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ABSTRACT

New designs for a floating impedance multiplier and a floating resistor based on
the current conveyor with controlled current gain are presented in this thesis.

The proposed impedance multiplier circuit is implemented from one current
conveyor with controlled current gain and one passive element. The impedance values
of this circuit can be tuned by using current control.

The proposed floating resistor circuit is implemented from only one current
conveyor with controlled current gain, which is easily fabricated in IC technology. The
resistance values of this circuit can be made either positive or negative by using current
control. This enables the proposed circuit to realize a positive or negative resistor
without changing the circuit topology.

Simulation and-experimental results are obtained to show adequate agreement
with theory. Also, applications of the impedance multiplier and the floating resistor in

oscillator and amplifier are demonstrated.
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I, = Iga"%") 26)

Taeh I, A nszuadumafiaundu (Reverse saturation current) 28INs IWIAIAST
wuuluTwand [1-11]

Ve AD wsaswudagnungii (Thermal voltage) ANy kT/q [1-11]

LJ-.I'BLI.‘V’IuﬁJJﬂWT (2.5) mluﬂuma‘ 2.6) azla

1.Ful 71': }
v,

v, In(1,/1,)-V, ]

Ic'l — 156

v,

(2.7)

Tuinueadaaiu a1naeasaugli 2.4 azlfpuduiusreausasuinnasenang

AAmes-luaTeamIdanes Q, As

Vg = Vs + V2, (2.8)

€

é 4 o L8 d o o ar =il ] = s
19azlA ANTNANWUSTEMINNTLUAADALAALADTN LU AUNANATANINDHNALADI-

WAIBINTINTALRDT (Q, AD

(v./%)

](.4 - Ioe (29)
4 a = 14
LHANANTDINNATINUDINTEUAVIAA X Qtiﬂ

]_r :Ic-l_[c'l (2.10)

ummaumﬁ‘ (2.7) uaz (2.9) unuasluaunis (2.10) azla
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I e IDE(V’/VT) _ Ioe(_v'/v")

(vve) _ (-vv)
9 1= : (2.11)
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Electronically tunable floating resistor

P. PAWARANGKOON*t and W. KIRANONY

A new design for an electronically tunable floating resistor is proposed. The
proposed circuit can be realized as a positive or negative resistor without
changing the circuit topology, and can be tuned clectronically. Simulation results
are obtained to show adequate agreement with theory.

1. Introduction

It is possible to achieve floating resistors in silicon technology by using poly-
silicon or diffusion areas in a monolithic integrated circuit. However, these resistors
occupy large silicon chip areas and it is difficult to achieve precise values. Moreover,
the resistance values cannot be tuned. To overcome these problems, various active
resistors have been proposed.

Both positive and negative tunable resistors are obviously important and versa-
tile elements in electronic circuit designs. For example, one can be cmployed as a
tuning element in an active filter, as part of a variable gain attenuator or amplifier, as
an element of a simple four-quadrant multiplier, or as a amplitude controller in a
negative resistance oscillator (Celma e al. 1994, Al-Ruwaihi 1997).

Several circuits, based on various techniques for designing tunable resistors, have
been reported in the literature (Khan and Ahmed 1986, Toumazou et al. 1990,
Senani 1994, Elwan et al. 1996, Barthelemy and Fabre 2000). Some designs directly
generate positive or negative input impedances (Senani 1994, Elwan et al. 1996,
Barthelemy and Fabre 2000). Others rely on general impedance converters (GICs)
(Khan and Ahmed 1986, Toumazou et al. 1990). Circuit configurations based on
GICs have the remarkable advantage of realizing either positive or negative resistors
by simply interchanging the feedback points in the circuits. However, such a tech-
nique is impractical for implementation of integrated circuits.

This paper proposes a novel circuit design for electronically tunable floating
resistors that can eliminate the shortcomings of existing circuits. The proposed
circuits can be realized as either a positive or a negative resistor without changing
the circuit topology, and are therefore suitable for integrated circuit technology.
First, the basic circuit of the floating resistor is proposed and analysed. Second,
the implementation of the floating resistor is given. The circuit for a grounded
resistor is also presented. Subsequently, the PSPICE simulation results of the circuits
are given. An application example consisting of a sinusoidal oscillator is finally
considered to illustrate the versatility of the circuit design.
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o

Figure 1. Proposed basic circuit of a tunable floating resistor.

2. Theoretical approach

The proposed basic circuit of a tunable floating resistor is shown in figure 1. It is
modified from a proposed solution to reduce the parasitic resistance R, of second-
generation current controlled conveyors (CCCIIs) (Seguin and Fabre 2001).
Supplementary controlled current sources are used to provide the currents, which
are directly proportional to the current i.(¢) flowing in R,, where k (figure 1) is the
current gain. By straightforward analysis, the short-circuit admittance matrix
between ports (a) and (b) is found to be

11 -1
-2 ]
This implies that a floating resistor between ports (a) and (b) has the value R. The
resistance R is a function of the intrinsic resistance R, and the current gain k:

R,
R=17 (2)

This indicates that, with a value k<1, the floating resistance R is a positive resis-
tance. Alternatively, with a value k> 1, the floating resistance R is a negative resis-
tance. Therefore, the circuit can be employed as either a positive or a negative
resistor without changing the topology.

3. Circuit description

The basic floating resistor circuit depicted in figure 1 can be implemented by
employing a multi-output CCCII with the following matrix relationship:

£ 0 0 00 0][V¥
v, 1R, 0 0 0| 1,
Lil=]0 -1 00 0|]|W, 3)
s 0 k 00 0|V,
15 0 -k 0 0 0|V,

Note that the current flowing through port X (figure 2) is reproduced at ports Z, and
Z5 with controlled current gains +k and —k respectively. This CCCII with controlled
current gain is implemented by using a mixed translinear loop in the input as a core
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(a)
I
1 l ° 1
VoY X =0V,
112 Iz]
VZZ()%— Zz ZE Zq —GOVZ:‘
i [zl
Vzl
(b)

Figure 2. (a) Schematic form of the multi-output CCCII with controlled current gain.
(#) Symbol of the multi-output CCCII.

circuit and a number of current mirrors with adjustable gains to constitute output Zs
as shown in figure 2(¢). The intrinsic resistance R, depends both on the thermal
voltage V1 and the bias current / of the CCCII according to the relation (Fabre cr al.
1996)
Vr
R, =— 4
Hemp C))

The current gain k of this conveyor is determined by the current ratio (Fabre and
Mimeche 1994), which may be changed by varying I, or I
=T
The symbol of the circuit in figure 2(a) is shown in figure 2(b). Using the proposed
multi-output CCCII, the basic electronically tunable resistor circuit of figure | can be
implemented in the form of a schematic circuit, shown in figure 3. It is evident that
the equivalent floating resistance R becomes
N . S
2L 1=(h/h)

k (&)

(6)
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"
i i,
o Y X <0
Z Z
® = ®

O _L O

Figure 3. The tunable floating resistor of figure 1 implemented with a multi-output CCCII.

i
oy 7

3

Figure 4. The tunable grounded resistor implemented with a single-output CCCIL

The above equation shows that the resistance can be tuned electronically by
controlling either the bias current /g or the current ratio /,//>. Obviously, R becomes
positive when I; < /; and becomes negative when 7, > I,. It is remarkable that, while
the type of resistance, positive or negative, can be set up by setting the current ratio
I,/1,, the value of the resistance can be tuned by adjusting the bias current /.

When a simple grounded resistor is of interest, it can be achieved by using only a
single-output CCCII instead of a multi-output CCCII, as shown in figure 4. In this
case ports Z, and Z; can be eliminated, which yields less circuit complication. It is
noticeable that the implementation of the single-output CCCII is much less compli-
cated than that of the multi-output version. Figure 5 shows the circuit diagram of the
single-output CCCII.

4. Simulation results

To verify the validity of the theory, numerous SPICE simulations were carried
out at 27°C. Using the bipolar transistors NRI0ON and PRI100ON (Frey 1993),
I, =200pA and +2.5V power supplies to build a CCCII with controlled current
gain, the floating resistor in figure 3 was simulated. The positive resistance was
simulated at 7I,=100, 150pA and the negative resistance was simulated at
I, =266.5, 400 pA. Figure 6 compares the simulated magnitude of the positive and
negative resistances between ports (a) and (b), R,p, as a function of /y, with the
theoretical values calculated from equation (6). From this figure, the impact of
differences in tuning sensitivity should be noted. The simulation results obtained
were found to be in good agreement with the above theory.
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+V
LI
e — —3 z3
- = r_.o
L
-V

Figure 5. Schematic form of the single-output CCCII with controllable current gain.

1250 —

Theoretical ----------

Positive resistance : o 1,=100pA o [,=150pA
Negative resistance : m 1,=266.5pA o [,=400pA

Figure 6. Simulation results with +2.5V power supplies and I, =200 pA, as functions of [
with /; as parameter.

Figure 7 demonstrates the total harmonic distortion (THD) of the voltage at port
(a) for the same simulation, with a sample of 7, = 100 pA. The circuit was driven by a
1 kHz sinusoidal input current at port (a), and port (b) was connected to ground.

Again, the four curves correspond to the same set of bias currents. The figure dis-
plays low THD values.
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0 25 50 75 10C

iy, LA

Positive resistance at I, =100pA, I,=200pA : o I,=100uA o I,=150pA
Negative resistance at [;=100pA, I,=200pA : & [,=266.5pA o I =400pA

Figure 7. Total harmonic distortion at 1 kHz as a function of the input current 7, in port (a).

Figure 8 shows, for various values of /o, /; and f,, the voltage between ports (a)
and (b), v,p, across R,y as a function of the input current i,. It is obvious from the
results that not only the positive resistance but also the negative resistance can be
obtained with reasonably good characteristics. Such tunable behaviour of the pro-
posed circuit is valuable in general electronic circuit designs.

5. Application example

To underline the high potential of the proposed circuits, a negative resistance
oscillator has been implemented as shown in figure 9(a). The circuit uses one negative
resistor (—R), one capacitor (C) and one lossy inductor (R, and L). The negative
resistor is essential for setting the condition for the oscillation of the circuit.
Applying the so-called ‘Barkhausen’s criteria’ yields the condition and frequency
of oscillation as the following:

o (woL)’
|[—R| < T (7
1
Jo=0 T ®)

In this example, the proposed grounded resistor shown in figure 9(b) is employed
to establish the negative resistor, —R, in figure 9(«). Using transistors NRI100N and
PR100N, for the simulation with £2.5V power supplies, with C=1nF, L =1mH,
R,=2509, Iy=50pA, I, =400 pA and 7, =200 pA, the results from the circuit in

116



Electronically tunable floating resistor

Vap, mVY

-80 -60

Theoretical

Simulation at I, = 50pA :

Simulation at I, = 100pA :

Simulation at I, =200pA
Simulation at I, = S0pA :

Simulation at I, =100pA

Figure 8.

-40 -20 0 20

[o]

1,=100pA , 1,=200uA
1,=100pA , 1,=200pA

<

2o 1,=100pA , 1,=200uA

a 1,=300uA , 1,=200pA

;o 1,=300pA , I,=200pA
Simulation at I, =200pA :

o [,=300pA , 1,=200pA

40 60 80

e [,=400pA | 1,= 800pA
v [,=400pA , I,= 800pA
* [ =400pA , I,= 800pA
4 [,=400pA | I,= 266.5pA
® 1,=400pA |, I,=266.5pA
® [ =400pA , I,= 266.5pA

Voltage—current characteristics of the floating resistance R, for various
values of the bias current.

vﬂ
RS
C
~R =
L
(a)
|-
'Y X v,
C R,
Z, C— £
L
(b)

Figure 9. A negative resistance oscillator: (@) equivalent model; () electrical circuit.
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Vo V

t, us

Figure 10. Simulated oscillation of vy.

figure 9(b) are shown in figure 10. The steady-state oscillating frequency is
155.58 kHz, which agrees well with the value calculated from equation (8).

6. Conclusion

A new design of floating resistor has been described. The resistance values of this
resistor can be made either positive or negative by using current control. This enables
the proposed circuit to realize a positive or negative resistor without changing the
circuit topology. Also, the circuit can be tuned electronically. The proposed circuit is
based on only one CCCII with controlled current gain, which is easily fabricated in
IC technology. The simulation results agree well with ideal calculation results.

It is important to note that using the method in Surakamponton et al. (1998) can
compensate the temperature dependence of the proposed resistors. Moreover, add-
ing a passive resistor at port X and increasing fp to reduce R, can increase the
linearity range of the proposed resistors. The ability of the proposed circuits to
electronically establish either positive or negative resistance without changing the
circuit topology constitutes the outstanding advantage over existing circuits.
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ELECTRONICALLY TUNABLE FLOATING RESISTOR

1

Prajuab Pawarangkoon, Vuttikai Intaudom and Wiwat Kiranon
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ABSTRACT

A new design for an electronically tunable floating
resistor is proposed. The proposed circuit can be
realized a positive or negative resistor without changing
the circuit topology. Also, the resistance values of the
circuit can be tuned electronically. The proposed circuit
is - based on only one second-generation current
controlled conveyor, which is easy to be fabricated in IC
technology. Simulation results are obtained to show
acdequate agreement with theory.

1. INTRODUCTION

It is possible to achieve floating resistors in silicon
technology by using polysilicon or diffusion areas in a
monolithic integrated circuit. However, these resistors
occupy large silicon chip areas and it is difficult to
achieve precise values. Moreover, the resistance values
cannot be tuned. To overcome these problems, various
active resistors have been proposed.

Both tunable positive and negative resistors are
obviously important and versatile elements in electronic
circuit designs. For example, they can be employed as
tuning elements in active filters, as part of a variable
gain attenuator or amplifier, as an element of a simple
four-quadrant multiplier, or as amplitude controllers in
negative resistance oscillators, ete.

Several circuits based on various techniques for
designing tunable resistors have been reported in the
literature [1-5). Some designs directly generate positive
or negative input impedances [1-3]. Others rely on
general impedance converters (GICs) [4-5]. Circuit
configurations based on GICs have the remarkable
advantage of realizing ecither positive or negative
resistors by simply interchanging the feedback points in
the circuits. However, such a technique is impractical for
integrated circuits implementation.

This paper proposes a novel circuit design for
electronically tunable floating resistors that can get rid of
the existing circuits shortcomings. The proposed circuits
can be realized either positive or negative resistor
without changing the circuit topologies. Therefore, the
proposed circuits are suitable for the integrated circuits
technology. Firstly, the basic circuit of the floating
resistor is proposed and analyzed. Secondly, the
implementation of the floating resistor 1s given. The
circuit for a grounded resistor is also presented.

0-7803-8560-8/04/$20.00©2004]EEE

Subsequently, the PSPICE simulation results of the
circuits are given. An application example consisting of
a sinusoidal oscillator is finally considered to illustrate
the versatility of the circuit.

2. THEORETICAL APPROACH

The proposed basic circuit of a tunable floating resistor
is shown in Fig. 1. It 1s modified from a proposed
solution to reduce the parasitic resistance R, of second-
generation current controlled conveyors (CCClls) [6].
The supplementary controlled current sources are used to
provide the currents, and those are directly proportional
to the current i (¢) flowing in R, where, k is a current

gain.

Figure 1. Proposed basic circuit of a tunable floating resistor.

By straightforward analysis, the short circuit
admittance matrix between ports a and b is found to be:
11 =1
Y = — . ]
[ ] R [—l 1 ] M

This implies that, a floating resistor between ports a
and b has value R . Theresistance R isa function of the
intrinsic resistance, R, , and the current gain, &

2

This indicates that, with a value k <1, the floating
resistance R is a positive resistance. Alternatively, with
a value k>1, the floating resistance R 1s a negative
resistance. Therefore, the circuit can be employed as
either a positive or negative resistor without changing
the topology.



3. CIRCUIT DESCRIPTION

The basic circuit of floating resistor depicted in the Fig.
1, can be implemented by employing a multi-output
CCCII with the following matrix relationship:

5,1 fo o o o o][¥
v.| [1 R, 0 0 0|1,
I,|=10 -1 0 0 0]|l¥, ©
I,| [0 k 00 oflw,
I,] o -k 0 0 o]|r,

Note that the current flowing through port X is
reproduced at ports Z, and Z; with controlled current
gains, +k and -k respectively. This CCCII with
controlled current gain is implemented by using a mixed
translinear loop in the input as a core circuit and a
number of current mirrors with adjustable gains to
constitute output Zs as shown in Fig. 2(a).

1
L L
VoY X —4—0\/:
. ln A 'a
Vaor— 4 z: Z1—<—0Va
=
v

Figure 2. The multi-output CCCII with controlled current gain.
(a) schematic form.
(b) symbol.

The intrinsic resistance R, depends both on the
thermal voltage 7 and the bias current /; of CCCII
according to the relation [7]:

v
R, =—L. ()]
21,

The current gain, &, of this conveyor is determined by
the current ratio [8], which may be changed by varying
Iy or I,:
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k .
I
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The symbol of the circuit in Fig. 2(a) 1s shown in Fig.
2(b). Using the proposed multi-output CCCII, the basic
electronically tunable resistor circuit of Fig. 1 can be
implemented a schematic circuit shown in Fig. 3.

Figure 3. The tunable floating resistor of Fig. 1 implemented with a
multi-output CCCII.

It is evident that the equivalent floating resistance R ,
becomes: ’

:i.;_ {6)
27, 1--(],/!2)

The above equation shows that the resistance can be
tuned electronically by controlling either the bias current
1, or the current ratio /, /I, . Obviously, R becomes

positive when [/, </, and becomes negative when
I, >1,. It is remarkable that, while the types of the
[ 24 P
positive or negative resistance, can be set up by setting
the current ratio /, /I, , the value of the resistance can be
tuned by adjusting the bias current [, .
When a simple grounded resistor is of interest, it can

be realized by using only a single output CCCII instead
of a multi-output CCCII as shown in Fig. 4.

il
A

Figure 4. The tunable grounded resistor implemented with a single
output CCCIIL.

In this case ports Z, and Z, can be eliminated, and

yields less circuit complications. It is noticeable that the
implementation the single output CCCII 1s much less
complicated than the multi-output version. Fig. 5 shows
the circuit diagram of the single output CCCIL
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Fig. 7 shows, for various values of /,, /, and /,, the
voltage between ports a and b, v,,, across R, as a
function of the input current 7, . It is obviously from the
results that not only the positive resistance but also the
negative resistance can be obtained within reasonable
good characteristics. Such a tunable behavior of the

proposed circuit is valuable in general electronic circuit
designs.

Figure 5. Schematic form of the single output CCCII with

controllable current gain.

4. SIMULATION RESULTS

To verify the validity of the theory, numerous SPICE
simulations were carried out at 27°C. Using the bipolar
transistors NR10ON and PRI0ON [9], /, =200pA and +

2.5V power supplies to realize CCCII with controlled
current gain, the floating resistor in Fig. 3 was simulated.
The positive resistance was simulated when /7,=100,

150pA and the negative resistance was simulated when
[,=266.5, 400pA. Fig. 6 compares the simulated

magnitude of the positive and negative resistances
between ports a and b, R, , as a function of [, with the

theoretical values calculated from (6). From Fig. 6, the
impact of the different tuning sensitivity should be
remarked. The simulation results obtained were found to
be in good agreement with the above theory.

vah, mV

Theoretical

Simulation at [ = S0OpA - o
Simulation at1, = 100pA : w
Simulation at1, = 200pA : &
Simulation at [, = 50pA : &
Simulanon atl, = 100pA : o

Simulation at I, = 200uA : o

[PRRTEN

1,=100pA , [,=200pA
1,=100pA , 1,=200pA
1,=100pA , 1,=200pA
1,=300pA , 1,=200pA
1,=300pA , 1,=200pA
1,=300LA , 1,=200pA

e [ =400pA 1 =800pA
v 1,=400uA , I,=B00pA
* l,=400LLA"l?=SDOnA
a I,=400pA,1,=266.51A
e [,=400pA,1,=266.5uA
u | =400pA, 1,=266.5nA

Figure 7. Voltage-current characteristics of the floating resistance R,

for various values of the bias currents.

To underline the practicality of the proposed circuits, a
negative resistance oscillator has been implemented as
shown in Fig. 8(a). The circuit uses one negative resistor
(-R), one capacitor (C) and one lossy inductor

1250 4

4 (R, and L). The negative resistor (-R) is essential
o for setting the condition for the oscillation of the circuit.
- Applying a so-called “Barkhausen’s criteria” yields the
condition and frequency of oscillation as the following:
g T ; | ! | 5
50 100 150 200 (.:ODL)‘ )
I e @)
Iy, nA R,
Theoretical --------
Positive resistance o [=100pA o [ =150pA
Negative resistance : w [[=2665pA o [=400pA 1 (8)

Figure 6. Simulation results with +2.5V power supplies and
1, = 200pA . as the functions of [ with /, as parameters.



(b)

Figure 8. A negaltive resistance oscillator.
(a)
(b) electrical circuit.

equivalent model.

In this example, the proposed-grounded resistor
shown in Fig. 8(b) is employed to establish the negative
resistor, —R , in Fig. 8(a). Using transistors NR10ON and
PRIOON, for the simulation with a £2.5V power
supplies, when C =InF, L =1mH, R =250Q, I, =50uA,
I, =400pA and /, =200pA, the simulation results from
the circuit in Fig. 8(b) are shown in Fig. 9. The steady
state oscillating frequency is 153.58kHz, which well
agrees with the calculated value from (8).

et
1
H
H
i
> 1
>ﬂ :
|
|
|
|
|
|
|
|
H

=2 o s ——— | Sttt L R e e el |

0 50 108

t,us

Figure 9. Simulated oscillation of v, .

5. CONCLUSION

A new design of a floating resistor has been described.
The resistance values of this resistor can be made either
positive or negative by using current control. This
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enables the proposed circuit tq realize a positive or
negative resistor without changing the circuit topology.
Also, the circuit can be tuned electronically. The
proposed circuit is based on only one CCCIlI with
controlled current gain, which is easy to be fabricated in
IC technology. The simulation results agree well with
ideal calculation results. It is important to note that using
the method in [10] can compensate the temperature
dependence of the proposed resistors. Moreover, adding
a passive resistor at port X and increasing /,, to reduce

R

x
resistors. The ability of the proposed circuits to be
electronically established either positive or negative
resistance without changing the circuit topologies are the
outstanding advantages over those of existing circuits [2-
4].

can increase the lineanity range of the proposed
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ABSTRACT

In this paper, a four-quadrant current-mode divider
circuit is proposed. The circuit employs only the current
conveyors as active circuit elements and does not require
external passive elements. It is therefore suitable for IC
implementation. The circuit offers endurance on
temperature variations. PSPICE simulation results are
used to demonstrate the performance and accuracy of the
proposed circuil.

1. INTRODUCTION

The analog divider is an importance building block in the
design of signal processing circuits, such as analog
computation, fuzzy control, neural network, A/D
converters and instrumentation circuits, etc. Many kinds
of current-mode divider circuits suitable for MOS
technology have been developed [1-3].

Presently, there has been a strong motivation to design
analog circuits utilizing active circuit elements, such as
current  feedback amplifiers (CFAs), operational
transconductance amplifiers (OTAs) and current
conveyors (CCs). Many kinds of current-mode divider
circuits that are implemented through the use of those
active circuit elements have been presented [4-6].
However, among those reported works, none of them is
designed to operate for four-quadrant division.

In this paper, a four-quadrant current-mode divider
circuit is proposed. The circuit employs only CCs as
active circuit elements and does not require external
passive elements.

2. THEORETICAL APPROACH

The proposed basic diagram of a four-quadrant
current-mode divider (FQCD) is shown in Fig. 1(a). It
consists of current follower (CF) and four-quadrant
current-mode multiplier (FQCM). The relationship
between input and output of CF, directly deduced from
Fig. 1(b) is given by

Iz!=lzl=~123:"1' (I)

Also, the relationship between input and output of
FQCM,directly deduced from Fig. 1(c) is given by

0-7803-8560-8/04/$20.00©20041EEE

I.=HK,I, (2)

where & is a multiplication factor.

.

CF I Lz FQCM
O—>—

I.‘nl Zl A
o X Z, —:a-l—o C
z, ot B
(a)
CF E,
Z z
’1 ! "22
o—>— X ZZ %I—O
Zi=>=o
(b)
I FQCM
A !
<
i C Q
: L
(c)

Figure 1. (a) Basic diagram of a four-quadrant current-mode divider.
(b) Symbol of a current follower.
(c) Symbol of a four-quadrant current-mode divider.

From the basic diagram in Fig. 1(a), the output current

1, now becomes

1
T 3)

which is in form of a current-mode analog division
function.

3. CIRCUIT IMPLEMENTATIONS

From the basic diagram in Fig. 1, both CF and FQCM can
be realized by using CCs without additional passive
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Figure 4. The four-quadrant current-mode multiplier based on CCClls.
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where R,), R, and R,; are the finite input resistances

at the X terminal of CCCIIl, CCCII2 and CCCII3
respectively.

Let /gy =1Ip;=15, the output curmrent /7, of the
multiplier circuit can be written as

)

where k=1/1.

From (9), a four-quadrant current-mode multiplier is
derived. Note that the output current of this multiplier is
insensitive to temperature.

3.4. The four-quadrant current-mode divider based
on CCCIIs

Using the CF circuit and FQCM circuit mentioned above,
the basic FQCD diagram of Fig. 1(a) can be implemented
as a schematic shown in Fig. 5.

I CCClI0 T
| X N
oz

=

=2 i I

ccclll
X
z Y

Figure 5. The four-quadrant current-mode multiplier based on CCClls.
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According to Fig. 5, the outpyt ‘current [, of the
proposed divider circuit can be expressed as

Il'nl
I

in2

Ay (10)

oul

where g, is the bias current of the CCCII1.

This shows that the circuit in Fig. 5 performs as a
four-quadrant current-mode divider. Morcover, the output
current of the proposed current-inode divider is
independent to temperature,

4. SIMULATION RESULTS

A number of SPICE simulations are done based on the
CCCII’s structures as described above. The CCCllIs are
designed by using complementary bipolar transistors
NRI0ON and PR100ON of the ALA400 array from AT&T
[9]. For the conveyors, Iy, 1, g1, are all equal to
50pA with supply voltages of #2.5V.

The FQCM circuit in Fig. 4 is tested. Figure 6 shows the
DC transfer characteristics of the multipliei. The figure
shows the plot of the output current /. against the input
signal /, ranged from —30pA to 30pA. The input signal
current f, is varied from —10pA to 10pA with SpA per

step.

0 I,=-10uA
Lo] I,=-51A
v [,=5uA

AL =10pA

Figure 6. DC transfer characteristics of the FQCM.

The FQCD circuit in Fig. 5 is also tested. Figure 7
shows the DC transfer characteristics of the proposed
divider. The figure shows the plot of the output current
1, against the input signal current /., ranged from

—30pA to 30pA. The input signal current [, is varied

from —10pA to 10pA with SpA per step. The simulation
results are consistent with the theoretical analysis
calculated by (10).
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Figure 7. DC transfer characteristics of the FQCD.

Figure 8 shows the transient response of the output
current [, simulated under the condition that the input

ouf
current [, is a DC current, f,,;, =10 A, and the inpw
current [, , is a triangular wave signal with 5 A

n

amplitude, 1kHz frequency.

7.. LR

. WA

loul , mA
Lad

®  The input signal [ ,

0 The output signal I_,

Figure 8. Simulated transient response of the FQCD.

5. CONCLUSION

A four-quadrant current-mode divider based on current
conveyors has been proposed. The implementation circuit
employs only the second-generation current controlled
conveyors as active circuit elements. Hence, the proposed
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circuit does not require external passive elements, which
benefits integrated circuit implementation. Moreover, the
circuit is insensitive to the variations of temperature. As
can be seen, from the simulations, the results conform to
theoretical results.

6. REFERENCES

[1] W. Gai, H. Chen, and E. Seevinck, “Quadratic-translinear
CMOS multiplier-divider circuit,” Electron. Lett., vol. 33,
pp- 860-861, 1997. -

[2] B. M. Wilamowski, “VLSI analog multiplier/divider
circuit,” JEEE Proc. Int. Symp. On Ind. Elec., pp. 493-496,
1998.

[3] I. Baturone, S. Sanchez-Solano, and J. L. Huertas, “A
CMOS current-mode multiplier-divider circuit,” /EEE
Proc. Int. Symp. on Cir. & Syst., pp. 520-523, 1998.

[4] M. T. Abuelma’atti, and M. A. Al-Qahtani, “A
current-mode  current-controlied current conveyor based
analogue multiplier/divider,” IJE, vol. 85, pp. 71-77, 1998.

[3] R. L. Geiger, and E. Sanchez-Sanencio, “Active filter
design using operational transconductance amplifiers: A
tutorial,” JEEE Cir. Dév. Mag., vol. 1, pp. 20-32, 1985.

[6] K. Kaewdang, C. Fongsamut, and W. Surakampontom, “A
wide-band OTA-based analog
multiplier-divider,” JEEE Proc. Int. Symp. on Cir. & Syst,
pp. 349-352, 2003.

[7] A. Fabre, O. Saaid, F. Wiest, and C. Boucheron, “High
frequency applications based on a new current controlled
conveyor,” [EEE Trans. on Cir. & Syst. I, vol. 43, pp.
82-91, 1996.

[8] C. Toumazou, F. J. Lidgey, and D. G. Haig, Analog IC
Design: The Current Mode Approach, London, U.K.: Peter
Peregrinus, 1990,

[9] D.R. Frey, “Log domain filtering: An approach to current
mode filtering,” /EE Proc.G, vol. 140, pp. 406-416, 1993.

cumrent-mode



da UINAND

as =] = -
U AAU U nm
DAANUNAN
AVEW

= o
ADNTUNVINEU

UszaRn1sANEN

- Qs é
NUBNFAULA

Uszihniiay

wigszany isans

8 LWMIEU W.A. 2514

NPNWHNIUAT

aransdiszaumangndt Reusitl w.a. 2539-Taaiu
nATTBENNIating AYIAINTINANART
wwanendumalulatiununs

NIANNNUIUAT

- szauFryoynly (AANITNATIARATNIILTIUGIR : 2R )
AN AINIINALANNIA NG ANMSAAINTITNANART
vwanenaemalulagumiuag

tnsAnm 2540

- sy NAT (AAensTuANARITUTA : 9A.1.)
dniramanssuiniiaans Ansdranssuaans
UWIINUIBUTIAR

dnnsAnm 2535

NTAANLULNATNNALLEUZABN (Analog circuit design)

130



