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Abstract—This paper deals with the design of a fast voltage-
mode full-wave rectifier, where universal voltage conveyor and
second-generation current conveyor are used as active elements.
Thanks to the active elements, in theory the input and output
impedance of the non-linear circuit is infinitely high respectively
zero. For the rectification only two diodes and three resistors are
required as passive elements. The performance of the circuit
is shown on experimental measurement results showing the
dynamic range, time response, frequency dependent DC transient
value and RMS error for different values of input voltage
amplitudes.

Keywords—Universal voltage conveyor, current conveyor, fast
full-wave rectifier.

I. INTRODUCTION

In instrumentation and measurement, precision rectifiers
serve as very important blocks. They are used in applications
such as ac voltmeters and ammeters, signal-polarity detectors,
averaging circuits, peak-value detector rectification function is
of great importance [1]. The threshold voltage of the diodes
does not enable to use simple rectifiers if low-voltage signals
are to be analyzed. Therefore precision rectifiers employing
active elements have to be used.

As the nowadays systems operate at higher frequency
bands, also the single functional blocks, analog or digital,
have to be able to process the higher frequency signals.
In area of precision full-wave rectifiers, the solutions using
standard operational amplifiers are probably the most known
[2]. However, such structures are able to operate well only at
frequencies much bellow the transient frequency of the active
element, mainly because of the finite slew-rate [3[], [4]. To
design non-linear structures, i.e. also rectifiers, operating at
higher frequencies it is suitable to drive the diodes by current,
which actually means to connect them to high-impedance
current outputs of an active element. For this purpose, the
second generation current conveyor (CCII) is used in the full-
wave rectifier discussed in [3)]. The same structure from [5]]
using two active elements and four diodes is also analyzed
in [6]]-[8]. As two diodes are grounded, the voltage- [Sl], [8]]
or current- [7l], [8]] biasing scheme can be used to further
extend the operational region. Another precision full-wave
rectifier based on operational amplifier structure is given in
[9, where the original operational amplifier is replaced by the
operational conveyor and latter by second generation current
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conveyor [4]. Once the diodes in the structure are replaced
by NMOS transistors the MOS only rectifiers using CCII and
dual-X current conveyors were presented in [10] and [11],
respectively.

The operational transconductance amplifiers (OTA) feature
with the high-impedance current output and hence are also
suitable for the design of fast non-linear circuits [12]. In
[L3] or [14] transistors operating as switches are connected
to the output of the OTA subsequently providing full-wave
rectification. Operating the OTAs in weak inversion region the
transconductance of the active element is controlled by the
current derived from the input signal to be rectified. Such idea
is presented in [[15] and [16].

In this paper we present a new circuit solution of a voltage-
mode full-wave rectifier using one universal voltage conveyor
and one second generation current conveyor as active elements.
The only two diodes used in the structure are suitably driven by
current to enable the high-frequency signal processing. Thanks
to the active elements used, the input impedance of the non-
linear circuit is infinitely high in theory. The rectifier provides
both inverting and non-inverting voltage responses that are
taken at the output of voltage buffers having zero impedance in
theory. Therefore, the structure is very suitable to be connected
into the signal path without any additional circuitry. To show
and make it possible to compare the performance of the new
rectifier, the frequency dependent RMS error and DC transient
value for different amplitudes of the input signal are evaluated.
Measurement results of the DC and transient analyses are
also given that show the feasibility to rectify the signals of
frequency 2MHz and beyond.

II. CURRENT AND VOLTAGE CONVEYOR

The current conveyors have been presented in 1968 for the
very first time [[17]], however, they did not found any significant
usage as the operational amplifiers were more attractive at
that time. Current conveyors received considerable attention
after the second (CCII) [18] and later third (CCIII) [19]
generation current conveyors were designed. These elements
are now advantageously used in applications, where the wide
bandwidth or current output response is necessary. Mainly
the CCII is used as basic active element from which other
types of active elements can be derived, such as the current
controlled CC (CCCII) [20]], differential voltage CC (DVCC)
[21], or electronically tunable CC (ECCII) [22]. The behavior
of a three-terminal positive CCII (Fig. [I[a)) is described by
following equations:
iz = 1X. ey

vx = vy, ity =0,
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Fig. 1. Circuit symbol of (a) the three-terminal CCII, (b) the universal voltage
conveyor UVC
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Fig. 2. Proposed fast full-wave rectifier

Another flexible building block for active circuit synthesis
is the voltage conveyor (VC) that has been presented in [23].
Based on the duality principle to current conveyors, also
first-, second-, and third-generation voltage conveyors can be
described [24]. The current differencing buffered amplifier
(CDBA) [23]] can be identified as the differential current
voltage conveyor (DCVC+) [26]. In [27], [28] the universal
voltage conveyor (UVC) has been described (Fig. b)). It is
a 6-port active element that has one voltage input X, two
current differencing inputs YP and YN, and two mutually
inverse voltage outputs ZP and ZN. Connecting the auxiliary
voltage input W either to ZP, common node (ground), or ZN
the three generations of voltage conveyors can be designed
[28]. The relation between the terminal currents and voltages
is described by following set of equations:

1X = 1yp — iyN, UYyp = UyN = Uw, (@)

vzp = UX, UzN = —UX. 3)

III. PROPOSED FULL-WAVE RECTIFIER

As already given in the text above, the terminal W of the
universal voltage conveyor is used to determine the generation
of the voltage conveyor. However, it can be also used as
an independent voltage input of a functional block featuring
with infinitely high input impedance in theory. This fact is
with advantage used for the design of the precision full-wave
rectifier shown in Fig. 2]

For positive input voltage vin the diode Dy is open and
the current ¢ through D, is therefore zero. Hence, the current
flowing through the resistor Rj is equal to the difference of i,

and ¢; currents. The output voltages of this functional block
can subsequently be derived as:

1 1
— — — | Rsun, >0. 4
o R1> 3VIN, VIN 4)

If the input voltage is negative, the diode D; is open, the
current ¢ equals to the current flowing through the resistor Ry
and the output voltage can be determined as follows:

R
v = —VoUuT- = ——VIN,
OUT+ OUT RN

Comparing @) and (@), if the circuit from Fig. 2] should re-
ally perform the operation of full-wave rectification, following
condition needs to be fulfilled:

VouT+ = —UOUT- = (

viN < 0. 5)

1 1 1
= (6)
Ry, R R
which for the values of the resistors Ry and R, means:
Ry = 2R,. The required voltage gain can be then adjusted

by the ratio of the resistors R3 and R;.

IV. EVALUATED PARAMETERS DESCRIPTION

Except the common measurements as are the DC transfer
showing proper operation area of the functional block and
time responses of the output signal, to compare current circuit
solution to other rectifiers, it is suitable to also evaluate the
frequency dependent DC value transfer ppc and RMS error

prMs [29]:

Jyr(t)dt
T
PDC = m , (7
T
[ yr(t) =y () dt
PRMS = T (8)

Jyip(t)dt 7
T

where the yr(¢) and yip(t) represent the actual and ideally
rectified signal and 7' is the period of the rectified signal.
The ideal behavior of the rectifier is characterized by the
values ppc = 1 and prms = 0. Increasing the frequency
and decreasing the magnitude of the input signal, compared to
ideally rectified signal deviations of the actual output voltage
vour(t) occur and ppc decreases below one and prus
increases.

Another possibility, how to evaluate proper behavior of the
rectifier is to analyze the harmonic components of the output
signal [4]. When a sinusoidal signal of frequency w is applied
to full-wave rectifier, the steady-state response at the output
ideally consists of even harmonic components at frequencies of
2w, 4w, 6w, etc., the odd harmonic components are zero. Using
the Fourier series analysis the coefficients, i.e. the magnitudes
of harmonic components of the output signal can be found as:

4VvINma,x 1

T 4n2-1’
where Vinmax 1S the amplitude of the input signal to be
rectified, and n = 1,2,3, ... defines the the 2n-th harmonic
component of the output signal.

Vaan) = ©)



\\\ 02 ,'/
09 \\\ ", T
\\ I’
0.8 \\ 0.1 ’,’ i
AN R /
0.7+ \\\ \\ P I/' -
\\\ 0 '\ 7 III
— 06 s 02 -01 0 01 02/ 1
Z \\ /’
5 0.5 % 7 _
o NS /I
> o4l v, |
} \\ '/l
031 }‘ \ 4
0.2r :‘ ¥
0.1H Measured -
----- Ideal
0 r
-1 -0.5 0 0.5 1
Vin M
Fig. 3. DC transfer of the proposed full-wave rectifier
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and frequencies 10 kHz, 50 kHz, 100 kHz, 500 kHz, and 1 MHz

V. MEASUREMENT RESULTS

The proposed fast full-wave rectifier has been further an-
alyzed by experimental measurements. As active elements
the universal current conveyor UCC-N1B [30] and universal
voltage conveyor UVC-N1C have been used. The values
of the resistors are Ry = R3 = 1 k), Ry = 500 (2, and the
diodes are all-purpose 1N4148 [32].

The measured DC transfer characteristic is shown in Fig. [§|
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Fig. 6. The RMS error for different input signal magnitudes

In practice, the active elements use +1.65 V supply voltage.
From the parameters in [30] and [31]], linear behavior of the
UCC and UVC is defined for terminal voltages and currents
up to 0.7 V and £0.7 pA . Therefore, to prevent the active
elements to operate in their saturation region, the processed
input signals should be of maximal magnitude 300 mV. The
transient responses of the rectifier for input signal magni-
tudes Vinmax = {30;100; 300} mV and frequencies 10 kHz,
50 kHz, 100 kHz, 500 kHz and 1 MHz are shown in Fig. E
From the measurement results it can be seen that for input
signal frequencies from 10 kHz to 100 kHz there are no or
minor distortions of the output signal. First for the frequency
500 kHz more visible deviations in zero-cross area can be
observed. Anyway, even if the transient responses do not fully
agree to the ideally rectified signal, the deviations are not that
significant as we are mainly interested in the DC component
of the output signal.

Using (7) and (8), from transient measurements the fre-
quency dependent DC value transfer ppc and RMS error prvs
for input signal magnitudes 30 mV, 100 mV, and 300 mV were
evaluated and are shown in Fig. [5|and Fig.[6] respectively. As it
can be seen from the graphs, at low frequencies the higher the
magnitude of the input signal the closer are the values of ppc
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Fig. 7.  Variation of the fundamental component magnitude of the output

signal for different input signal magnitudes
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Fig. 8. Variation of the second-harmonic (2w) component magnitude of the
output signal for different input signal magnitudes

and prys parameters to the ideal ones. Once the frequency
increases the ppc drops below unity and for the magnitude
of 300 mV the rectifier can be used to process signals up to
2 MHz (ppc-34B)-

The harmonic components of the output signal have also
been analyzed. According to the theory, the odd harmonic
components of the fundamental frequency w are zero, i.e.
—oodB. However, based on the measurements, it is in the
range of -40 dB at low frequencies, see Fig. []1 As the
frequency of the input signal increases, also the magnitude
of fundamental component at the output increases. The drop
of magnitude at frequencies higher than 5 MHz is caused by
the active elements, as they start to attenuate the input signal.
The magnitude of second-harmonic component is shown in
Fig. [B] As it could be expected from (9), the magnitude of
the second-harmonic component is close to -7.44 dB for all
magnitudes of the input signal. Increasing the frequency, the
magnitude drops down as the circuit looses its feature to rectify
the signal.

VI. CONCLUSION

In this paper a new realization of the voltage-mode full-
wave rectifier has been presented. The structure uses one
universal voltage conveyor and one second-generation current
conveyor (CCII). The two diodes are directly connected and
driven by the current terminal of the CCII, which enables
high frequency operation of the functional block. The behavior
of the proposed rectifier has been verified by experimental
measurements, where except of the DC transfer and time
responses, the frequency dependent DC value transfer ppc
and RMS error prys have also been evaluated.

REFERENCES

[1] C. Toumazou, F. J. Lidgey, and D. G. Haigh, “Analogue IC design: The
current-mode approach,” London: Peter Peregrinus Ltd., 1990.

[2] U. Tietze, Ch. Schenk, and E. Gramm, “Electronic Circuits-Handbook
for Design and Application”, Springer, 2008.

[3] C. Toumazou and F. J. Lidgey, “Fast current-mode precision rectifier”,
Electron. Wireless World, 1987, vol. 93, no. 1621, pp. 1115-1118.

[4] S.J. G. Gift and B. Maundy, “Versatile precision full-wave rectifiers for
instrumentation and measurements”, IEEE Trans Instrum. Meas., 2007,
vol. 56, no. 5, pp. 1703-1710.

[5] C. Toumazou, F. J. Lidgey, and S. Chattong, “High frequency current
conveyor precision full-wave rectifier”, Electronics Letters, 1994, vol.
30, no. 10, pp. 745-746.

[6] A. A. Khan, M. A. El-Ela, and M. A. Al-Turaigi, “Current-mode
precision rectification”, Int. J. Electron., 1995, vol. 79, no. 6, pp. 853-
859.

[71 B. Wilson and V. Mannama, “Current-mode rectifier with improved
precision”, Electronics Letters, 1995, vol. 31, no. 4, pp. 247-248.

[8] D. Stiurica, “Truly temperature independent current conveyor precision
rectifier”, Electronics Letters, 1995, vol. 31, no. 16, pp. 1302-1303.

[9] S.J. G. Gift, “A high-performance full-wave rectifier circuit”, Int. J.
Electron., 2000, vol. 87, no. 8, pp. 925-930.

[10] E. Yuce, S. Minaei, and O. Cicekoglu, “Full-wave rectifier realization

using only two CCII+s and NMOS transistors”, Int. J. Electron., 2000,

vol. 93, no. 8, pp. 533-541.

S. Minaei and E. Yuce, “A new full-wave rectifier circuit employing

single dual-X current conveyor”, Int. J. Electron., 2008, vol. 95, no. 8,

pp. 777-784.

[12] K. Montree, “High frequency and high precision CMOS full-wave

rectifier”, in Proc. IEEE Int. Conf. Communication Systems, 2010, pp.

5-8.

S. Maheshawari, “Current controlled precision rectifier circuits”, J.

Circuits, Systems, and Computers, 2007, vol. 16, no. 1, pp. 129-138.

[14] N. Minhaj, “OTA-based non-inverting and inverting precision fullwave
rectifier circuits without diodes”, Int. J. Recent Trends in Engineering,
2009, vol. 1, no. 3, pp. 72-75.

[15] C. Jongkunstidchai, C. Fongsamut, K. Kumwachara, and W. Surakam-
pontorn, “Full-wave rectifiers based on operational transconductance
amplifiers”, Int. J. Electron. Commun., 2007, vol. 61, pp. 195-201.

[16] C. Chanapromma and K. Daoden, “A CMOS fully differential opera-
tional transconductance amplifier operating in sub-threshold region and
its application”, in Proc. IEEE 2nd Int. Conf. Signal Proc. Systems -
ICSPS 2010, 2010, pp. V2-73-V2-77.

[17] K. C. Smith and A. Sedra, “The current conveyor: a new circuit building
block”, IEEE Proc., vol. 56, pp. 1368-1369, 1968.

[18] A. Sedra adnd K.C. Smith, “A second-generation current conveyor and
its application”, IEEE Trans. Circ. Th., vol. 17, pp. 132-134, 1970.

[19] A. Fabre, “Third-generation current conveyor: a new helpful active
element”, Electronics Letters, vol. 31, no. 5, pp. 338-339, 1995.

[20] A. Fabre, O. Saaid, F. Wiest, and C. Baucheron, “High frequency
applications based on a new current controlled conveyor”, IEEE Trans.
Circuits Syst.-I, vol. 43, no. 2, pp. 82-90, 1996.

[21] H. O. Elwan and A. M. Soliman, “Novel CMOS differential voltage
current conveyor and its applications”, IEE Proc. Circuits, Devices,
Systems, vol. 144, no. 3, pp. 195-200, 1997.

[22] W. Surakampontorn and K. Kumwachara, “CMOS-based electronically
tunable current conveyor”, Electronics Letters, vol. 28, no. 14, pp. 1316-
1317, 1992.

[23] I. M. Filanovsky and K. A. Stromsmoe, “Current-voltage conveyor”,
Electronics Letters, vol. 17, no. 3, pp. 129-130, 1981.

(11]

[13]



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

T. Dostal and J. Pospisil, “Hybrid models of 3-port immittance conver-
tors and current and voltage conveyors”, Electronics Letters, vol. 18, no.
20, pp. 887-888, 1982.

C. Acar and S. Ozoguz, “A new versatile building block: current
differencing buffered amplifier suitable for analog signal processing
filters”, Microelectronics Journal, vol. 30, no. 2, pp. 157-160, 1999.
K. Salama and A. Soliman, “Novel MOS-C quadrature oscillator using
the differential current voltage conveyor”, in Proc. 42nd Midwest Sym-
posium on Circuits and Systems - MWSCAS 99, Las Cruces, USA, pp.
279-282, 1999.

J. Koton, K. Vrba, and N. Herencsar,“Tuneable filter using voltage
conveyors and current active elements”, Int. J. Electron., vol. 96, no.
8, pp. 787-794, 2009.

J. Koton, N. Herencsar, and K. Vrba, “KHN-equivalent voltage-mode
filters using universal voltage conveyors”, Int. J. Electron. Commun.,
vol. 65, no. 2, pp. 154-160, 2011, doi:10.1016/j.aeue.2010.02.005.

D. Biolek, V. Biolkova, and Z. Kolka, AC analysis of operational recti-
fiers via conventional circuit simulators, in Proc. WSEAS Transactions
on Circuits and Systems, vol. 3, no. 10, pp. 2291- 2295, 2004.
Datasheet UCC-N1B: Universal Current Conveyor (UCC) and Second-
Generation Current Conveyor (CCII+/-), Rev.0, 2010, available online:
http://www.utko.feec.vutbr.cz/koton/soubory/ucc_n1b_rev0.pdf.

Datasheet UVC-N1C 0520: Universal Volt-
age Conveyor, Rev.0, 2010, available online:
http://www.utko.feec.vutbr.cz/herencsar/UVC_N1C_0520.pdf.

Datasheet High-speed diodes 1N4148; 1N4448,
NXP Semiconductors, Aug. 2004, avaialble online:

www.nxp.com/documents/data_sheet/IN4148_1N4448.pdf

Josef Burian received the B.Sc. degree in electrical engineering from the
Brno University of Technology, Czech Republic, in 2011. Currently, he is
finishing his master studies in electrical engineering at the Brno University
of Technology, Czech Republic. His research is focused on measurement,
analysis and design of linear and non-linear functional blocks.

Jaroslav Koton received the M.Sc. an Ph.D. degree in electrical engineering
from the Brno University of Technology, Czech Republic, in 2006 and 2009,
respectively. He is currently an Assistant Professor at the Department of
Telecommunications of the Faculty of Electrical Engineering and Communi-
cation of Brno University of Technology, Czech Republic. His current research
is focused on linear and non-linear circuit designing methods with current or
voltage conveyors, and current active elements. He is an author or co-author
of about 85 research articles published in international journals or conference
proceedings. Dr. Koton is a Member of IEEE and IACSIT.

Norbert Herencsar received the M.Sc. and Ph.D. degrees in Electronics
& Communication and Teleinformatics from Brno University of Technology
(BUT), Brno, Czech Republic, in 2006 and 2010, respectively. Currently, he
is an Assistant Professor at the Dept. of Telecommunications, BUT. From
September 2009 through February 2010 he was an Erasmus Exchange Student
with the Dept. of Electrical and Electronic Engineering, Bogazici University,
Istanbul, Turkey. His research interests include analog filters, current-mode
circuits, tunable frequency filter design methods, and oscillators. He is an
author or co-author of about 75 research articles published in international

journals or conference proceedings. Dr. Herencsar is a Member of IEEE,

ACEEE, TAENG, and Senior Member of TACSIT.



	Introduction
	Current and Voltage Conveyor
	Proposed Full-wave Rectifier
	Evaluated parameters description
	Measurement Results
	Conclusion
	References
	Biographies
	Josef Burian
	Jaroslav Koton
	Norbert Herencsar


