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ABSTRACT

A new precision peak detector/full-wave rectifier of input sinusoidal signals, based on usage of dual-output current
conveyors, is presented in this paper. The circuit gives a DC output voltage that is the peak input voltage over a wide
frequency range, with a very low ripple voltage and low harmonic distortion. The proposed circuits use an all-pass filter
as a 90" phase shifter of the processed input signal. To verify the theoretical analysis, the circuit SPICE simulations re-
sults have also been included, showing good agreement with the theory. Inherently, the circuit is well suited for IC im-

plementation.
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1. Introduction

Precise full-wave rectification function is one of the im-
portant requirements in many applications, such as in-
strumentation and measurement [1,2]. It is generally used
in AC voltmeters and ampermeters, signal-polarity de-
tectors, averaging circuits, sample-and hold circuits, peak
value detectors, clipper circuits, and amplitude-modu-
lated signal detectors. In all of these applications, the use
of a diode to provide the rectification has the serious
drawback of having to overcome the threshold voltage of
the diodes. This problem prevents the rectification of
signals below a voltage of about 0.6 V. An operational
amplifier (OA) with its high open-loop gain can be used
to overcome the diode threshold voltage, thereby permit-
ting the rectification of low-level signals. This class of
circuit performs generally well at low frequencies but
produces moderate to severe waveform distortion at fre-
quencies above about 1 kHz [3]. This occurs due to the
fact that the diodes are OFF at the crossover point of the
input signal, causing the OA to operate in an open-loop
configuration. As the signal frequency increases, slew-
rate limiting increasingly prevents the OA from turning
ON the diodes rapidly and distortion results. It is possible
to overcome this problem by the use of a second-genera-
tion current conveyor. The current-mode (CM) circuits,
such as the second-generation current conveyors CClls,
have received considerable attention due to their better
linearity, wider bandwidth, larger dynamic range, and
low power dissipation compared with their voltage-mode
counter-parts, such as operational amplifiers (OAs) [3-5].
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The CCllIs, first introduced in [6], are functionally flexi-
ble and versatile. Thus, they have been used in a very
large number of different applications such as universal
filters, inductor simulators, capacitance multipliers, os-
cillators, full-wave rectifiers [7-11]. It is the use of CClIs,
due to high output impendence of the current conveyor,
that makes it possible to overcome the turn-on resistance
of the diode, permitting the rectification of low-level
signals (in most of the cases rectifier was based on usage
of diodes) and also responding to frequencies over 100
kHz. The paper [8,10] has extended the frequency range
by using voltage and current biasing schemes. While
these circuits produce lower distortion and have a wider
bandwidth than the OA-based class of circuits, the accu-
racy is inferior to that of the OA-based circuits. This oc-
curs because of the imprecision of the transfer function,
which involves the resistance at the inverting input of
each current conveyor. The use of the current conveyor
to improve performance of an OA-based circuit was dis-
cussed further in [12]. Full-wave rectifiers based on a
CMOS class AB amplifier and current rectifier operation
are described in [13,14]. This circuit offers a wide dy-
namic range and shows a broadband operation. CMOS
integrated active rectifier concept are an innovative ap-
proach for higher efficiencies [15]. These rectifiers pro-
vide output voltages nearly at the level of the input volt-
age combined with low power consumption, which has
also been achieved through the circuit design suggested
here.

The purpose of a sinusoidal peak detector is to gener-
ate a DC output voltage which is proportional to the peak
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value of the input sinusoidal signal. Due to the wave-
forms of a power system, voltage and current are sinu-
soidal. A typical technique to design a peak detector em-
ploys, along with filtering circuits, op-amps as the active
elements [3,16]. However, it may degrade the transient
response of the sinusoidal peak detector. Hence, the tran-
sient performance of equipment that uses the typical
technique can be improved by using the sinusoidal peak
detector with fast transient response [17]. Therefore, the
shortcomings are obviously a large configuration but a
small operating frequency range and, not less important,
a slow response due to the filtering. In this paper, new
development of an analogue peak detector is presented
with the goal to alleviate the above problems.

In terms of frequency range, the proposed circuit op-
eration covers a wide range of as many as five decades.
The proposed circuits compared with the realizations
known so far, in terms of ripple voltage and harmonic
distortion for the frequency range of 50 Hz '“MHz. In
addition, the circuit has few passive components. Based
on this, it can be concluded that the solution is a highly
suitable one for the IC implementation, especially given
the fact that the implementation is very straightforward
and easy to apply in a number of areas, such as the area
of power systems. Computer simulation results, using
SPICE program, are given to demonstrate the perform-
ance of the proposed peak detector/full-wave rectifier.

2. Proposed Rectification Circuits

The proposed circuit of peak detector is shown in Figure 1.
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The circuit consists of five diode-connected MOS tran-
sistors, phase shifter, together with two dual-output CCs
[18-20]. The NMOS transistors M;, M3 and M5 have a
threshold voltage V7, > 0. Similarly, the identical PMOS
transistors (M,, M,) have threshold voltage V7, < 0. The
Y ports of the CCs are biased at the threshold voltages of
the MOS transistors as Vg = —Vp, and Vg, = =V, (for
CCs are v, = v,). The bulks of all of the MOS transistors
are connected to their sources.

If v, (¢)>0, the current is conducted through the
NMOS transistor M; to the output. However, if
Vopu (£) <0, the PMOS transistors M, conducts the cur-
rent to the output. The M; and M, transistors have the
same conducting function, each in one of the semi-peri-
ods of the phase-shifted input signal. The phase shift of
the input signal is realized using an all-pass filter [21,22].
The phase of the input sinusoidal signal:

Vipu (£) =V, sin (2mft) (D

(where V,, is amplitude and f'is frequency) is shifted by
90° by adjusting the resistance (R) and capacitor (C) of
the RC network of the all-pass filter (using AD844) [23]
in which the amplitude of the 90° phase-shifted signal is
kept equal to the amplitude of the input sinusoidal signal.
The all-pass filter passes the input signal with unity gain
and without attenuation. The use of grounded capacitor is
preferred in the integrated circuit (IC) implementation
from the aspect of easy fabrication and absorbing para-
sitic capacitance points. To maintain the phase shift of
90° for different frequencies, R and C are adjusted by
using the following relation:
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Figure 1. The proposed circuit of peak detector.
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¢=-2tan"' (2nfRC) =90’ )
The output of the all-pass filter can be written as:
vinput (t)*: I/m COS(ZT[ﬁ) (3)

The current-voltage relationships of the used MOS
transistors (Figure 1) are given by:

I = %(Vm Y = %v (): for vy, (1) >0

I, = %v (1): for vy, (1) <0 .
I - %v (£)% for v (£)*> 0

I, = %v ()% for vy, (1) <0

where Ipy, Ipy, Ip; and Ip, represent the drain currents of
the M;, M,, M; and M, transistors, respectively. The pa-
rameters k, and k, are the transconductance parameters of
the NMOS and PMOS transistors, respectively. NMOS
and PMOS transistors conduct in opposite halves of the
voltage applied on their drains. For dual-output CC,
iy =i,,i_ =—i_. Depending on the detected sign of the
input signals (the control signals Sign and Sign 1), over
the comparators (circuits (2) and (5) in Figure 1), the
position of the switches SW1 and SW3 can be deter-
mined, and the corresponding threshold voltages is con-
nected to Y ports of the dual-output CCs. The corre-
sponding threshold voltage responds to the conducting
MOS transistor at this moment. Thus, the relations de-
fined by Equation (4) are satisfied. The control signals
Sign and Sign 1, obtained on the output of the compara-
tors, also define the position of the switches SW2 and
SW4, and bring the currents either from ports Z, or from
ports Z— of the dual-output CCs. Such control enables
currents input from the ports Z on the MOS transistor Ms
at the interval in which the input voltage signals is posi-
tive (voltages v, (¢) and v; (7)), i.e. from the port

1 input

Z— when the input voltage is negative. Assume that:
k=k, =k, %)

for My, M,, M;, My and M; transistors. For the proposed
circuit it follows that:
k k
I +1p, +1p+1p, :Eviiput (t)+EVi2nput (t)*
k k k ©)
=—Vsin’ (2nft)+ =V, cos’ (2nfi) ==V,
2 2 2
The above represents the total current in the V7, node.
This current will be equalised with the current of the Mj;
transistor. It follows that:

k k
IDSZEV»;:EVozm(t) @)

Copyright © 2013 SciRes.

From the above, it follows that:
I/out (t) = Vm (8)

Based on (8), it is obvious that the voltage value at the
output of the proposed circuit corresponds to the value of
the amplitude of the input sinusoid signal. In the pro-
posed circuit, rectification is not performed by diodes,
and therefore it has fewer ripples, compared with the
known diode rectifier circuits. It is also possible to per-
form low-voltage (below threshold level of the diode)
rectification using the proposed circuit.

In the above text (proposed circuit in Figure 1), the
proposed filter configuration is used primarily due to its
simplicity in realization, as well as to the purpose of
verifying the proposed concept of processing, with the
author being fully aware of all of its limitations. This,
most of all, refers to its limited capacities from the aspect
of adaptation to the possible change in frequency of the
input signal. It is for these reasons that in the continua-
tion of the text, the proposed circuit is a tuneable all-pass
filter, offering a practical solution to the problematic RC
control via the frequency of input signal, if the proposed
circuit is incorporated into a peak detector. The trans-
formation of the input signal (3) is possible to realize
using a VM first-order phase shifter with three resistors,
one grounded capacitor and two NMOS transistors, as
described in [24]. This phase shifter exhibits low sensi-
tivities and good tuneability by using externally control-
lable electronic resistor. As shown in [24] (relation (8)),
the non-inverting phase shifter of this kind makes it pos-
sible to effect the required phase shift of 90°—however,
it introduces a 1/3 attenuation of the processed input sig-
nal. In order to enable the following described processing,
the parameters k, and k, of the NMOS and PMOS tran-
sistors M3 and M, in the proposed circuit in Figure 1 must
be adjusted, so that the following condition is applied:

kzknl =kp2 =k)75 = )73/3=kp4/3 (9)

However, if the proposed circuit is implemented in the
form of an IC circuit, the realization of the phase shifter
makes use (this would be a much more favourable solu-
tion) of an all-pass filter (APF) implemented with a sec-
ond generation current-controlled conveyor (CCCII) [2]
and a single capacitor. The realization of the tunable
all-pass filter can also be based on one of the already
proposed solutions [25-27].

Error Analysis

The port relations of the CC can be represented in the
matrix form as follows:

v] [8 o o,
I,1=10 0 O0f/7, (10)
I, 0 xa 0O}V,
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where a and f represent the current and voltage transfer
gains of the CC, respectively. The value of the parame-
ters o and f is ideally equal to unity. The + and — signs of
o are used for CCII+ and CCII-, respectively. Port X of
the CC has a low impendence level, which is ideally zero,
whereas the Y and Z nodes show a high impendence le-
vel, which is ideally infinity. Taking into account the
non-ideal current gains of the CCs a4, ap, a3 and a4 (ignor-
ing the effects of voltage gains); the output voltage (Figure
1) is given by: (Please see the Equation (11) below).

If electronically tuneable CCs (ECClIIs) [28] are em-
ployed instead of CCs for the proposed circuit, the para-
meters a1, ay, az and a4 can be used as tools to change the
values of the input voltages or to compensate for the error
in their values. If (5) is not satisfied, the following inequa-
lity is obtained: (Please see the Equation (12) below).

It is observed in (12) that the square of the negative
cycles of input signal and 90° shifted input signal is mul-
tiplied by £, / k, instead of unity. Fortunately, using
ECCs, o, =a,k, [k, =a, =a,k, [k, =1 can be adjusted.
It is obvious that the Equation (8) is valid under the ideal
condition: ¥, =V,; —2tan”' (2n/RC)=m/2; a1 = 1; a
=Loos=1a =1 k/k=1; vy =0,i=[14],
where 4, the channel-length modulation parameter, mod-
els current dependence on drain voltage due to the Early
effect, or channel length modulation. In proposed circuits
Vpsi = Vs - The output voltage, v, (f) in non-ideal
condition becomes: (Please see the Equation (13) below).

A question is raised as of the nature of the output
voltage in the proposed detector in circumstances when
ideal conditions are not met, i.e. when the time constant
7=RC does not fully satisfy the relation 7= 1/ (27‘Ef ),
or if o#1; a,#1; a;#1; a,#1; kp/knil;
Avps 20, i=[1,4], i.e. it becomes important to deter-
mine the level of sensitivity to the changes in these pa-

rameters, within a range bordering with their nominal
values. The sensitivity to a change in a parameter will be
determined as the first derivative of the output voltage,
according to the given (analysed) parameter, Figure 2.
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Figure 2. Percentage divergence from the exact value of the
voltage at the output from the detector, occurring as a con-
sequence of the change in the value of the parameters of the
proposed circuit.

Vi (1) = (@2 (), + 02 (1) + 2 (1), 4720 (1))

Viou (£), fOr v (£)>0 Viu (£), O v (£) <0
Vinpm (t)Jr _ put ( ) put ( ) , Vinpm ([)7 _ P t( ) put ( ) (11)
0, otherwise 0, otherwise
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If the ideal conditions are not met, then:

e An alternate component (ripple) will occur, super-
posed to direct-current voltage at the output. The rip-
ple voltage is obtained from the output waveform of
the signal by using the following expression:

(14)

where V:ZLK/N, and V,,V,,---,V, are the output
voltages at sampling point i=1,2,---, N, respectively.
The divergence in the parameter from the nominal, ideal
value will cause a ripple in the output signal. The Fig-
ures 3 and 4 show the wave-forms of the ripple (two
periods), occurring as a result of the divergence of cer-
tain parameters by 1%. The frequency of the input signal
was assumed to be 50 Hz, determining the scale at the
x-axes of the graph (the form of the function is not de-
pendent on the frequency, under the assumptions made).
It is assumed that the amplitude of the input signal is 1 V,
which also defines the scale at the y-axes.

The dependency of the ripple voltage at the output
voltage in the proposed detector to the changes in pa-
rameter Av,g #0,i=[1,4], is similarly as for a (in

for ¥, =1%
fort=1%

for @, =1%
7T for k Jk, =1%

:

ripple voltage [mV]
1=
g

t[s]

L

Figure 3. The size of the ripple voltage at the output of the
proposed circuit, occurring as a consequence of the varia-
tion of the value of individual parameters in the circuit’s
elements.

Naflp

v 0.04
time [s]

Figure 4. Ripple caused by the 1% shift in all of the pa-
rameters (Vp, = 19 Mv; Vgys = 5.5 mV).

amplitude [v]

—0.005

-0.010
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same range and has same nature).

e The mean value of the voltage at the output of the
detector will no longer equal the amplitude V. The
mean value v, (7) will be taken as the result of
measuring performed in non-ideal conditions, and this
value will consequently be compared with the ampli-
tude of the input signal V. The relative error (per-
centage divergence) is defined as:

Yo )=V 1 00104] (15)
Vm

Table 1 shows the parameters that are supposed to
have the potential of varying around their nominal values:
the sensitivity of the result of measuring the amplitude of
the input voltage to a change in the circuit parameter; as
well as the size of the ripple, occurring as a consequence
of these variations. For example, if the parameter V
should for any reason be changed by 1% (so that its value
becomes ¥, =1.01V, ), the output value (the mean value
Vou (¢)) will be changed by 0.5% while also-when all the
stated parameters are shifted by +1%, an error of 1.6% is
obtained.

The situation, in which each parameter fluctuates ran-
domly, at a simultaneous and independent rate, has also
been analysed:

o Within the scope ranging from —3% to +3%, with an
equal distribution;

o With a Normal distribution (the expected value: 0%,
standard divergence: 1%)—this is within the approxi-
mate range of the previous even distribution.

The size of the error occurring due to the divergence
of the parameters in accordance with the assumed distri-
butions has also been calculated—Figures 5 and 6. For
an even distribution, a change in the parameters within
the range of —3% to +3% will result in an error that will
practically not exceed the value of +3%.

Table 1. The size of the error in determining the amplitude
of the input voltage, which occurs as a consequence of the
non-ideal nature of the components applied in the circuit
proposed in Figure 1.

Parameter Sensitivity Ripple

Vep [MV] Virms [mV]

v, 0.5 10 3.5

Function defined in Figure 2(a). 10 3.5

o 0.25 5 1.8

o 0 5 1.8

03 0.125 5 1.8

04 0.125 5 1.8

k=k,[k, 0.125 5 2.2

A1vpsi 0.25 5 1.8

Aa2Vps2 0 5 1.8

A3Vps3 0.125 5 1.8

A4Vpsa 0.125 5 1.8
JSIP
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Figure 5. The distribution of errors, for the even distribu-
tion of the divergence in the value of the parameters, from
their nominal values.
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Figure 6. The distribution of errors, for the normal distri-
bution of the divergence in the value of the parameters,
from their nominal values.

In the Normal distribution (N(0, 1)), the practical error
does not exceed the value of +2%. The results obtained
by simulations and experimental checks have fully con-
firmed these assumptions.

3. Simulation and Experimental Results

The proposed circuit is simulated using the SPICE pro-
gram. The MOS transistors in Figure 1 are simulated
based on the 0.35-um Taiwan Semiconductor Manufac-
turing Company, Limited (TSMC) CMOS technology,
with £1.5 V dc power supply voltages. AD844-type dual-
output CCs with £15 V dc power supply voltages are
used for the circuit implementation [29]. In addition, Vp,
= —0.544 V and Vp, = 0.714 V are chosen (these values
are specified for the threshold voltages of the chosen
MOS transistors). The simulation was conducted using
0.35-pum transistors in order to show that the proposed
solution would work for fully integrated systems. This
approach was used in publicised papers dealing with the
same recent issues [11,14]. The simulation was also per-
formed using CD4007 NMOS and PMOS transistors, in

Copyright © 2013 SciRes.

order to allow comparison between the simulation and
the experimental results.

Figure 7 shows the waveform of the proposed circuit
for input signals of amplitude 1 V and frequency 50 Hz,
and amplitude 100 mV and frequency 100 kHz. As can
be seen in Figure 7, it is clear that the theoretical princi-
ple sustained the operation in both very low (for applica-
tions in power systems) and high frequencies, thus con-
firming that the proposed method is insensitive to the
frequency variation.

From Figures 7(a) and (b) we can conclude that the
signal at the output of the proposed circuit contains less
ripple voltage in comparison with wave form of the pre-
viously reported circuits [13,21,22,30], especially at a
higher frequency range. This improvement is due to the
absence of peak-value-to-minimum-value variation tak-
ing place twice in the output waveform for one cycle, in
which one diode conducts for one half cycle and other
diode conducts for the other half cycle. The proposed
solution also enables performing low-voltage rectifica-
tion (below threshold level of the diode).

The DC characteristics of the proposed circuit for a
lower frequency of 50 Hz and a high frequency of 100
kHz are shown on Figure 8. It was taken R = 1.59 MQ
and C = 0.002 uF at =50 Hz, and R = 796 Q and C =
0.002 uF at f'= 100 kHz to maintain a 90° phase shift of
the all-pass filter [21,22]. Based on Figure 8, it can be
concluded that the proposed circuit retains a linear char-
acter in a wide frequency range, much better that circuits
reported in [13,15,31].

3.1. Ripple Voltage

For better performance of a rectifier, the value of the
ripple should be very low [21,22]. Based on the obtained
results, Figure 9, the ripple voltage of the proposed cir-
cuit is much lower than in previously reported circuits of
rectifiers [13,22,23,30,32]. For the proposed circuit, with
an input signal of 100 mV, it was obtained a low ripple
voltage of 0.45 mV at 50 Hz and 0.81 mV at 1 MHz.
With an input voltage of 1 V amplitude, the ripple volt-
ages are obtained as 1.6 mV at 50 Hz and 4.6 mV at 1
MHz.

3.2. Harmonic Distortion

A further indication of the performance of each of the
full-wave rectifiers can be gleaned by examining the dis-
tortion already present in a full-wave rectified signal.
When a sinusoidal signal of frequency f is applied to a
full-wave rectifier, the steady-state response at the output
ideally consists of harmonic components at 2f, 4f, 6f, etc.
The harmonics in the signal causes the distortion in the
output of the circuit. Because of its periodic nature, these
harmonic components can be analyzed by the Fourier
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Figure 7. The rectified output waveforms of the proposed circuit (a) for input amplitude voltage of 100 mV at 100 kHz; (b)
for input amplitude voltage of 1 V at 50 Hz.
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Figure 9. Ripple voltage versus frequency curve for the proposed circuit.

series. The magnitude of each harmonic of a waveform
as shown in Figure 10 is obtained with fast Fourier
transform using PSPICE.

The total harmonic distortion, or THD, of a signal is a
measurement of the harmonic distortion present and is
defined as the ratio of the sum of the powers of all har-
monic components to the power of the fundamental fre-
quency:

THD[dB] =20log(Vyp ): Vi = (16)

where V| is fundamental frequency voltage content, V, is
n™ harmonic voltage content, and n=2,3,4,---, etc. In
the case of a full-wave rectifier, the steady-state response
at the output consists of even harmonics.

Figure 10 shows the total harmonic distortion of the
output voltage of the proposed circuit, Figure 1. The
THD of the proposed circuit is —16.5 dB at 50 Hz and
—21 dB at 1 MHz with an input signal of 1 V. The THD is
much lower than in [21,22,32] (the THD of previously
reported circuit slowly increases with frequency), be-
cause for higher frequency ranges, the switching ON and
OFF of diodes becomes sluggish due to its higher im-
pendence and more distortions.

Copyright © 2013 SciRes.
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Figure 10. Total harmonic distortion (THD) versus fre-
quency at input amplitude voltage of 1 V.

3.3. Experimental Results

The experimental test for the peak detector (full-wave
rectifier) in Figure 1 is performed by using CD 4007
MOS array transistors and ADS844s integrated circuit
(Analog Devices) as CCs. The dc power supply for
AD844s is chosen to be £15 V, the biasing voltage V3 is
selected to be equal to —1.77 V (negative of the threshold
voltage of the employed NMOS transistors). The input
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sinusoidal voltage with a 1 V peak at 10 kHz is applied
to the rectifier. Figure 11(a) represents the signal of 90°
phase shift with the input signal. Figure 11(b) shows the
rectified output waveform of voltage ~0.98 V. The ex-
perimental value of the ripple voltage is obtained as ~8
mV by using (13) from the Figure 11(b). The difference
between the experimental and theoretical values of rip-
ples shown in Figure 9 may be due to deviation of the
design parameters such as the R, C, and input impend-
ence of the ICs used in the circuit from its experimental
values.

In the conducted experimental procedure, the diodes
being able to have the bulks tied separately. If the pro-
posed circuit is incorporated in a technical device, an
occurrence of considerably bulk current resulting from
hot carrier effects could be expected (the generated ma-
jority carriers create a bulk current). Since most of the
current generated in this way has a direct impact on the
lifetime of MOS transistors, it is a major concern to keep
the bulk current as low as possible. Bulk currents are
comparatively unimportant as long as the parasitic series
resistance of the bulk does not establish a drastically in-
creased bulk potential which can lead to threshold volt-
age reduction or even more serious effects like snap-back
or latch-up. It is however possible to reduce this current.
The paper [33] describes a number of circuit optimiza-
tion techniques for controlling the standby leakage cur-
rent, including power gating and body bias control. The
paper presents techniques for active leakage control, in-
cluding use of multiple-threshold cells, long channel de-
vices, input vector design, transistor stacking to switch-
ing noise, and sizing with simultaneous threshold and
supply voltage assignment. A high efficient latch-up cur-
rent self-stop methodology and circuit for whole-chip
latch-up prevention have been proposed in [34]. By im-
plementing this simple circuit with only a small area,
bulk CMOS IC products can be designated free to latch-
up damage.

(b)

Figure 11. Experimental results for the full-wave rectifier in
Figure 1 for a 1 V peak input voltage (vertical scale: 0.75
V/division; horizontal scale: 42 ps/division). (a) 90° phase
shifted signal with input signal; (b) Rectified output signal.

Copyright © 2013 SciRes.

4. Conclusion

In this paper, a new precision peak detector (full-wave
rectifier) of input sinusoidal signals, which employs two
dual-output CCs and five MOSFETs using an all-pass
filter as a 90° phase shifter, is presented. The technique
offers several advantages which support the IC imple-
mentation. All these elements will lead to reduced costs
of the suggested solution. The circuit provides linear
variation of the dc output voltage with the input voltage,
with the output voltage amplitude being almost the same
as the peak input voltage over a frequency range of 50
Hz to 1 MHz. The simulation results confirm the theory
well. The ripple and THD of the output voltage of the
proposed circuit is much lower than in previously real-
ized rectifiers. The proposed circuit has high precision,
wide bandwidth, and high accuracy.
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