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ABSTRACT

In this thesis, a new full-wave rectifier circuit employing only two differential difference
current conveyors {DDCCs) is presented. The proposed circuit exhibits high input impedance.
good temperature stability and wide bandwidth. It is extremely simple and compact, which is
suitable for IC implementation. The circuit also offers a low output impedance terminal, which is
suitable for any loads. The simulation results demonstrate the performance of the proposed
circuit. In addition, an example application of the proposed precision full-wave rectifier as Root-

Mecan-Square (RMS)-to-de conversion is described.
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Abstract—A new full-wave rectifier circuit employing only two
differential  difference current conveyors (DDCCs) is
presented. The proposed circuit exhibits high input impedance,
good temperature stability and wide bandwidth. It is extremely
simple and compact, and suitable for 1C implementation. The
circuit also offers a low output impedance terminal, which is
suitable for low impedance load. The simulation results
demonstrate the performance of the proposed circuit.

L. INTRODUCTION

Full-wave rectifier is used in RF demodulator, piecewise
linear function generator, AC voltmeter, watt meter, and
various nonlinear analog signal processing circuits. A typical
rectifier realizes by using diodes but this device cannot
rectify signals whose amplitudes are less than the threshold
voltage (approximately 0.7V for silicon diode and
approximately 0.3 for germanium diode). As a result diode-
only rectifiers are used in only those applications in which
the precision in the range of threshold voltage is
insignificant, such as RF demodulators and DC voltage
supply rectifiers, but for applications requiring accuracy the
range of threshold voltage the diode-only rectifier cannot be
used. This can be overcome by using integrated circuit
rectifiers instead. The precision rectifiers based on
operational amplifier (op-amp). diodes and resistors are
presented [1]-[4]. However. the classical problem with
conventional precision rectifiers based on op-amps and
diodes is that during the non-conduction/conduction
transition of the diodes, the op-amps must recover with a
finite small-signal, dv/dt, (slew-rate) resulting in significant
distortion during the zero crossing of the input signal. The
use of the high slew-rate op-amps does not solve this
problem because it is a small signal transient problem. The
cain-bandwidth is a parameter of op-amp that limits the high
tfrequency performance of this scheme. Moreover, since these
structures use the op-amp and the resistors, it is not suitable
for IC fabrication.

Second-generation  current conveyors (CClls) s
possessed a very high slew rate and bandwidth if compared
to the traditional op-amp. This makes the CCII ot primary
importance in the design of modern analog integrated
circuits. Several circuits based on CCIl for realizing full-
wave rectification have been proposed in the literature [5]-
[11]. The circuits [5]-[7] employ diodes and resistors in
addition to CClls. The circuit [8] employs bipolar current
mirrors in addition to a CCIl and a number of resistors. The
circuit [9] employs four CCClls and resistors. The circuit
| 10] employs two CCII and two MOS transistors. However,
all of these circuits suffer from an excessive number of active
of passive components. Recently, the full-wave rectifier
circuit realized by using all MOS transistors has been
reported. it is suitable for implementation in monolithic form

il
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In this paper, a new full-wave rectifier circuit using only
two DDCCs is presented. The proposed circuit uses a
recently proposed current conveyor, named differential
difference current conveyor (DDCC) [12]. The circuit is
simple and suitable for IC implementation. The circuit also
offers high-input and low-output impedance terminals. which
is suitable for low impedance load. Simulation results
verifying the theoretical analysis are also included
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[I. CIRCUIT REALIZATION

The electrical symbol of DDCC is shown in Figure 1. It
was proposed in 1997 [12] and it enjoys the advantages of
CCII and differential amplifier (DA) such as larger signal
bandwidth, greater linearity, wider dynamic range, simple
circuitry, low power consumption, high-input impedance
[12]. The DDCC has three voltage input terminals: Y, Y-
and Y;, which have high input impedance. Terminal X is a
low impedance current input terminal. There is a high
impedance current output terminal Z. The input-output
characteristics of the DDCC is described as
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The output current (1,) follow the input current through
terminal X. The voltage of X terminal is related by the three
inputs voltage: Vy=Vy-Vy2. The CMOS realization of the
DDCC used in this paper for the proposed full-wave rectifier
circuit is shown in Figure 2 [12].

Figure 3 shows the proposed full-wave rectifier circuit.
The proposed circuit uses only two DDCCs. The positive
output volage of the DDCC, is connected to the negative
output voltage of the DDCC.. The full-wave operation is as
follows: when V>0, the voltage V,, is followed by the
DDCC, to the voltage V,, at X terminal while the DDCC- is
turn-off. In addition, when V,,<0, the voltage V,, is followed
by the DDCC, to the voltage V,, at X terminal while the
DDCC, is cut-off. From the operation of the proposed full-
wave rectifier explained, the relations between the input
voltage. V,,. and the output voltage, V. can be expressed as

V, 30 =0 =Y

mn ol

V. Slf:V

m out

i Y=o
e (2)
=-V,+DVCC, =on| *

I'he complete output voltage of Figure 3 can be expressed as

Vnul > |Vm| (3)
I'herefore. the proposed circuit provides the full-wave
rectification. V¢ is the auxiliary voltage. It can note from
Figure 3 that the proposed circuit has high-input and low-
output impedance, hence it easy to drive loads without using
a buffering device.

[Il.  APLICATION EXAMPLE

For application of proposed full-wave rectifier, we
describe a pseudo root-mean-square (rms)-to-dc conversion.
The well-known average value of a signal magnitude is
defined by

.,
Vi :% L| v(|dt (4)

where V(1) is the ac signal, T is its period, and V., is the
average value of the rectified signal of V(t). To perform this
operation, the ac signal is first full-wave rectified and then
low-pass filtered to extract the de component. For the case of
a sinusoidal signal we have V(t)=V sin(2nft), where V,, is

978-1-4244-4152-5/09/825.00 € 2009 IEEE

(]

the peak amplitude and /=1/T is the frequency. Substituting
into (4) and integrating yields

2
Vi ==V, =0.637V,, (5)

avy
T

It is customary to calibrate the averaging circuits so that,
with a sinusoidal input, the rms value is yield:

T
VI'IHS: ?J-o V(L) dt (6)

Substituting V(1)=V,sin(2n/t) and solving vields

|

Vnns = ?

Comparing (5) and (7) we have

v, =0.707V,,. (N

V[’“'IS n

Ver Q0%

which is the amount of amplification required to obtain V.
from V... [13].

By using proposed full-wave rectifier as building block, a
circuit capable both displaying both average and rms value of
sinusoidal waveforms can be readily implemented, as shown
in Figure 4. 1t is seen that only grounded components are
required. For more suitable IC implementation, all grounded
resistors can be replaced by MOS resistors as presented by
Wang [12]. A first-order low-pass filter is achieved with a
properly specified Ry and C;. Voltage V,,, is converted to the
input current of the filter in which the ac components are
filtered through the capacitor C;. V,,, can be obtained by
choosing R, and Ry, identical. According to (8), V,,,, can be
obtained by setting Ry +/R,;=1.11. For a symmetrical square
input, the ratio of (7) becomes unity thus V,,, of Figure 8
gives the exact rms value because R,,, and Ry, are identical.
If Ry /R, =1.155, the circuit may indicate the rms value for
either sinusoidal or triangular current signals using a
switcher. The criterion for specifying Ci (i.e. C,=C, ,=C,.) is
that it must be large enough to keep the residual output ripple
within specified limits, or

=111 (8)

|
P

> 10
4xf, e

nin

where f, is the low end of the frequency range of interest. C
should usually exceed the right-hand term by the inverse of
the fractional ripple error that can be tolerated at the output
[13].

For more suitable IC implementation, all grounded
resistors can be replaced by MOS resistors as shown in
Figure 4(b). MOS resistor using two MOS transistors was
presented by Wang [14]. Assume Mg, and Mg, have the
same characteristics remaining in the saturation region. The
resistance value of MOS resistor can be expressed as [14]:

Req = BAL tn
2K(Vpp = Vo)



61

20009 3ih International Collogquam on Signal Processing & lis Applications (CSPA)

Vi Y z l Vs
Rz T Cuz
Ve ¥; DDCC- g] I
Y. x z -
Run
v, x 71— Vaug
@Rtﬁlch
1 ¥. DDCC. I
Y 4 -
= (a)

Figure 4

where K=u,C,(W/L)., y, is the carrier mobility, C,, is the
gate oxide capacitance per unit area, Vy is the threshold
voltage and V[,;H V53| are the supply voltages. From (9),
the value of resistors can vary by setting the appropriate
aspect ratio of transistors Mg, and Mg

TABLE|
MOSFET MODEL USED IN THE SIMULATION.

MODEL NMOS LEVEL=3 U0O=4605 TOX=1.0E-8 TPG=I
VIO=+06215=1 08E-6 XJ=0 15U RS§=417 R§SH=2 73 LD=0.04U
VMAX=130E3 NSUB=1 T1E17 PB=0761 ETA=0.00 THETA=0.129
PLHI=0 903 GAMMA=0 69 KAPPA=0 10 CI=76 4E-5 MI=0 357
CISW=3 68E-10 MISW=0 302 CGSO=1 38E-10 CGDO=] 38E-10
COBO=3 450110 KF=3 07E28 AF=1 WD=+0 11U DELTA=+0.42
NES=1 201 DELL=0U LIS=2 ISTMP=10 TT=0 1 E-9

MODEL PMOS LEVEL=3 UO=100 TOX=1 0E-8 TPG=|

VTO=-0 38 1S=0 38E-6 XJ=0, 10U RS=886 RSH=1 8| LD=0.03U
VMAXN=113E3 NSUB=208E17 PB=0911 ETA=00 THETA=0 120
PHI=0905 GAMMA=0 76 KAPPA=2 CI=85E-3 MJ1=(.429
CISW=4 67E-10 MISW=0 631 CGSO=I 38E-10 CGDO=| 38C-10
CGBO=3 43E-10 KF=1.08E-29 AF=1 WD=+0 14U DELTA=0 81
NFS=0 52E11 DELL=0U LIS=2 ISTMP=10 TT=01E

TABLEN
IRANSISTOR ASPECT RATIOS OF THE USER DDCC
I'ransistor W (pum) L (pm)
MI-M4 1.6 ]
M3-Mo6 8 |
M7-M8 2 |
MY-MI10 29 |
| MII-MI12 90) |

IV. SIMULATION RESULTS

The proposed full-wave rectifier in Figure 3 is simulated
using PSPICE program to verify the given theoretical
analysis. The device model parameters used for the PSPICE
simulation are taken from MIETEC 0.5um CMOS process
[15] as shown in Table I. The DDCCs are simulated using
CMOS structure of Figure 2. The aspect ratios of the MOS
transistors of the CMOS DDCC are given in Table 11 [15].
The supply voltages are selected as Vpp=-Vgs=2.5V and the
bias voltage is set as Vg=-1.7V. The DC transfer
characteristics of the proposed full-wave rectifier are shown
in Figure 5, which shows the operating voltage ranging from

IV 1o 1V of the input voltage.

(5]
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(b)

(a) The rms voltage converter for both sinusoidal (output V,,..) and symmetrical square (output V,,,) waveform, (b) MOS resistor circuit

Applying the frequency of IMHz sine wave at the input
of the proposed full-wave rectifier, the input and output
signals at amplitudes of 200mVpeak and 50mVpeak are
shown in Figures 6 and 7, respectively. This results is
confirms the operation that the proposed rectifier can provide
the full-wave rectification at the input signal amplitude lower
than the threshold voltage of germanium diode (<0.3V) and
down to 50mVpeak through the amplitude error increases.

Vlllll

1.00u

OSEEU L -5 -

0.25U

o t t
=1.00 =-0.50 o 0.5u 1.00
o U(uour)

Vin

Figure 5 Simulated results for DC transfer charactenistic

Vaur. Vin
200mU

RL TR S 8

R T T T A

-200mU t
0s 0.5us
o U(UouT) & U(UIH)

Time

Figure 6 Operation of the proposed full-wave rectitier at | MHz
frequency lor V,,=200mV ..
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Figure 7 Operauon of the proposed full-wave rectifier at IMHz
frequency for V,=50mV, ..
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Prgure 8 Operation of the proposed full-wave rectifier at different

temperatures

At the frequency of 1MHz, we simulate the temperature
performance of the proposed full-wave rectifier in Figure 3
by changing temperatures from 25°C to 100°C. Figure 8
shows the output waveform of the proposed rectifier at
temperatures of 25°C, 75°C and 100°C. From simulation
results in Figure 8, it shows that the proposed circuit
provides excellence temperature stability. This result is
confirms equation (3).

It should be noted that the dc offset voltage at output
node of proposed rectifier can be adjusted by voltage V. If
the negative or positive dc offset voltage is appeared at
output node, it can eliminate by a bias voltage Ve. This
makes the circuit suitable for apphcation to rms-to-dc
conversion.

V.  CONCLUSIONS

In this paper, a full-wave precision voltage rectification
using only two DDCCs has been presented. The circuit
configuration described is very suitable for integrated circuit
implementation in CMOS technology. Compared to [1]-[10]
the proposed rectifier is more suitable for IC implementation
than these rectifiers (i.e. it uses only two DDCCs and
requires no resistor). The proposed circuit has high-input
and low-output impedance terminals, hence it easy to drive
loads without using a buffering device. It can be applied in
various nonlinear analog signal processing circuits. The
performance of the proposed circuit is confirmed from

£

OF8-1-4244-4152-3/09/$25.00 <2009 1EEE

(U8

PSPICE simulation results. The application of proposed
rectifier to pseudo rms-to-dc conversion is also discussed.
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