Ry, Ry — 2
1
o __go _1
’SC,,R2 - Scz,& - 2
Q -
Ry 8w 1

The comparison between the BD-QFG CCTA-
based and some previously CCTA-based filters is
summarized in Table 1. It is evident from Table 1 that
the proposed BD-QFG CCTA can be used to realize
analog signal processing circuits. The main advantage
of BD-QFG CCTA-based circuits is low-voltage

Table 1 — Comparison of BD-QFG CCTA-based filters with previously CCTA-based filters

Circuits Type of Number of Number of  All-grounded Orthogonal ~ No need High Low-voltage
filter active elements  capacitors capacitor control of  matching- output supply and
& resistors w,and Q  condition impedance  low-power
consumption
ngfaper MISO 1CCTA  2C&IR Yes No Yes Yes Yes
Fig. 5 SIMO 3 CCTAs 2-C & 5-R Yes Yes Yes Yes Yes
Ref. 28)in 2009 gm0 1CCTA  2-C&2R No Yes Yes No No
Fig 2 (b)
Ref. (29)in 2010  SIMO 3 CCCTAs 2-C Yes Yes Yes Yes No
Ref. (30)in 2011  SIMO 3 CCCTAs 2-C Yes No Yes Yes No
Ref. (31)in 2011  MISO 2 CCTAs 2-C Yes No Yes Yes No
Ref. (32)in 2012  MISO 2 CCCTAs 2-C Yes Yes Yes Yes No
Ref. (33)in 2013  MISO 2 CCCTAs 2-C Yes Yes Yes Yes No
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supply and low-power consumption which other
previously CCTA-based circuits can be reconfigured
by using BD-QFG CCTA as active elements.

4 Simulation Results

4.1 Simulation results of the proposed ultra-LV LP CCTA circuit

To prove the performances of the proposed CCTA
as shown in Fig. 3, the simulations are carried out
using PSPICE circuit simulation program. The LV LP
CCTA circuit was employed in CMOS using 0.18 um
CMOS process from Taiwan Semiconductor
Manufacturing Company TSMC. Its PSPICE model
parameters are available in Ref. 40. The optimal
transistors aspect ratios of the proposed CCTA and its
component values are listed in Table 2.

The simulations results of the proposed LV LP
CCTA in Fig. 3 are shown in Figs 6-9. All the
simulations are performed using extremely low
supply voltage of £0.3 V and bias current /=5 pA.
The frequency responses of the current gain I/Ix and
voltage gain Vx/Vy are shown in Fig. 6. The ac
simulation of the voltage gain is performed using
capacitive load of 0.1 pF. The low frequency current
and voltage gains are equal to unity and the —3dB
bandwidths are about 40 and 52 MHz, respectively.

Table 2 — Component values and transistors aspect ratios of
the circuit shown in Fig. 3

BD-QFG CCTA WIL [um/um]
M, M, M35, My 20/0.3
My, My, Mys, My, Mo, My, M6, My, 8/0.3
Ms. Ms M; Mg Mg Mg 100/0.3
My, Mge, Mige, Mg 100/2
Mo, Mige, Mige, Mize 45/2
My, M My3, Myy, Mys 4/0.3
C, Cy, Cs, €y, Cop, C= 0.1 pF
Rei, Rp=3kQ
1 : : :
2 ' ' '
&,  heseses oL E——— | SR—— S Ep——
£ H | |
& : | :
b
R S demeee Lomeeee 4:---|f-_h.ff;u;;m=4|1 MHz ==--+
-] 1 ) 1
= i H ]
R e et S &
N
E [ — A —
: I
Q ! | !
-20 : i H | i i
1 100 10k 1M 100M

Frequency [Hz]

Fig. 6 — Frequency responses of the current I/Ix and voltage
gain Vx/Vy.

The dc curves of the voltage Vx versus Vy are
shown in Fig. 7. As it can be observed, the voltage V
follows the voltage Vy with high linearity and wide
operation range. Moreover, the voltage error is less
than 2mV in the range from-250 mV to 250 mV.

The dc curve of the current I, versus Ix is shown in
Fig. 8. It can be observed that I follows Ix with tiny
offset. The current error is less than 1.5 nA in the
range from-8 pA to 8 pA. Actually linear operation
range of +8 QA is suitable for ultra-low power
applications, like biomedical ones.

In order to verify the transconductance g,
tunability in a wide linear range, The dc curves of the
output current Io versus voltage Vz are shown in
Fig. 9, with stepping R from 80 to 320 kQ with
40 kQ step.

The most important performance features of the
proposed BD-QFG CCTA are summarized in Table 3.
Based on our survey, the vast majority of the CCTA
structures introduced in literature®*>******are based
on BIT, therefore, the proposed work is compared

200
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Fig. 8 — DC curves I versus Ix
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*-....

cesadecacchacaa

S e

Fig. 9 — DC curves of the output current /, versus voltage V; for
various values of R

Table 3 — Performance comparison of BD-QFG CCTA with
other CCTA based on GD technique

Parameters Proposed Ref. (38) Ref. (39)
work
Technology (um) 0.18 0.35 0.35
Power supply V) +0.3 *1.5 *+1.5
Power consumption (LW) 34 899 532.93
Input current } =700 to Iy tO
linear range (1A) 851085 700 Tias
Input voltage (mV) 25010250 - -
linear range
-3dB bandwidth Vx/Vy (MHz) 52 4120  495.67
-3dB bandwidth I/Ix (MHz) 40 333.48 1360
gm range (LA/V) 1-40  280-1000 4.56-250
FOM ,=(V1/Vpp)*100 % 66 25 25
FOMy= (Vin.max/Vbp)*100 % 83 - -

with CMOS structures of CCCCTA presented in Refs
(38, 39). The performances of the chosen CCCCTAs
are listed in Table 3. As it has pre-stated, the
simulations of the proposed BD-QFG CCTA are
performed using CMOS 0.18 pm process. On the
other hand, the chosen CCCCTA circuits were
simulated using CMOS 0.35 pum process. Since each
process has different threshold voltage Vp values,
voltage supply requirements are also different. Hence,
to provide a reasonable comparison, FOM; and FOM,
are included in Table 3. Higher values of the FOM,
and FOM, translate proportionate advantage in term
of supply voltage and input voltage linear range. It is
notable from Table 3 that FOM, for BD-QFG CCTA
is the highest, which confirms the extremely low-
voltage operation capability. Unfortunately, the input
dynamic ranges are not presented in Refs (38, 39),

Magnitude [dB]

S R J
[ Il
I I

1k
Frequency |[Hz|

Fig. 10 — Simulated HP, BP and low-pass current frequency
responses

Magnitude [dB]

Frequency [Hz|

Fig. 11 — Simulated BP current response with variable @,

hence their FOM, values could not be calculated.
However, the FOM, of our proposed circuit is 83%
which is significantly high and improve the extended
input dynamic range. Consequently, the effectiveness
of the BD-QFG technique is proved.

4.2 Simulation results of the proposed ultra-LV LP SIMO
universal filter

The filter in Fig. 5 was also verified and as an
example design, the capacitors C;=C,= 0.65 nF and
the resistors R1=R2=R3=R4=R5=Rseﬂ=Rset2=Rse[3 = 80
kQ are given. This setting has been designed to obtain
the HP, low-pass and BP filter responses with
fo=3.0609 kHz and Q = 1.

The simulated result for the HP, low-pass and BP
filter characteristics is shown in Fig. 10. For this
result, the natural frequency (f,) and the power
consumption of 3.069 kHz and 123 uW are obtained,
respectively. Figure 11 shows the simulated response
of the BP filter using parameter as resistors R
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Magnitude [dB]

Frequency [Hz]

Fig. 12 — Simulated BP current response with variable Q
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Fig. 13 — Monte Carlo simulation with 50 runes for frequency
response of the proposed filter

(R=R,=R,) of 244, 80, 24.4 and 8 kQ. This result is
confirmed by Ref. (22). Figure 12 shows the
simulated BP filter response of the proposed filter
using parameter as Ry, = 80, 160, 240 and 320 kQ.

Monte Carlo simulation with 50 runes has been
done to show the effect of 20% of the threshold
variation in filter responses. The frequency responses
of HP, BP and low-pass filters are shown in Fig. 13
with overlapped curves. Hence, it is clear that the
effect of the threshold voltage variation is negligible.

Figure 14 shows the transient analysis of the BP
filter for various temperatures (0, 27, 100)°C where
sinusoidal signal with 0.5 uA/3 kHz attributes was
applied to the filter input. The result confirms the
functionality and efficacy of the proposed filter under
various temperature conditions.

Figure 15 shows the dependence of the 3™
Intermodulation distortion (IMD) of the BP filter on

=
N

BP current [pA]
=

Fig. 14-Transient BP current response for various temperatures (0,
27, 100)°C
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Fig. 15 — Dependence of the 3" IMD of the BP filter on input
current amplitudes
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Fig. 16 — Dependence of the THD of HP and low-pass signals on
input current amplitudes

two input signals amplitudes. For this purpose, two
closely spaced tone of fi= 2.9 kHz and f,>= 3.1 kHz
were used with equal input signal amplitudes applied
simultaneously at the input of the filter. It is evident
that the 3" IMD is below 1% for the input signals up
to 1.2 pA (peak).



KHATEB et al.: CURRENT CONVEYOR TRANSCONDUCTANCE AMPLIFIER

The dependence of the total harmonic distortion
(THD) of the HP and low-pass filters on input signal
amplitude is shown in Fig. 16. The input signals have
frequency of 100 Hz and 100 kHz for low-pass and
HP filter, respectively. It can be observed that the
THD has low values for various amplitudes.

5 Conclusions

The BD-QFG MOST is a very useful technique for
low-voltage low-power analog circuit design, since it
congregates the desired features of the conventional
gate driven technique. Besides, it provides ultra-LV
LP operation capability. BD-QFG technique is
utilized to construct a new ultra-LV LP CCTA.
Consequently, the proposed CCTA is able to operate
under low supply voltage of 0.3 V with low-power
consumption of 34 puW. Moreover, the proposed
circuit enjoys circuit simplicity, wide linear operation
range and transconductance tunability. Eventually, as
an example of applications a multi-function current
mode filters are presented to prove the functionality
of the proposed circuit. The tunable transconductance
of the CCTA circuit, the quality factor and the pole
frequency of the proposed filters are adjustable
orthogonally.
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