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ABSTRACT

This thesis describes four approaches to design of non-linear circuits. The first approach
proposes two new square-rooting circuits based on second-generation current-controlled current
conveyors (CCClIIs). The first square-rooting circuit consists of two CCClIlIs, one current-
controlled resistor and two grounded resistors. The input signal of the first circuit is a voltage, and
output is the voltage proportional to the square root of input voltage. The second one consists of
two CCClls and a current-controlled resistor. In the second circuit, the input signal is a current,
and output is the current proportional to the square root of input current. Each circuit realizes by
using a current-mode technique; hence the proposed square-rooting circuits are simple circuitry,
wide dynamic range and wide bandwidth. The proposed square-rooting circuits were confirmed
by using PSPICE simulation. The second approach proposes a CMOS precision half-wave
rectifier circuit with positive and negative outputs. The proposed circuit composes of a voltage-to-
current converter, a precision current-mode rectifier circuit with operating in class-AB, and two
current-to-voltage converters. The circuit exhibits low MOS counts, high frequency operation,
good temperature stability, and suitable of IC fabrication. The simulation results are used to verify
the performance of the proposed circuit. Simulated rectifier performance with 0.5l/lm CMOS
model using 1.2V supply voltage shows the proposed half-wave rectifier circuit provides an
operating frequency more than 250MHz and excellent temperature stability. The last approach
proposes a CMOS vector summation circuit. It 1s comprised of dual translinears and current
mirrors. The majors advantage over the other vector summation are its output can be the sum of
signal voltages, the sum of signal currents, or the sum of signal voltages and signal currents. The
proposed circuit exhibits wide input range, wide bandwidth and good temperature stability.

Simulation and experimental results verifying theoretical analyses are given.
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AN 5.1 W19 095 0.5 Um Vltl‘lﬁl’lﬂﬂ\iﬂ']ﬂ’ﬂﬂu

.MODEL NMOS LEVEL=3 UO=460.5 TOX=1.0E-8 TPG=1 VTO=+0.62 JS=1.08E-6 XJ=0.15U
RS=417 RSH=2.73 LD=0.04U VMAX=130E3 NSUB=1.71E17 PB=0.761 ETA=0.00
THETA=0.129 PHI=0.905 GAMMA=0.69 KAPPA=0.10 CJ=76.4E-5 MJ=0.357 CJISW=5.68E-10
MISW=0.302 CGSO=1.38E-10 CGDO=1.38E-10 CGBO=3.45E-10 KF=3.07E-28 AF=1
WD=+0.11U DELTA=+0.42 NFS=1.2E11 DELL=0U LIS=2 ISTMP=10 TT=0.1E-9

.MODEL PMOS LEVEL=3 UO=100 TOX=1.0E-8 TPG=1 VT0=-0.58 JS=0.38E-6 XJ=0.10U
RS=886 RSH=1.81 LD=0.03U VMAX=113E3 NSUB=2.08E17 PB=0.911 ETA=00
THETA=0.120 PHI=0.905 GAMMA=0.76 KAPPA=2 CJ=85E-5

MJ=0.429 CJISW=4.67E-10 MISW=0.631 CGSO=1.38E-10 CGDO=1.38E-10 CGBO=3.45E-10
KF=1.08E-29 AF=1 WD=+0.14U DELTA=0.81 NFS=0.52E11 DELL=0U LIS=2 ISTMP=10

TT=0.1E-9

M1 5.2 i1 W/L veaneansudaaes lugili 5.2

MOS Transistors W/L (pm/pm)
MI1-M2, M5-M11, MD1-MD2, MC3-MC4 10/0.6
M3-M4 MI12-M17 40/0.6
MD3-MD4, MC1-MC2 30/0.6
MRI1-MR2 4/0.6
MR3-MR6 2/0.6
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Abstract— A versatile vector summation circuit is presented. It is
based on CMOS dual translinear loops as operate in class AB
and current mirrors, which leads to the input signal can be
voltage and/or current into a single circuit without changing the
circuit configuration. The circuit exhibits wide input range, low
power consumption and good temperature stability. Simulation
and experimental results verifying theoretical analyses are given.

I INTRODUCTION

The vector summation is nonlinear signal processing
functions finding application in a wide variety of
instrumentation, communication, and control systems. Some
vector summation circuits have been published in the
literature [1]-[3] with input in either voltage or current form.
In this paper. we present a new vector summation based on
the principle in [3] and the use of dual translinear loop in [4].
The resulting input signal of the vector summation circuit can
be voltage and/or current. Namely, the output can be the sum
of signal currents, the sum of signal voltages or the sum of
signal voltages and signal currents, we called the versatile
vector summation circuit. A two-input vector summation
circuit has also been simulated and implemented.

1. CIRCUIT DESCRIPTION

An MOS version of the dual translinear loop for realizing
the proposed versatile vector summation circuit is shown in
Fig. 1 [5). Assume that transistors M1 to M4 from a dual
translinear loop in Fig. 1 are biased in the saturation region
and obey the ideal square-law equation and that device are
sized, the current M5-M6 has a unity gain. The relationship of
the current I, and [, can be expressed as [5].

2
21u+;% 1)

I

o =
P

where T, is the input signal, 1, is the quiescent bias current,
and R is the conversion resistance, the output current I, with
input in voltage form can be given as

The proposed vector summation circuit with A-input currents
Linty Lin2e-lian OF N-input voltages Vi1, Via,... Vian, are shown
in Fig. 2. It consists of basic building block of Fig. 1. From
proposed circuit as shown in Fig. 2, it used the manner simil-r
to the vector summation circuit from Liu and Chang [3].
However, the advantages of the proposed vector summation
over previous proposed are; (i) versatile vector summation,
since the input can be voltage and/or current, (ii) wide input
range, since the input operate in class AB, (iii) high
temperature stability, since the circuit realizing based on dual
translinear loop [4]. The current Ix is the summation of the
output currents for N-building blocks, as shown in Fig. 2.
According to equation 1, the drain current of MOS transistor
M8 can be written as

o ,4#(12 oy 3)

nl
“

Sine the current mirror, M7-M8, has I1x=Nly current gain.
Therefore, the output current, I, can be written as

Lo =,,'4lﬂilr—2lai (4)

Substituting equation (3) into equation (4), the vector
summation circuit becomes

Vi)
2
Lo =21, +—2— (2)
4RI, Fig. 1. MOS squaring circuit.
0-7803-9740-X/06/$20.00 ©2006 IEEE F3D-1 ISCIT 20006



Fig. 2. Proposed versatile vector summation circuit.

1
L. = \{E (2, %885 b ) )
the voltage input mode and with R;=R,=....=Ry=R,, the
vector summation becomes
7 L
hw4#“ﬁﬁﬁwﬂﬁj ©)

TABLE |
FUNCTIONS OF VERSATILE VECTOR SUMMATION

Function

J'uw = %(‘ril + "3'2)

Condition

V. connected to ground,
V. connected 1o ground

L connected to R,

V.= 1. connected to R

=3 4R

Vit connected to ground,
T connected o R

%("il “'V;:z)

s -
I’w{—

, 1 2 5 T connected 1o R,
Fow = E(VM + f,,,z) Vi connected to ground
VM
\Y
| MR ”
v, o = @ R
- e
MR2 )
v

B
Fig. 3. Electronic transistor.

In case input or output is voltage, the vector summation
requires grounded resistor for V-1 or 1-V conversion. The
MOS implementation of resistors, which is used instead their

resistors, is shown in Fig. 3 [6]. Assume, transistor MR and
MR2 are matched and operated in saturation region. The
resistance values can be given as [6]

Ry= ———L_ M
2K(Vaq = Vi)

where K=0.511,Cox(W/L) and V4,=-Vyg. From equations (5)
and (6), it can be seen that the voltage and/or current can be
applied to the input of proposed circuit. Namely, the output
can be the sum of signal voltages, signal currents, or between
signal voltages and signal currents. A two-input versatile
function can be listed in Table I. The circuit is suitable for IC
implementation when resistors can instcad by MOS resistor.

III.  CIRCUIT PERFORMANCE

A one-input vector summation circuit has been considered
in this section. Assuming all MOS transistors operate in
saturation region, therefore, an input voltage range of vector
summation circuit can be given as

1, i 1 I
¥, z, 0-’—-" Vpg <V, SV, 2’-’—}——” Vyy (8)
55+ Ke VEy Vs sV s¥pp + k VX, +Vpg

where Vs, and Vo are the threshold voltage of M51 and M8,
respectively. The input current range should be restricted to

[T 21, (9)

For high-frequency response, the major high-frequency
limitation of the proposed circuit results from the bandwidth
of the input class-AB circuit (M11-M21) and negative current
mirror (M7-M8). The dominant poles P, and P, of the input
class AB circuit and negative current mirror, respectively, are
be approximately given by

= (10)
1T+ (ConiCrat ! 8 8ami )s?

A
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Fig. 4. Simulated transient response of two-input vector Fig. 6. Simulated transient response of two-inpul vector

summation for the case inputs are two current signals. summation for the case inputs are two voltage signals.
Vo
150 p - L NN S LN
0°C

HOB ey
-

Seuc RLTTY s 208us
e+ v U(Veut)

Fig. 7. Output wave form at different temperatures of vector
summation circuit.

1

= — il
14(Cpp/ gmg)s o

B

The large and small signal parameters used in equations (8) to
Tine (11) obtained from the simulation are:

Fig. 5. Simulated transient response of two-input vector

. : Vop=Vss=1.5V, [p=10pA, V1=0.68V, Vp=-0.75V,
summation for the case inputs are two voltage signals. D s - B

urCox/2=22.14pAV?, 1nCox/2=77.58uAV 2.



Therefore, the input voltage range V., is -0.92V to +0.8V and
the input current range I,,,, is £20pA.

IV, SIMULATION AND EXPERIMENTAL RESULTS

Ta verify the feasibility of the proposed approach, PSpice
simulation and experimental results of the proposed circuit are
given. A two-input vector summation circuit has also been
simulated and implemented. The simulation is based on
0.5um level 3 CMOS process of MOSIS with n-MOS and p-
MOS threshold voltage of 0.68V and -0.75V, respectively.
The aspect ratios (W/L) were 20um/2um and 60pnv/2pum for
n-MOS and p-MOS transistors, respectively. The circuit is
biased with £1.5V DC supply voltage, and the quiescent
current L is equal to 10pA, and all resistors is 10k<. Figs. 4-6
show the waveforms for the circuit in figure 2 when a sine
signal of 10kHz and a sine signal of 30kHz are applied. Figs.
4 and 5 show the waveforms of vector summation when
inputs are two signal currents and two signal voltages,
respectively. Fig. 6 shows the waveforms of vector
summation when inputs are a signal current and a signal
voltage. The simulation results for the vector summation of
the output voltage Vo, due to the change of temperature are
plotted for the operating temperature=50°C, 75°C and 100°C.
Form Fig. 7, it demonstrated that, by the realization, the
temperature  dependence of the transconductance and
threshold voltage of MOS transistors can be compensated.

Tek HITE 1Ms/s

| = —F- _.____._,..,,], - 4

Fig. 8. Measured transient response of two-input vector
summation for the case input is two voltage signals of a
10kHz and a 30kHz sine waves. Upper track: 2Vpp sine
signal of 10kHz (1V/div), Lower track: output wave form
(20mV/div), Horizontal scalc is 50us/div.

We have also tested the performance of proposed circuit in
Fig. 2 experimentally. For this propose, we have implement
the circuit using MC4007 MOS transistor arrays biased with
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£2.5V. (The parameters of 4007 are Vi =1.2V and K'=
4.7uAV?) Measured the transient response of two-input
vector summation circuit, for the case in which a 2V, sine
signal of 10kHz and a 2V, sine signal of 30kHz are applied
to input each is shown in Fig. 8.

V. CONCLUSIONS

A class AB vector summation circuit has been presented.
The major advantages of proposed circuit are; its output can
be the sum of signal currents, the sum of signal voltages or
the sum of signal voltages and signal currents: hence the
proposed circuit is versatile vector summation; wide input
range; and good temperature stability. Both the simulation
and experimental results verify the following the operation of
proposed vector summation circuit. The simulation power
dissipation (PD) of versatile vector summation functions are
listed in Table 11,

TABLE 1I
POWER DISSIPATION SUMMATION RESULTS.

Functions Biasing rn
14,2 12 "ml T !.4[.‘ ¥
Low ==\ + 153 281 W
out N( nl m-} lml = ‘rDC' L

Vo =V

1Tk v
o= — 2 e 2850w
Vot N(lmav—lfm_) Vinz =V E5p

(2,402 ) ol 281w
il FAGRGU IR A g

Voy=V,
. 1 (.2 P nl AC T
=, [—W. 285uW
l'wl N (Lnl i f,,z] jm! = [D(_ i
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New Simple Square-Rooting Circuits Based
on Translinear Current Conveyors

Chuachai Netbut!, Montree Kumngern?,
Pipat Prommee *, and Kobchai Dejhan®, Non-members

ABSTRACT

Two new square-rooting circuits based on
second-generation current-controlled current convey-
ors (CCCIlIs) are presented. The first square-rooting
circuit consists of two CCClIs, one current-controlled
resistor and two grounded resistors. The input signal
of the first circuit is a voltage, and output is the volt-
age proportional to the square root of input voltage.
The second one consists of two CCClIs and a current-
controlled resistor. In the second circuit, the input
signal is a current, and output is the current pro-
portional to the square root of input current. Each
circuit realizes by using a current-mode technique;
hence the proposed square-rooting circuits are simple
circuitry, wide dynamic range and wide bandwidth.
The proposed square-rooting circuits were confirmed
by using PSPICE simulation.

Keywords:
BJT.

Square-rooting, CCCII, current-mode,

1. INTRODUCTION

Recently, second-generation current-controlled
conveyor (CCCII) has become very popular for im-
plementing either voltage-mode or current-mode sig-
nal processing circuits, as these devices provide high
performance and greater functional versatility in real-
izations [1-7]. A square-rooting circuit has been found
widely in instrumentation and measurement systems.
For example, it can be used to linearize a signal from
a differential pressure flow meter, or to calculate the
r.m.s. value of an arbitrary waveform [8]. Typi-
cally, voltage-mode square-rooting circuits can be re-
alized by using operational amplifiers (op-amps) and
altached to passive and active elements such as an
analog multiplier to form squarer and resistors [9],
the BJT to form a log and antilog amplifier [10],
MOS transistor operating in triode region [11]. How-
ever, op-amp-based square-rooting circuit the high-
frequency limitation due to the finite gain bandwidth
product of the op-amp and some of these not suit-
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able for IC implementation. Second-generation cur-
rent conveyors (CClls) are useful in many analogue
signal proposing circuits. Since the gain bandwidth
product (GBW) of an op-amp is finite, the higher
the gain it realizes, the less bandwidth it possesses.
In the past, realization of square-rooting circuit us-
ing CCII has been proposed in the technical litera-
ture [12-13]. Lui [13] proposed square-rooting circuit
based on the use of the second-generation current con-
veyor connected with non-saturated MOS transistors,
op-amps and resistors. The high-frequency limitation
of this circuit due to the finite gain bandwidth prod-
uct of the op-amp and the MOS (ransistor operated
in non-saturation. Moreover, the use of op-amps and
floating resistors make this circuit not ideal for 1C
fabrication. Differential difference current conveyors
(DDCC)-based square-rooting circuit is proposed by
Chiu et al. [13]. However, the disadvantages of this
proposed is same the proposed square-rooting circuits
of Lui [12]. The square-rooting circuits realize by
using bipolar junction transistors (BJTs) and MOS
transistors based on the current-mode technique have
also been reported that enjoys attractive feature of
wide bandwidth and suitable for implementing in
monolithic form [14-15].

In this paper, two square-rooting circuits using
CCClls and a current controlled resistor are intro-
duced. The input and output of first proposed square-
rooting circuit are voltage. The second proposed
square-rooting circuit, input and output are current.
The proposed square-rooting circuits yield the follow-
ing advantages:
¢ The square-rooting circuit of [11-13] are limited
the high-frequency due to the finite GBW of op-
amp or MOS transistor operated in non-saturation
whereas the proposed circuits without these restric-
tions; therefore the proposed square-rooting circuit
is more operate high-frequency than of the previous
square-rooting circuits.

e The proposed square-rooting circuits are very
suitable for bipolar IC technology.

e The proposed square-rooting circuits provide a
wide dynamic range.

e The proposed square-rooting circuits provide
good temperature stability.
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Fig.1:

Block diagram of CCCII
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Fig.2: Schematic implementation for CCCII

2. RESONANCE BASED TARGET DETEC-
TION

The symbol of the relatively active element CCCII
is shown in figure 1, and is characterized by the rela-
tionship

Iy =0,Vx = W + IxRx, Iz = Ix (1)
The input impedances for the ideal CCCII are infi-
nite al terminal Y and Ry at terminal X, respec-
tively. The terminal Z, that is equivalent to a current
generator, possesses infinite output impedance. The
well-known schematic implementation for positive-
type CCCII, implemented with bipolar technology is
shown in figure 2. A dual output CCCII has an addi-
Lional current mirror stage to provide another Z out-
put [3]. The parasitic X-input resistance, Rx using
BJT implementation can be obtained as

%
Rx =~

0 (2)
It can see that RX is inner resistance of a translinear
mixed loop (@) to Q4) with grounded resistor equiv-
alent that controlled by DC bias current 10. Hence,
the BJT implementation of the current-controlled re-
sistor for high performance current-mode applica-
tions has been proposed by Saaid and Fabre [16).
The schematic implementation of current-controlled
resistor is shown in figure 3. Assume all transis-
tors matched and the current gains of all transis-
tors greater the unity. The equivalent resistance of
current-controlled resistor as shown in figure 3 can

be expressed as
Vi

2I,,

The first proposed square-rooting circuit with two
CCCIlIs and a current-controlled resistor is shown in
figure 4. This input and output of this circuil are
voltage form. Let foy = lpy and using equations

Rip = (3)

Fig.3: Schematic of current-controlled resistor.

(1)-(3), the output voltage can be expressed as

Vout = Vv VT/'2V Vin (4)
L.
r'"__ \
Z I oul
6 3%
Y —
(ceem,
R i z
%
(ceelny,

Fig.4: Basic firsl proposed square-rooting circuit.

It can see that the idea of first proposed square-
rooting circuit is employs the small signal analysis to
realize square-rooting function. This is the main rea-
son as to affect the operating range. The operating
range of this circuit may be very small. The circuit in
figure 4 can be modified in the way that the function
is obtained even with the large signal analysis by us-
ing external resistors. The complete of first proposed
square-rooting circuit can be shown in figure 5. The
grounded resistors Ry and Reo are used to expand
the input range.

The second proposed square-rooting circuit is also
derived from the circuit of figure 4 by changing the
position of R., and applying a current input instead
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Fig.5: Completed of first proposed square-rooting
circuit.
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Fig.6: Circuit diagram of second proposed square-

rooling circuil.

of voltage input at the same node. The resulting cir-
cuit is shown in figure 6. The output current of the
square-rooting circuit of figure 6 can be expressed as

]out = \/E\/‘E (5)

From equation (4), it means that the output voltage
Vout is a square-root of the input voltage Vi,, with
the voltage gain equal to Vo/2 whereas equation (5),
the output current Iout is a square-root of the input
current Iy, with the current gain equal to Ip;. In
addition, equation (5) appears the output current is
no sensitive to temperature. It should be not on figure
6 that the (CCCII); work as a current follower. If
we want the square-rooting circuit has a very simple
structure. The (CCCII); of circuit in figure 6 can be
vanished and the second z terminal of the (CCCII),
can be directly connected to R.q, yielding the new
square-rooting circuit very simple circuit. However,
the high-frequency response may be limited in this
new scheme il Iy is a small current.

3. PERFORMANCE CONSIDERATION

The previous realization has been based on the as-
sumptions that the CCClIs have ideal characteristics,
However, in a practical realization, the non-ideal cur-
rent, transfer and voltage transfer that contribute to

error from the ideal performance are present. Taking
into account the non-idealities of a CCCIIs equation
(1) can be modified
Iy 2(], V,\ =y +1Xn,\',fz =x (6]
where @ = 1 — £, |¢| << 1 represents the voltage
tracking error,d = 1 — 4, |§| << 1 represents the cur-
rent tracking error. The non-ideal voltage transfer
function for the circuitl of figure 5 becomes

Vour = Va1 By /o Bar/Vr 24/ Vi

Similarly the square-rooting circuit of figure 6 is an-
alyzed taking into account the non-idealities and the
non-ideal current transfer function is found to be

Vour = VaiBivIor Vi (8)

Equations (7) and (8) imply that, the tracking error
of CCCIls cause a gain error of the square-rooting
circuits.

Note from the proposed square-rooting circuit in
figure 5 that the output of circuit is voltage. If the
proposed square-rooting is loaded by a low impedance
load, this load may be not connected directly at the
output node. They need a voltage buffer at an out-
put node. For the square-rooting circuit of figure 6,
the circuit operates in current-mode with high out-
put impedance; hence a load can be directly con-
nected at an output node. Again, from equation (3),
it can be noted that the value of resistance of fig-
ure 3 proportional to the bias current (I.;) and the
circuit operates in class AB [16]. When we use the
current-controlled resistor in figure 3 to realize the
square-rooting circuits, if iz of CCCII equal zero, it
operates as non-conduct whereas 1z > 0 it operates
as conduct. This is mean that the current-controlled
resistor becomes the operation as class B. In this case
may be made the error at the transition region.

(7)

4. SIMULATION RESULTS

The square-rooting circuits in figures 5 and 6 were
simulated with the PSPICE simulation program. The
CCCII and current-controlled resistor were simulated
using the circuit implementation of figures 2 and
3, respectively, with model parameters of transistor
NR100ON and PR10ON [17]. The voltage supply was
taken as Voo = 2.5V, Vgg = —2.5V. The current
supply was taken as Ipy = Ig2 = 250 for figure
5, and fo; = 50 and Ip = 250 for figure 6. Let
Rey = Rey = Re, the simulated DC transfer charac-
teristic for the input voltage V;, of proposed circuits
in figure 5 for R = 0,50, 100, 300 and 60092 can be
shown in figure 7. The simulated transfer curve is
compared with the equation (4). The operation volt-
age range of figure 5 thus depends upon the operation
range of the CCCII and resistors in the voltage-to-
current converters. The use of low value of Rg can
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be obtained the high value of iz in order to reduce
the error at the rise time of the output signal from
the conduction/non-conduction transition problem of
current-controlled resistor. In figure 7, it evaluates
that the low value of Re should be selected in or-
der Lo obtain the incorporate of equation (4). The
value of K¢ is 1000 reasonable to use for expand-
ing the input voltage range in this simulation. In the
results, it demonstrates that, at R = 100 , the
proposed circuit yields the operating voltage range
from 0 to 1.2V of the input voltage. Figure 8 shows
the simulated DC transfer characteristic for the input
current i, of proposed circuit in figure 6. In figure
8, the simulated transfer curve is compared with the
equation (5). In the results, it demonstrates that the
square-rooting circuit in figure 6 yields the operating
current range from 0 to > 2mA of the input current.
At 1iy, = 2mA and 3mA, they show that the differ-
ence of the output currents between simulation result
and equation (5) is 14.34 and 40.25, respectively. Let
lor = lpg = Io. vary Ip from 0 to 500 against vary
Vin from 0.3V to 1.2V at 0.3V per step, the results
can be shown in figure 9. From figure 9, it is con-
firm that, the proposed circuit in figure 5, the circuit
independence of V,,, on Iy. This result is confirms
the equation (4). Figure 10 shows the DC transfer
characteristics of figure 6 by varying Ip; from 0 to
500 against vary Iy, from 0.5mA to 2mA at 0.5mA
per step. This result is confirms the equation (5) that
the square root dependence of [, on Ip;.

Fig.7: Simulated DC transfer characteristics of pro-
posed circuit in figure 5.

Figure 11 shows the operation of proposed square-
rooling circuit in figure 5 when applying the 1.2Vp_p
triangle wave of the frequency 1kHz at the input.
The input and output waveform are shown in figures
11 (a) and (b), respectively. Again, a 1.2Vp_p sinu-
soidal signal of 1kH z was applied to the circuit in fig-
ure 5. The input and output waveform are shown in
figures 12 (a) and (b), respectively. Figure 13 shows
the operation of proposed square-rooting circuit in

1 tA)
L T T T T — 5
:
; >
] Sumulatad \ "/’ {
Equaton (5) )Pl ==
- 3
Aow b T H

/’/

200u

3 e e S S R B e e G e S

Fig.8: Simulated DC transfer characteristics of pro-
posed circuil in figure 6.
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Fig.9: DC transfer characteristics for V;, =

0.3V,0.6V,0.9V, 1.2V and Io varied from 0 to 500.

0.5

L= lmA

1,=05mA
i T - i
L 188A 28R ELL L) ABMA Sedua
ll'Jl
Fig.10:  DC transfer characteristics for Iin =

0.5mA, 1mA, 1.5mA,2mA and Ip varied from 0 to
500.
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figure 6 when applying the 2mAp_p triangle wave
of the frequency 1kH z at the input. The input and
output waveform are shown in figures 13 (a) and (b),
respectively. A 2mAp_p sinusoidal signal of 1kHz
was applied to the circuit in figure 6 again. The input
and output waveform are shown in figures 14 (a) and
(b), respectively. Figures 12 and 14 are confirmed
that when the inputs were nonlinear shell the out-
put correspond proportionally to the square root for
the inputs. The simulated [requency response of the
proposed circuits is shown in figure 15. It should be
not that the bandwidth about 60M H z for the circuit
in figure 5 and about 12M Hz for the circuit in fig-
ure 6. In this simulation, the power consumption of
approximately 50.4mW for figure 5 and 5.4mW for
figure 6 were observed. The power consumption of
square-rooting circuits depend on the bias currents
of CCClls, that is if we decrease the bias current,
the power consumption of CCCII will decrease, re-
sulting in the low power consumption of proposed
square-rooting circuit; however, the low bias current
will limit the operation at high frequency.

3
"
ENC T

Fig.11: Operation of the proposed circuil of figure
3 for the input triangular signal of 1kHz: (a) input
waveform; (b) outpul waveform.

To demonstrate the performance of two pro-
posed square-rooting circuits, figures 16 and 17
show the simulated output waveforms for the cases
of the triangle input signal with the frequencies
of 100kHz,500kHz,1M Hz, and the amplitude of
1.2Vp_p and 2mAp_ p, respectively. From figure 16,
it shows that the circuit of figure 5 provides good
output waveforms high over than 1MHz, whereas the
output waveforms in figure 17, at f;,, > 500kH z, the
output waveforms appear the corner distortion at the
rise time of the output signal. The conduction/non-
conduction of current-controlled resistor is a cause of
this problem. The increasing of I, and the supply
voltage can be improved this problemn. The operation
at high frequency of figure 6 will be also increased.

Figure 18 (a) shows the oulput voltage of circuit

Yo
BT R s v R A e

AN

Ry B R S S T S T it
-

< A e = e e ey ¢ e ey i s e = s a8 ]
A Bax L

Fig.12: Operation of the proposed circuit of figure
5 for the input sine signal of 1kHz: (a) input wove-
form; (b) output waveform.

(b)

Fig.18: Operation of the proposed circuit of figure
6 for the input triangular signal of 1kHz: (a) input
waveform; (b) oulput waveform.

'M
P —

IOVAVAVAV

Fig.14: Operation of the proposed circuil of figure
G for the input sine signal of 1kHz: (a) input wave-
form; (b) oulput waveform.
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Fig.17: Simulation results of iy of figure 6 with
i = 2mAp_p for: (a) f = 100kHz; () | =
S500kHz; and f = 1M Hz.

in figure 5 and figure 18 (b) shows the output current
of the circuit in figure 6 at temperatures of 50°C,
75°C and 100°C when apply the triangle wave of
1kHz and amplitude of 1.2Vp_p and 2mAp_p at the
input of proposed circuits in figures 5 and 6, respec-
tively. From simulation results in figure 18 (a), they
show that the difference of the lowest output volt-
ages of figure 5 between 50°C" and 75°C is 3.93mV
and that between 75°C' and 100°C is 4.07mV. The
temperature-dependent parameter of the BJT is ther-
mal voltage (V%), this results are confirm the equa-
tion (4). From figure 18 (b), it is evident that, for the
proposed square-rooting circuit in figure 6, the circuit
provides very good temperature stability, this results
are confirm the equation (5). A comparison of this
paper and previous works is given in table 1.
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Table 1: Comparison of proposed squarc-rooting circuits with those of previous papers.

Purumeter Figure § Figure [I] [12] [13]

2 CCClIT's 1 CCIT

1 BJT resistor 2 MOS's 2 op-amp’s 16 MOS's

2grounded 2 CCCLL's 1 op-amp 2 MOS’s 3 current
Component resistors 1 BJT resistor | 1 current source | 3 fluating resistors sources
Supply voltage +2.5V +2 /7 +5V 6V +7V
[nput range 0to 1.2174 0to 2mA 1to 200 0to 1.617 —1mA o ImAd
Freq.range GOAM = 12MH: - 400k ]T = 32kHz
Power consumption 54.1m W 5.05m iV — - -
Suitable for IC Yes Yes No No Yes

(b)

Fig.18: Output waveforms at different temperatures
al 1kHz for: (a) figure 5; (b) figure 6.

5. CONCLUSION

In this paper, new simple square-rooting circuits
have been presented. The two proposed circuits based
CCClls and a current-controlled resistor operating
in current-mode.  Simulation results shown the pro-
posed circuits provided wide input current range and
good temperature stability. Better performance can
be expected using bipolar transistors and parameters
of complementary high performance processes which
were not available to the authors. For all solid-state
structure, the bipolar current-controlled in figure 3
can be connected directly instead of the resistors RC1
and RC2 in figure 5.
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translinear current conveyors
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Two new square-rooting circuits, based on second-generation current-controlled
current conveyors (CCClls), are presented. The first square-rooting circuit
consists of two CCClIIs, one current-controlled resistor and two grounded
resistors. The input signal of the first circuit is a voltage, and output is the voltage
proportional to the square root of input voltage. The second one consists of two
CCClls and a current-controlled resistor. In the second circuit, the input signal is
a current, and output is the current proportional to the square root of input
current. Each circuit realizes by using a current-mode technique; hence the
proposed square-rooting circuits are simple circuitry, wide dynamic range and
wide bandwidth. The proposed square-rooting circuits were confirmed by using
PSPICE simulation.

Keywords: BJT: CCCII; Current-mode; Square-rooting

1. Introduction

Recently, second-generation current-controlled conveyor (CCCII) has become very
popular for implementing cither voltage-mode or current-mode signal processing
circuits, as these devices provide high performance and greater functional versatility
in realizations (Fabre er al. 1995, 1996, Abuelma’atti and Al-Qahtani 1998, 1999,
Maheshwari 2002, 2005, Maheshwari and Khan 2003). A square-rooting circuit has
been found widely in instrumentation and measurement systems. For example, it can
be used to linearize a signal from a differential pressure flow meter, or to calculate
the r.m.s. value of an arbitrary waveform (Doebelin 2004). Typically, voltage-mode
square-rooting circuits can be realized by using operational amplifiers (op-amps) and
attached to passive and active elements, such as an analog multiplier to form squarer
and resistors (Allen and Holberg 1987), the BJT to form a log and antilog amplifier
(Millman and Grabel 1992), MOS transistor operating in triode region (Filanovsky
and Baltes 1992). However, op-amp-based square-rooting circuit the high-frequency
limitation due to the finite gain bandwidth product of the op-amp and some of these
are not suitable for IC implementation. Second-generation current conveyors

*Corresponding author. Email: kobchai@telecom.kmitl.ac.th

International Journal of Electronics
ISSN 0020-7217 print/ISSN 1362-3060 online € 2007 Taylor & Francis
hutp://www.tandf.co.ukfjournals
DOI: 10.1080/00207210701414191

138



708 K. Dejhan and C. Nethut

Figure I. Symbol of the CCCII.

(CClls) are useful in many analogue signal proposing circuits. Since the gain
bandwidth product (GBW) of an op-amp is [inite, the higher the gain it realizes. the
less bandwidth it possesses. In the past, realization of square-rooting circuit using
CCII has been proposed in the technical literature (Liu 1995, Chiu er «l, 1996). Liu
(1995) proposed square-rooting circuit based on the use of the second-generation
current conveyor connected with non-saturated MOS transistors, op-amps and
resistors. The high-frequency limitation of this circuit due to the finite gain
bandwidth product of the op-amp and the MOS transistor operated in non-
saturation. Moreover, the use of op-amps and floating resistors make this circuit not
ideal for IC fabrication. Differential difference current conveyors (DDCCs)-based
square-rooting circuit is proposed by Chiu er al. (1996). However, the disadvantages
of this method is the proposed square-rooting circuits of Liu (1995). The square-
rooting circuits realized by using bipolar junction transistors (BJTs) and MOS
transistors based on the current-mode technique have also been reported that enjoy
attractive features similar to wide bandwidth and are suitable for implementation
in monolithic form (Toumazou er al. 1990. Riewruja er al. 1998).

In this paper. two square-rooting circuits using CCCIIs and a current controlled
resistor are introduced. The input and output of the first proposed square-rooting
circuit are voltages and for the second proposed square-rooting circuit the input and
output are current. The proposed square-rooting circuits yield the following
advantages:

(1) The square-rooting circuit of Liu (1995), Chiu er al. (1996), Filanovsky
and Baltes (1992) are limited the high-frequency due to the finite GBW
of op-amp and MOS transistor operated in non-saturation whereas the
proposed circuits without these restrictions; therefore the proposed
square-rooting circuit is more operate high-frequency than of the previous
square-rooting circuits.

(ii) The proposed square-rooting circuits are very suitable for bipolar IC
technology.

(1) The proposed square-rooting circuits provide a wide dynamic range.
(iv) The proposed square-rooting circuits provide good temperature stability.

2. Circuit description

The symbol of the relatively active element CCCII is shown in figure 1, and is
characterized by the relationship

Iy=0, Vyx=Vy+IxRy, Iz=Iy (h

139



Circuits based on translinear current conveyors 709

Ui '_f()n Q) Q3
e

(25 _
Qs Q; Oy Q9

Figure 2. Schematic implementation for CCCIL.

The input impedances for the ideal CCCII are infinite at terminal Y and Ry at
terminal X, respectively. The terminal Z that is equivalent to a current generator
possesses infinite output impedance. The well-known schematic implementation for
positive-type CCCII, implemented with bipolar technology is shown in figure 2.
The multiple output plus/minus CCClls can be achieved by adding current mirrors
and cross-coupled current mirrors (Abuelma’atti and Al-Qahtani 1998)

The parasitic X-input resistance, Ry using BJT implementation can be
obtained as

Vy
Ry = m (2)

Ry is the inner resistance of a translinear mixed loop (Q to Q4) with a grounded
resistor equivalent that is controlled by DC bias current /,. Hence, the BJT
implementation of the current-controlled resistor for high performance current-
mode applications has been proposed by Saaid and Fabre (1996). The schematic
implementation of a current-controlled resistor is shown in figure 3. Assume all
transistors matched and the current gains g of all transistors greater the unity. The
equivalent resistance of current-controlled resistor, as shown in figure 3, can be
expressed as (Saaid and Fabre 1996)

ey = 3

“deg

R 3)
By using CCCII and current-controlled resistor, the first proposed square-rooting
circuit with two CCClls and a current-controlled resistor can be shown in figure 4.
In this circuit, the input is a voltage, and the output is the current proportional to the
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Figure 3. Schematic of current-controlled resistor.

in

(CCClDy,

(CCCl),

Figure 4. Basic first proposed square-rooting circuit.

square root of the input voltage. Let /o, =/, and using equations (1)-(3), the
output voltage can be expressed as

Voul =V VT/ZV Vin (4)

It can be seen that the idea of the first proposed square-rooting circuit of figure 4
employs the small signal analysis to realize square-rooting function. This is the main
reason to limit the input range. The input range of this circuit may be very small. The
circuit in figure 4 can be modified in the way that the function is obtained even with
the large signal analysis by using external resistors. The completion of first proposed
square-rooting circuit can be shown in figure 5. The grounded resistors Rc) and Re-
are used to expand the input voltage range. Let Rci = R, it can be shown that the
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Figure 5. Completed of first proposed square-rooting circuit.

Z-t-o>— 1
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(cceu,
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X

cq

g
(CCCID,

Figure 6. Circuit diagram ol second proposed square-rooting circuit.

voltage transfer function of figure § is the same as equation (4). In addition, if we
would replace the (CCCII), of figure 5 with multiple-output CCCII (Abuelma’atti
and Al-Qahtani 1998), the second = terminal of the new (CCCII), would become the
output current, thus the input signal is a voltage, and output is the current
proportional to the square root of input voltage can be also achieved.

The second proposed square-rooting circuit is also derived from the circuit of
figure 4 by changing the position of R.q and applying a current input instead of input
voltage at the same node. The resulting circuit is shown in figure 6. The output
current of the square-rooting circuit of figure 6 can be expressed as

low = \/EI—\/[; (5)

From equation (4), it means that the output voltage V,,, is a square-root of the input
voltage V;,, with the voltage gain equal to ¥7/2, whereas in equation (5), the output
current [, is a square-root of the input current /;,, with the current gain equal
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to Joi. In addition, equation (5) appears the output current is no sensitive o
temperature. It should be noted on figure 6 that the (CCCII)» work as a current
follower. If we want the square-rooting circuit to have a very simple structure,
the (CCCII), of the circuit in figure 6 can be vanished and the second = terminal of
the (CCCII), can be directly connected to R,,. yielding the new square-rooting circuit
is a very simple circuit. However, the high-frequency response may be limited in this
new scheme if /5, is a small current.

3. Performance consideration

The previous realization has been based on the assumptions that the CCClls hayve
ideal characteristics. However, in a practical realization. the non-ideal current
transfer and voltage transfer that contribute to error from the ideal performance arc
present. Taking into account the non-idealities of a CCClls equation (1) can be
modified

[}':0. V‘\-:Q’V)"l‘!,\'R,\', f;z_:ﬂf,\' (6)

where o = l-¢, |e| « | represents the voltage tracking error, 8= 1-5, [8] « 1 represents
the current tracking error. The non-ideal voltage transfer function for the circuit of
figure 5 becomes

Vou = Va1 Bi /a2 o/ Vi /2 Vin (7)

Similarly, the square-rooting circuit of figure 6 is analysed taking into account the
non-idealities and the non-ideal current transfer function is found 1o be

Jou =00 Bt Tl s (8)

Equations (7) and (8) imply that. the tracking error of CCClIs cause a gain error of
the square-rooting circuits.

Note from the proposed square-rooting circuit in figure 5 that the output of
circuit is voltage. If the proposed square-rooting is loaded by a low impedance load.
this load may be not connected directly at the output node. They need a voltage
buffer at an output node. For the square-rooting circuit of figure 6, the circuil
operates in current-mode with high output impedance; hence a load can be directly
connected at an output node.

Again, from equation (3), it can be noted that the value of resistance of figure 3
proportional to the bias current (/) and the circuit operates in class AB (Saaid and
Fabre 1996). When we use the current-controlled resistor in figure 3 to realize
the square-rooting circuits, if i, of CCCII equal zero, it operates as non-conduct
whereas i >0 it operates as conduct. This means that the current-controlled resistor
becomes the operation as class B. In this case, an error might occur at the transition
region.

4. Simulation results

The square-rooting circuits in figures 5 and 6 were simulated with the PSPICE
simulation program. The CCCII and current-controlled resistor were simulated
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Table 1. Model parameters of NRIOON and PRIOON transistors.

NRIOON-1X NPN TRANSISTOR

MODEL NX| NPN (RB=524.6 IRB=0 RBM =25 RC=50 RE=1 IS=121E-I8
EG=1.206 XTI =2 XTB=1.3538 BF=137.5 IKF=6974E-3 NF=1 VAF=159.4
ISE=36E-16 NE=1.713 BR=0.7258 IKR =2.198E-3 NR=1 VAR =10.73 ISC=0
NC=2

TF =0.425E-9 TR = 0.425E-8 CJE=0.214E-12 VIE=0.5 MJE=0.28 CJC=0.983E-13
VIC=05MIC=03 XCIC=0.034 CIS=0913E-12 VIS=0.64 MIS=0.4 FC=0.5)

PRIOON-1X PNP TRANSISTOR .

MODEL PX1 PNP (RB=327 IRB=0 RBM =24.55 RC=50 RE=3 IS=73.5E-I3
EG=1.206 XTl=17 XTB=1866 BF=110.0 IKF=2359L-3 NF=1 VAF =513
ISE=25.1E-16 NE=1.650 BR =04745 I[KR =6.478E-3 NR =1 VAR =996 ISC =0
NC=2

TF=0.610E-9 TR =0.610E-§ CJE=0.180E-12VIE=05MJLE=0.28 CIC =0.164E-12
VIC=0.8 MIC =04 XCIC=0.037 CJS=1.03E-12 VIS =0.55 MIS=0.35 FC=0.3)

Fil //
/ / Re= 300

L © Re=600

0.5V 1.0U 1.50
Vin
Figure 7. Simulated DC transfer characteristics of the proposed circuit in figure 5.

using the circuit implementation of figures 2 and 3. respectively, with model
parameters of transistor NRIOON and PRIOON (Frey 1993) as listed in table I
The voltage supply was taken as Vee=2.5V, V= -2.5V. The current supply was
taken as Iy, =171p>=250pA for figure 5, and /o =50puA and lp,=250pA for
figure 6. Let Re = Res = R, the simulated DC transfer characteristic for the input
voltage Vi, of proposed circuits in figure 5 for Rc=0, 502, 100 €2, 300  and 600 §2
can be shown in figure 7. The simulation transfer curve is compared with
the equation (4). The operation voltage range of figure 5 thus depends upon the
operation range of the CCCII and resistors in the voltage-to-current converters.

144



145

714 K. Dejhan and C. Netbut

L

Simulated 1 S

: \ n// :
E Equaton (5 / ,/i
H >\ ,// :
4 '

L0 -

el

L ]
i -
! i 1
: / :
b P :
d
|
7 !
y .
.
i} i ---------------- § Rt e o b R sty e e T e otk o o e 4
oA 1.0mA 2.0n0 3.0mA L. 0nmA

m

Figure 8. Simulated DC transfer charactenstics of proposed circuit in figure 6.

The use of low value of R-can be obtained by the high value of i, in order to reduce
the error at the rise time of the output signal from the conduction/non-conduction
transition problem of current-controlled resistor. In figure 7, it evaluates that the low
value of R, should be selected in order to obtain the incorporate of equation (4). The
value of R is 100 Q2 reasonable to use for expanding the input voltage range in this
simulation. In the results, it demonstrates that. at Re= 100 €, the proposed circuit
yields the operating voltage range from 0 to 1.2V of the input voltage. Figure 8
shows the simulated DC transter characteristic for the input current /;, of proposed
circuit in figure 6. In fgure 8. the simulated transfer curve is compared with
cquation (5). In the results, it demonstrates that the square-rooting circuit in figure 6
yields the operating current range from 0 to>2mA of the input current. At
Iy =2mA and 3mA, they show that the difference of the output currents between
simulation result and equation (5) i1s 14.34uA and 40.25pA, respectively. Let
Ior =Ips=1p, vary I from 0 to 500 pA against vary V;, from 0.3V io 1.2V at 0.3V
per step, the results can be shown in figure 9. From figure 9, it is confirmed that the
proposed circuit in figure 5, the circuit independence of Vo, on /. This resull is
confirmed by equation (4). Figure 10 shows the DC transfer characteristics of figure
6 by varying /o, from 0 to 500 uA against vary /;, from 0.5mA to 2mA at 0.5mA
per step. It is confirmed by equation (5) that the square root dependence of /iy,
on .lg.

Figure 11 shows the operation of proposed square-rooting circuit in figure 5
when applying the 1 Vp_p triangle wave of the frequency 1 kHz at the input. The input
and output waveform are shown in figures 11(a) and (b), respectively. Again,a | Vp_p
sinusoidal signal of | kHz was applied to the circuit in figure 5. The input and output
waveforms are shown in figures 12(a) and (b). respectively. Figure 13 shows the
operation of proposed square-rooting circuit in figure 6 when applying the 2mAp.p
triangle wave of the frequency 1 kHz at the input. The input and output waveform
are shown in figures 13(a) and (b), respectively. A 2 mAp._p sinusoidal signal of | kHz
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Figure 9. DC transfer characteristics for V, =03V, 0.6 V. 0.9V, 1.2V and [, varied {rom 0
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Figure 10.  DC transfer characteristics for 7, =0.5mA, I mA, 1.5mA, 2mA and [, varied
from 0 to 500 pA.

was applied to the circuit in figure 6 again. The input and output waveform are
shown in figures 14(a) and (b), respectively. Figures 12 and 14 confirmed that when
the inputs were a nonlinear shell-the output correspond proportionally to the square
root for the inputs. The simulated frequency response of the proposed circuits is
shown in figure 15. It should be noted that the bandwidth is about 60 MHz for the
circuit in figure 5 and about 12 MHz for the circuit in figure 6. In this simulation, the
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Figure 11. Operation of the proposed circuit of figure 5 for the input triangular signal of
I kHz: (a) input wavelorm: (b) output waveform.
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Figure 12. Operation of the proposed circuit of figure 5 for the input sine signal of
1 kHz: (a) input waveform; (b) output waveform.
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Figure 13.  Operation of the proposed circuit of figure 6 for the input triangular signal of
I'kHz: (a) input waveform; (b) output waveform. .

Lilz]

200uA

Figure 14. Operation of the proposed circuit of figure 6 for the input sine signal of
I kHz: (a) input waveform; (b) output waveform.
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Figure 15, Simulated for high-frequency responses.

power consumption of approximately 50.4 mW for figure 5 and 5.4 mW for figure 6
were observed. The power consumption of square-rooting circuits depend on the bras

currents of CCClls, that is if we decrease the bias current, the power consumption of

CCCII will decrease, resulting in the low power consumption of proposed square-
rooting circuit. However. the low bias current will limit the operation at high
frequency.

To demonstrate the performance oi’ two proposed square-rooting circuits, figures
16 and 17 show the simulated output waveforms for the cases of the triangle input
signal with the frequencies of 100 kHz. 500 kHz, | MHz, and the amplitude of | V.p.
and 2mAp.p. respectively. From figure 16, it shows that the circuit of figure 5
provides good output waveforms well above | MHz, whereas the output waveforms
in figure 17, at f;, > 500 kHz. the output waveforms appedr to be an error at the risc
time of the output signal. The conduction/non-conduction of current-controlled
resistor is a cause of this problem. The increasing of /o, and the supply voltage can
solve this problem. The operation at high frequency in figure 6 will be also increased.

Figure 18(a) shows the output voltage of circuit in figure 5 and figure 18(b) shows
the output current of the circuit in figure 6 at temperatures of 50°C, 75°C and 100" C
when apply the triangle wave of | kHz and amplitude of [ Vp.p and 2mApp at the
input of proposed circuits in figures 5 and 6, respectively. From simulation results in
figure 18(a). they show that the difference of the lowest output voltages of figure 3
between 50°C and 75°C is 3.93 mV and that between 75°C and 100°C is 4.07mV. The
tempeiature-dependent parameter of the BIT is thermal voltage (F4). this result is
confirmed by the equation (4). From figure 18(b), it is evident that for the proposed
square-rooting circuit in figure 6 the circuit provides very good temperature stability.
This result is confirmed in equation (5). A comparison of this paper and previous
work is given in table 2,
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Figure 16. Simulation results of v, of figure 5 with v, =1Vpp for: (a) f=100kHz;

(b) f=500kHz; (c) f/=1MHz
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5. Conclusion

In this paper, new simple square-rooting circuits have been presented. The two
proposed circuit based CCCIIs and a current-controlled resistor operating in
current-mode. Simulation results showed that the proposed circuits provided wide
input voltage or current ranges and good temperature stability. Better
performance can be expected using bipolar transistors and parameters of
complementary high performance processes, which were not available to the
authors. For all solid-state structures, the bipolar current-controlled in figure 3
can be connected directly, instead of the resistors Re and Re- in figure S:
hence it has the proposed square-rooting circuits suitable structure for IC
fabrication.



Table 2. Comparison of proposed square-rooting circuits with those of previous papers.

(445

Parameter Proposcd #1 Proposcd #2 Filunovsky and Baltes (1992) Liu (1995) Riewruja er al. (1998)

2CCCII's | BIT

resistor (9 BJT's) 1 CCIl 2 op-amps

2 grounded 20CCCIs 1 BIT 2 MOSs | op-amp | 2 MOS's 3 Noating 16 MOS's 3

Components resistors resistor (9 BITs) current source resistors current sources
Supply voltage +25V +2.5V +3V +6V +7V
Input range 0to 1.2V 0 to 2mA 1 uA to 20 HA 0toloV —1mA o I mA
Freq. range (—3dB) 60 MHz 12MHz - 400 kHz 32MHz
Power consumption 50.4 mW 5.05mW - -
Suitable ifor /¢ Yes Yes No No Yes

mqian "D pun unifloq "y

€61
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