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ABSTRACT

This thesis describes three new CCll-based precision rectifier circuits. Each proposed circuit
consists of voltage-to-current converter, precision current-mode rectifier and current-to-voltage
converter. An input-voltage signal is converted into a current signal by using a current conveyor
and a MOS resistor. The current signal is rectified using current-mode precision rectifier cells and
then converted into output voltages by using MOS resistors, Two first proposed circuits are a dual
output half-wave rtectifier and- a “dual <output full-wave reetifier which consists of current
conveyor, current mirrors, class-AB current-mode precision rectifier and MOS resistors. The third
proposed circuit 15 a full-wave rectifier which consists of current conveyor, junction diodes and
MOS resistors.” The proposed: configurations are.~ very suitable for sintegrated circuit
implementation CMOS technology. The cireuit exhibits a very versatility. and high operating

frequency. The simulation results demonstrate the performance of the proposed eircuits.
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A CMOS Median Filter Circuit Design

Chartchai Noisuwan* Jintana Nakasuwan* Boonying Knobnob** Sorawat Chivapreecha**
and Kobchai Dejhan**
*Electronics and Telecommunication Engineering Department, Faculty of Engineering; Rajamangala University of
Technology Thunyaburi, Klong 6 Thunyaburi, Phatumtani Thailand 12110
“Faculty of Engineering and Research Center for Communication and Information Technology
King Mongkut’s Institute of Technology Ladkraban , Bangkok 10520, Thailand
Tel: 66-2326-4238, 66-2326-4242, Fax:66-2326-4554,
Email: {sorawat kobchai H@telecomkmitl.ac.th

Abstract— This paper proposes a median filter- circuit 1
design, which the operations areineirrent mode and based on Iw Zf,
CMOS technology. Its structure consists of three main parts, 3
the first part is current average circuit, second part is current
absolute value cireuit, and third part is current minimum The relation of cument can be derived using the
circuit. The results of this-circuit-can beé shown using the distance of them as follows

PSpice simulation program to demonstrate tlie performances

of this eircuit.

@

L INTRODUCTION if‘,., = ![2)l < ’1,., N f(l},
Median filter-is a nonlinear cireuit used for signal j‘r B I(v)lglf _I(a)l (3)

processing both of image and sound processing as proposed

in [1-4], but the-detail that proposed are based on trans- . )
linear cireuit of bipolar transistor, op-amp and CMOS, The The minimum current can be obtained by 2 cases of
operations are aliogether complexity wiiich cannot response ) /yuddian. current with respest to an average cumrent as
to cprocess of data with complexity, high accuracy follows:

requirement {1-4] and use many of CMOS transistors 1]

Therefore, this' paper proposes a design of -median L .
filter using CMOS. The operations of proposed cirsii( ars o ,mm}]“ "I(f)'ﬁ fwf $ Loy 21y “)
quite simply. structure with a high efficiency, which is L)L = NP L
suitable for further yarious applications, iRl [')’ o B

LI PRINCIPLE OF CIRCUIT QPERATIONS The current average circuit [4] is shown in Fig. 1.
Vop

The ‘proposed ~CMOS  median  filter operates in ,ff—,‘—[ v.1 5, R R 9
current-mode. The completed circuit-consists of 3 main : I L’ﬁ L"{ {"'I {’J —
building blocks, current average circuit current-absolufe
value cireuit, and current. minimum Gircuit. The circuit’s Al (Y / Lt
description can be described below. y o™

Fig. 1 Gurrent Average Circuit
A Current Average Cireuil
! B. Current Absolute Value Circuir
I wmi?g?ﬁﬂ;ﬁeigsfagfm?gﬁ;&éﬁ:ﬁ? The current absolute value circuit can use current
The absolute valug of them can be expressed as GrPERIQNCLILOYE, a5 shivm in Fig. 2.[5]
Db
Absolute
[FU' < ,{2) < .IE) (1) value
__“'r_ﬂ‘.‘:!'
Where: fm is an absolute minimum current :
1, is an absolute median current :
T
Iy, is an absolute maximum current '
!1&
Fromeq. (1), the average current is ———————— =T
Fig. 2 Current Absolute Value Circuit
———D-TROB-9740-XAO5/$20,00-©2006 JEEE - e e e s e e o e ISCIT 2006

Authorized licensed use limited lo: King Mongkuts Institute of Technology Ladkrabang. Downloaded on March 24,2010 at 04:25:28 EDT from IEEE. Xplore. Restrictions apply.
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1080
From Fig. 2, can give some relationship as follows, The circuit operations can be described as follows,
s, il - when /;, Slp,Ipy <1, and L5y 21, the outputs
o A voltage of absolute value circuit are equalto V, =V,
C. Current Minimum Circuir - V=V, and Va=VFg, Tespectively, Thus,

The current minimum circuit uses current mirror transistor Mg, is tumed off while Mg is tumed on which
circuit and De Morgan’s theorem for circuit operations as in this case the minimum current is resulting in
shown in Fig. 3 which is based on maximum current circuit : e
o 8 LT, =13y | The output current of median circuit
is given by eq. (7).

- Joun =,](2) =1, +1,,J =l 7

oy WhennJy <,/ 21, and Ty 21, the outputs
| vollage of absolute value circnit are equaled to

Vo =Fpp.¥,, =V and\ . . =V, respectively, Thus,
Fig. 3-Curent Minimum Circuit transistor Mg, is turned on while Mg is tumed off which
in this case the minimum current is resulting in

The minimum current is given by
] L nj=]f -—Im] =lg=1,, The output current of median
Lo = 1000 (£, Loy ) = max Vo S5 ) (6) cireuit is givenby eq. (8)
where [(M) =]1f2} 82 ﬂv, = [(2) ®)
!a:' is [b ] ]of
s : From eq. (7) and (8) can be given the median current
1, is constant biased ciument whicl is the output ciment of (he propased median circuit
and can be seen-that it is corresponding to the condition of
1L THE CIRCUIT OPERATIONS I, ineq. (1)

The CMOS median filter is shown in T 1g. 4 that consists
of 3% majority circuits as current average circuit, current
absohute value circuit and current minimum circuit,

ey TR T [ Mg
T 5

Fig. 4 The proposed CMOS median filter

Authofized hcensed use limited 1o King Mongkuts Institule of Technology Ladkrabang. Downloaded on March 24,2010 at 04:25:26 EDT from IEEE Xplore. Restrictions apply.



IV. SIMULATION RESULTS

The CMOS median filter in this paper has been
simulated by Pspice program based on 0.8um CMOS
technology. The power supplies and biased curents are
used Vi = L5V, Vv = SISV =25 4,
respectively. For the aspect ratio W/L, are shown in
Table 1.

Table 1. The aspect ratio of transistors

M, Moo My My M,
M, Mg, My and M,

The proposed circuit is able current input-is applied
as fyand [, are used for minimum and maximum
Current reference, respectively. The dc characteristic of

Proposed circuit is described in Fig. 5. Fig. 68 are
shown the output signal in various current references.

The 100 KHz sine wave is applied for Iy with DA
offset current. The Fig. 6 shows the outpul while
minimum  and  maximum  are 1324 and 2714,
respectively. The other results are used minimum and

14

maximum reference of 1504 and 25244 for Fig. 7 and
17udand 23144 for Fig. 8

Fig-5 DC transfer characteristics

ML 100 o 203
©u

o
3 1 « )

Fig. 7 Output wave form when =24 and Jy, =154

Authonzed icensed use hmited 1o King Mongkuts instituie of Technology Ladkrabang. Downloaded on March 24,2010 at 04:25:28 EDT from IEEE Xplore. Restrictions apply.
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Fig. 8 Output wave form when [}, =23 and [, =174
o) )

VII. ConeLusIon

The simple structure CMOS median filier is described.
The high-accuracy and simple adjustment can be obtained,
The 0:8um CMOS techriolegy has been carfied out for the
simulations: The  maximum frequency -~ response. ‘of
proposed circuit is up to 100 kHz and the errors in circoit
operations can be corrected by adjust the ration of WL in
current average circuit
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Single-Resistance-Controlled Current-Mode
Quadrature Sinusoidal Oscillator

Montree Kumngemn, Boonying Knobnob and Kobchai Dejhan
Telecommunications Engineering Department, Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, Thailand,
Tel: +66-2-326 4238, +66-2-326 4242, Fax: +66-2-326 4554
E-mail: kkmontre@kmitl.ac.th

Abstraci-A new  single-element-controlled current-mode
quadrature oscillator circuit using second-generation current
conveyors (CClIs) is presented. The proposed oscillator is
consisted of two CCIIs, two grounded capacitors and three
grounded resistors, The circuit is beneficial to. monolithic
integrated circuit implementation by the use of grounded passive
components. In addition, a new current-controlled sinusoidal
oscillator using two second-generation . current-controlled
conveyors (CCCIIs), two grounded capacitors and one grounded
resistor can be achieved by replacing CCHs and resistors series
at X terminals with CCCIlIs. The oscillation fréquencies of the
CClII-based can be controlled by a grounded resistor while the
CCCllI-based can be controlled by a bias current. The realized of
both circuits provide four quadrature current outputs at high
output impedance nodes. PSPICE simulation results that confirm
the theoretical predictions are given.

L

A quadrature oscillator typically provide two sinusoids with
90° phase difference for a variety of applications, such as in
telecommunications for quadrature mixers, in single-sideband
generators, in direct-conversion receivers, or for measurement
purposes in veclor generators or selective voltmeters {1]-[2].
Over the years, many schemes of grounded-capacitor voltage-
mode and current-mode  quadrature oscillators. havebeen
presented [3]-[16]. Due to the employment of ‘groundad
capacitors, these oscillators provide a suitable advantage for
monolithic integrated circuit implementation [3]-[7]. On other
hand, current-mode oscillators with: high-output “current
sources are of great interest because. they make it easily to
drive loads without using a buffer. device [12]-[15]. The
development of the current-mode quadrature oscillators based
on different design techniques can be described as follows.
First, the current-mode quadrature oscillators based on a
single active device have been proposed [8]-[11] but they
suffer from complex structure, use of large number of
grounded and floating passive components, and also require
additional current followers to avoid the loading problem. The
use of floating passive component makes these circuits not
ideal for IC implementation. In 2002 and 2003, Horng
proposed two quadrature oscillator circuits using two current
differencing buffered amplifiers (CDBAs) [12] and two
differential voltage current conveyors (DVCCs) [13] with two
grounded capacitors and two grounded resistors, respectively.

INTRODUCTION

978-1-4244-3388-9/09/$25.00 ©2009 [EEE

534

In 2006, Horng et al. again proposed two quadrature oscillator

circuits using-a._fully-differential second-generation current

conveyor (FDCCII) with two grounded capacitors and two (or

three)’ grounded resistors.[14]. Later on, the current-mode

quadrature oseillator using two current differencing .
transconductanee amplifiers (CDTAs) with two floating

capacitors and four floating resistors is proposed [15]. The

circuits [12]-[15] enjoy high-output impedance current sources.
However, most of reports lack electronic tenability. Moreover,

the current-mode high-output impedance quadrature oscillator

presented in [15] also employed floating passive components.

By using the second-generation current controlled conveyor
{CCCH) intreduced by Fabre.er al [16], current conveyor
applications-ean be extended to. the demain of electronically
tunable functions. While the quadrature oscillators reported in
[17] employ CCClls, it_suffers from 'the use of excessive
number of active components (Four CCCIls).

In this paper, a current-mode quadrature oscillator using
two CClls, ‘two grounded. capacitors-and three grounded
resistors 'is’ presented. It provides the advantage of using
grounded eapacitors that are beneficial to IC implementation.
Furthermore, from ‘the' proposed  CCll-based quadrature
oscillator, by replacing the CCIIs. and resistors connected
series at X' terminals by CCCIH, a new current-controlled
quadrature - oscillator using two ‘CCClls, two grounded
capacitors and one grounded resistor can be obtained. The
proposed circuits enjoy non-interactive frequency and current
control, generate four quadrature current outputs at high
output impedance nodes.

[I. PROPOSED CIRCUIT

The CCll is defined by the following matrix equation [18]:

Iy) (0 0 0YV
Ve [=|1 0 of 1, (1)
I ] Lo £1 o)y,

Fig. I shows the proposed current-mode quadrature oscillator
circuit. It consists of two CCllIs, two grounded capacitors and
three grounded resistors. The characteristic equation of Fig, 1
can be expressed as



$*C,C-R|R4R; +5C,R,(R; =R, )+R; =0 )

The oscillation condition and oscillation frequency can be
obtained as

R, <R, G)
and
0 = e @
C\C3R,R,

From equations (3) and (4), the oscillation condition can be
adjusted by grounded resistor R; and the oscillation frequency
can be tuned by varying the grounded resistor Ry without
disturbing the oscillation condition. This means that the
oscillation frequency and oscillation condiiion can. be
orthogonally controlled. From Fig, 1, CCII; along with C; and
R, form of the inverting lossless integrator. Henee, the phase
difference ¢ between [, and [, is given by

$=m<tan"' (WRCs ) (5)
At w=w,, equation (5) can be obtained as g=n/2, ensuring that
the currents I, and I; are in quadrature. The use of multiple-
output CCll provides an inverted version of the output current,
Thus, the escillator eircuit in Fig. I can generate a four-phase
quadrature output. The phasor diagram can be shown.in Fig, 2.
All the outputs are at high impedance Z-terminal of CCII, thus
ensuring insensitive current outputs that require no additional
current followers to be sensed. The four output terminals, Iy to
ls, can be directly connected to the next stage without
additional follower circuits: The various passive sensitivities
of the parameter w, of Fig. I-are

Wy _ QWo _ QWi _ QWwy _L
S¢i = SCz = SR': = SR: T
[t can see that the passive sensitivities of proposed quadrature
oscillator have low. By using aJFET to replace R,, a voltage-
controlled oscillator can be obtained [19].

[ ¥ Z+
|
2+
Ra == C, CClhy Ia
Z-—
X Z+ 1 Y Z-
L Ry J_ I
Cz CClls Z-F—
Is
X Z+—
Rz

Fig. 1. Proposed CCll-based quadrature oscillator.
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Fig. 2. Phasor diagram of quadrature current outputs.

. v 7+ TI
i
[] Rs==cy| ~eech s
T -
: X 7+ Y 2-
; T )
Co CCCll; Z-—
la
P X 2+

Fig. 3. Proposed CCClI-based quadrature oscillator,

The CCCII is the circuit that has a finite input impedance R,
at- X terminal [16], where R,=V/2l,,1; is an external bias
current and V is the thermal voltage. This type of current
conveyor provides the advantage that the value of R, can be
controlled -by the bias current Iy This property makes it
different from a CCH. Then, from Fig 1, if two CClIs with the
resistors at/the X terminals are replaced by the CCClls, a new
CCCll-based quadrature oscillator of Fig. 3 can be obtained.
The CCClI-based quadrature oscillator circuit employs two
CCClls, two grounded capacitors and one grounded resistor.
The characteristiciequation of Fig.3 can be expressed as

s’CLCoRG R &R, +5C,R o (R, ~Ry)+R5 =0 (6)
The oscillation condition and oscillation frequency can be
obtained as

Ry ZRs (M)
and
|
= ,————— 8
mﬁ CICZRQRKI ( )



-2 }ﬁ
or w, = v, \c.c €)]

where R, (R =V1/2Iy) and R, (R,;=V/2l,) are the inner
resistances at x terminals of CCCII, and CCCII,, respectively.
From equations (7) and (8), the oscillation condition of Fig. 3
can be adjusted by grounded resistors R; and the oscillation
frequency can be independently controlled by varying R,
through the bias current Iy, without affecting the oscillation
condition. This implies that the circuit can work as a current-
controlled oscillator. The various passive and active
sensitivities of the parameter w, of Fig. 3 are

Wy _ QW) _ _QWn _ _Qwp _
Sp =Sp =S =52 =

[UI 102

[1I. SIMULATION RESULTS

The proposed circuits were  simulated using  PSPICE
simulation program. The current conveyor given in Fig, 4 [20]
was performed with the transistor model of NR100N and
PRI0OON of the bipolar arrays ALA400 from AT&T {21]. It is
the multiple-output translinear bipolar CCCIH that is obtained
by modifying the original circuit of the CCCIT [16] by adding
additional current-mirrors and cross-coupled current-mirrors
to vbtain the required plus and minus type outputs. By raking
lo too high, the CCCII in Fig. 4 operates as a CCII in which R,
is negligence. To achieve the CCII, the circuit in Fig. 4 is
biased with [,=250uA. Hence, the parasitic resistance is
R,=50Q. The proposed quadrature oseillator structure in Fig, i
was simulated with C,=C,=10nF, R,=R,=1kQ and R;=1.2kQ
where R; was designed to be larger than R, to cnsure the
oscillations will start. Fig. 5 shows the quadrature sinusoidal
output waveforms. In this case (R,;=R,), the outputs almost
equal of magnitude. The magnitudes of the quadrature signals
are not same when R,#R,. For applications requiring equal
magnitude quadrature outputs, other amplifying circuits are
needed. Fig. 6 shows the simulated frequency spectrums of I
and I, of Fig. 1. The results of the I, and I, total harmonic
distortion analysis are approximately 0.6%.

Vee

Vee

Fig. 4. Schematic implementation for multiple-output CCCII.
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Fig. 5. The simulated quadrature output waveforms of Fig. 1 with
C=C,=10nF, Ri=R,=1k and R;=1.2k(2.
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Fig: 6. The simulated frequency spectrum of 1, and [,.
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Fig. 7. Simulated results of the oscillation frequency of Fig, 1 obtained by
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(ln=13pA) and R,=12kQ).

Fig. 7 shows the plots of the oscillation frequency of
varying the value of resistor R, from 100Q to 5k Nota that
if the grounded resistor R, is substituted by JFET, the voltage-
controlled oscillator can be obtained [19}. The current-
controlled quadrature oscillator of the cireuit in Fig. 3 has
been simulated. The reircuit is- tested -with Ip=13pA
(R=0.96kQ), Ry=1.2kQ) and Cy=C,=10nF, where the current
loz is varied from 2pA 1o S0uA. Fig. 8 shows the simulation
results of the oscillation frequency against the bias current,
The plots for theoretical valaeare - also Jncluded for
comparison. The non-idealities may be due to the ignored
tracking errors of the CCCII,

[V. CoNCLUSIONS

In this paper, a new current:mode quadrature -oscillator
based on current conveyors is presented. The proposed circuit
uses two CClls, two grounded capacitors and threa grounded
resistors. The proposed CCll-based quadrature oscillator can
casily be converied to a current=controlled CCCli-based
quadrature oscillator by replacing the CCIls and resistor series
at the X terminal with the second generation eurrent controlled
current  conveyors. Thus, the new current=controlled
quadrature sinusoidal oscillator employs two CCClis,. two
grounded capacitors and one grounded resistor. The new
proposed circuit has not been found in the previous literature.
The circuit provides four high output impedance current
sources with 90° phase difference and the frequency of
oscillation can be electronically controllable. The simulation
results obtained were found to be in good agreement with the
theory.
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This paper describes a new. electronically tunable three inputs and single output voltage-mode
universal biquadratic filter based on simple CMOS operational transconductance amplifiers (OTAs)
and grounded capacitors. The proposed configuration provides lowpass, highpass, bandpass, bandstop
and allpass voltage responses at a high impedance input terminal, which enable easy cascadability.
Additionally, the circuit parameters w,-and Q can be set orthogonally by adjusting the transconduc-
tancesand grounded capacitors. The filter also offers an independent electronic control of parameters
w, by adjusting the transconductance through the bias current/voltage of the OTA. Far realizing all the
filter responses, no critical component matching condition is required, and all the incremental
parameter sensitivities ate low. PSPICE simulation results are performed to confirm the theoretical

@® 2009 Published by Elsevier GmbH.

1. Introduction

Operational transconductance amplifiers (OTAs) have exhib-
ited some advantages in the Circuit design. An OTA provides an
electronic tunability of its transconductance gain, wide tunable
range and powerful ability to generate various circuits. Moreover,
OTA based circuits require no resistors and, therefore, are suitable
for integrated circuit implementation. So, OTA is a very good basic
block to design high-performance filters 7],

Second-order voltage-mode active filters with high-input
impedance are of great interest it can be easily cascaded to
synthesis higher-order filters [2,3]. On the other hand, the use of
grounded capacitors is beneficial from the viewpoint of integrated
circuit implementation [4).

A biquadratic filter is very useful bleck to realize high-order
filters. Several voltage-mode biquadratic filters based on. OTAs
have been proposed [5-18). Focusing the number of input and
output ports, the voltage-mode universal filters may be divided
into four categories: (i) a single-input, single-output (SISO) type
[5=7], (ii) a single-input, multiple-output (SIMO) type [1.8-12],
(iii) a multiple-input, single-output (MISQ) type [13-16], and (iv)
a multiple-input, single-output (MIMO) type [17-23]. Generally,
the SISO filter can simultaneously realize multi-function outputs
by altering the connection way of the circuits, but altering the
connection way can only realize a filtering output at a time. On the

" Corresponding author. Tel.: +66 2326 4238; fax: +662326 4554.
E-mail eddress: kkmontre@kmitl.ac.th (M. Kumngern),

1434-8411/5 - see front marter © 2009 Published by Elsevier GmbH.
doi:10.1016(j.aeue.2009.07.015

one hand, the SIMQ filter can simultaneously realize three basic
filter functions, i.e., lowpass (LP), bandpass (BP), and highpass
(HP). However, for the realizations of allpass (AP) and bandstop
(BS) functions, additional circuits such as addition or subtraction
circuit, or parameter matching condition are usually required. On
the other hand. in comparison with the SISO and SIMO filters, the
MISO and MIMO configurations provide a variety of circuit
characteristies—with different input and output currents, and
usually does not require any parameter matching conditions and
additional circuits. In addition, the MISO and MIMO filters may
lead to a reduction in the number of active elements used.
Moreover, to realize a larger variety of filter functions such as
inverting-and/for - non-inverting-type functions, the MISO and
MIMO configurations seem to be more suitable than the single-
input configuration. Of special interest in this paper is the third
category where different filter functions will be realized by simply
connecting appropriate input voltages. In the proposed voltage-
mode OTA-based MISO filtering circuits, the circuits [13-23] enjoy
avariety of circuit characteristics with different input and output
currents, and very low sensitivities, However, the reported
filterssuffer from one or more of the following disadvantages:
(a) They need a large number of active components [15,16].
(b) They require the capacitor injection of excitation signals in the
circuit design {13,17,18,20). (c) The use of two kinds of active
components [14,15,19,21-23]. (d) The use of some floating
capacitors [14,17,18,20,23]. (e) Some filter response is requires
the component-matching condition [15,16).

This paper proposes a new electronically tunable high-input
impedance voltage-mode universal biquadratic filter with three
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inputs and single output. It employs only a kind of active
component, which is especially interest from IC fabrication
point of view. By properly selecting three input signals, the circuit
can realize five standard biquadratic filtering functions, i.e., LP, BP,
HP. BS and AP, all at a high impedance input terminal which
enables easy cascading in voltage-mode. The filter perfor-
mance parameters w, and Q can be set orthogonally by adjust-
ing the transconductance and grounded capacitors and
electronic tuned through adjusting the bias current/voltage
of the OTA. For the realization of all the filter responses, no
critical component matching conditions are required. PSPICE
simulation results are used to verify the performances of the
proposed circuit.

2. Circuit description

The circuit symbel of the operational “transconductance
amplifier (OTA) is shown in-Fig. 1. The OTA.is assumed an ideal

voltage-controlled current source that has infinite input and
output impedances. Its characteristic can be described by
following equation [1]:

’o =gm(vl e Vz) {])

where I, is the output current, V; and V; denote the non-inverting
and inverting input voltage of the OTA, respectively. Fig. 2 shows
the CMOS implementation of simple OTA. It uses only four MOS
transistors and one current source. Assume four MOS transistors
operating in saturation region, the transconductance gain (gy) can
be expressed by [24]

Em=4/ 2#ncnx(W/L)tabc (2)

where p, is the mobility of the carrier, Cox is the gate-oxide
capacitance per unit area, W is the effective channel width, L is the
elfective channel length and I is the bias current.

By using the simple OTA as shown in Fig. 2, the addition/
subtraction circuit can be shown in Fig. 3. Referring to [25,26], this
circuit may be called a pool circuit, Assume that all the NMOS
devices in Fig. 3 are biased.in the saturation region with individual
wells connected to their sources to eliminate the body effect. Let
the transconductance parameter and the threshold voltage of M,
through M, be equal to K and Vyy;, respectively. Ipe, = lge and
labea =labe are two curient sources, the currents l,; and I,z can be
given as

!
Vi Vo 3

o,
loz =K(V3 Vz)\fﬁkﬁ < (Vi Va)? “)

Therefore, at the equilibrium state [25,26]

Lor =KV, = Va)

Vo=V~ Vo1V (5)

This circuit operates as.a pool [25].in the sense that the currents
flowing in and flowing out are in equilibrium at the output node
V,. Therefore, the circuit can be obtained the addition/subtraction
circuit.

Using the simple OTA in Fig. 2 and the addition/subtraction
circuit in Fig. 3, the proposed universal biquadratic filter with
three inputs-and one output can be shown in Fig. 4. The voltage
transfer functions can be expressed as

Vour & 521 CoVing — SC G Ving - Em1 Sz Vi ©)
$2C1 G2 +5C1Zm2 +Em1 Em2

Addition/
Subtraction

lo

<m W g

lo

Fig. 3. The addition/subtraction circuit.
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Fig. 4. Proposed voltage-mode universal biquadratic filter.

It is clearly seen from Eq. (6) that:

(i) The HP response can be obtained when Viy= Vi =0 and

Vinzs vin-

(ii) The BP response can be obtained when Vi = Vi3 =0and
Vina = Vin. :

(iii) The LP response can be obtained when Vi = V3 =0 and
vhil == vin-

(iv) The -BS response can be obtained when Vinz=0 ‘and
Vini = Viny = Vi
(v) The' AP respense can be obtained when Vigy = Vigs = Vins = Vi,

Thus, the proposed-filter can realize all the standard types of the
biquadratic filtering funcrion without component-matching con-
dition “requirements as well as require no an inverting-type
voltage input signal hence the name “universal biquadratic filter”,
Mareover, the three input signals Viny. Viny and Viyy, are connected
to the thigh-input impedance input nodes of the OTAs. So the
circuit enjoys the advantage of having high-input impedance thus
permitting easy cascadability. The parameters i, and Q of this
filter are given by

_ [fEmi Em2
Wy = _—C1 Ca (%)
8m2Cy (3]

VEmiG

Under the condition of gu =gm2 = g, the circuit'paramerers are
simplified to

1
Wo =Em VE 9)

G
Q= \/(-_-:- (10)

From Eqs. (9) and (10), the parameter Q can be set by C; and G,
and parameter w, can be set by transconductance g, without
disturbing Q Thus, the biquadratic filter has orthogonal tuning
capability for the circuit parameters Q and w,. Moreover, the
parameter w, also tunes by adjusting the transconductance gp,
through the bias currents/voltages of the OTAs, hence the name
“electronically tunable biquadratic flter”,

Note from the proposed filter that it requires no component-
matching condition for realization all filter responses. In fact, the
addition/subtraction circuit is requires current-matching condi-
tion (i.e. Juper = lane2), but this problem can be easily solved by
using multiple current source using a single reference. It should

Table-1

Sensitivities-of circuit components.
.l Y sg.
Em 05 0.5
Emz -0.5 =05
G —05: 0.5
G -0.5 -0.5
v 05 0.5
B 05 0.5
Fn o -1
(i 05 -05

be noted that Eq. (6) can be achieved for a high impedance load,
Rue1/gne (i8. 8m=gms =€ms). If_the low impedance load is
applied, it needs a voltage buffer at.an output.

3. Circuit analysis

In this section, the effects of the active non-idealities of the
addition/subtraction circuit and OTA on the filter performance are
considered. Taking into consideration of the addition/subtraction
circuit non-idealities, Eq.(5) can be rewritten as

Vo=FuVi = BiaVadt- BaVs (11)

where fi;(s)= g =1~y and £x,(le,] < 1) denotes the vol-
tage tracking error from V; terminal to V, terminal of the
k-th " addition/subtraction circuit, Pia8)=Bia=1—¢w, and
exav(|€k2v| <€ 1) denotes the voltage tracking error from V5 terminal
to V, terminal of the k-th addition/subtraction circuit, and
BaS) =Pz =1—¢n, and gga,(es,l < 1) denotes the voltage
tracking error from V; terminal to V, terminal of the k-th
addition/subtraction circuit.

The transconductance gain of the OTA with the non-idealities
can be assumed as

miWgi
Emni = ;g‘;'m"—:: (1 2)

where w;; denotes the first-order pole of the OTA; (i=1.2).
Referring to [22], the transconductance gain g, may be
modified to

Emni = Emi(1 — 1;5) (13)

where g = 1/wyg.
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Using (11) and (13), the transfer function in Fig. 4 becomes

20,6 (1 _CEm2farbBaaity + B 8ma Br2BaaBraity #2)
GG

+5C12maflas Bz ('I _ &m&m2B 12822 B5i —8m1gmzﬂuﬂzzﬁ32#2)
Ci8m2 a3 B3z
+8mEm2P12B2283 (14)
Table 2

0.5 pm CMOS parameter from MOSIS used in simulation.

MODEL CMOSN NMOS LEVEL=3 PHI=0.700000 TOX=9,6000F = 09
%J=0.200000U

TPG=1 VTO=0.6684 DELTA=1.0700E + 00'LD = 4,2030F — 08 KP=1.7748E — 04

U0=493.4 THETA= 1.8120E—01 RSH=1.6680E+01 CAMMA=0.5382

NSUB=1.1290E+ 17 NF5=7.1500E+ 11 VMAX = 2.7900E +05 ETA=1.8690E— 02

KAPPA= 1.6100E 01 CGDO=4.0920E — 10 CGSO=4.0920E— 10
CGBO=3.7765E—10

€| =5.9000£ — 04 M} =0.76700 CJSW=2.0000E— 11 M)SW=0.71000
PB=0.9500000

MODEL CMOSP PMOS LEVEL=3 PHI=0,700000TOX=9.6000E—89
X]=0.200000U

TPG= - | VTO==0.9352 DELTA=1.2380E — 02 LD~5.2440E~08
KP=4.4927E~05

UD=124.9 THETA=5.7490E — 02 RSH= 11660E+00 GAMMA=0:4551

NSUB=8.0710E + 16 NFS=5.9080E+11 VMAX =2 2960E + 05 ETA=2.1930E~02

KAPPA =9.3660F +00 CGDO=21260E 10 CGSO=2,1260E=10
CGBO=3.6890E —10

€)%9.3400E =04 M|=0.48300 C|SW=2.5100E 10 MJSW=0.21200
PB=0.930000

20 . .
o i P f
m
=
£ =20
®
&
Y ¥ .. A 2 Y . .| oo-LP AN
4 T |l=oo-LPe Ly
3 e
J / : ;| ——e=BS :
68 . +
1.0KKz 10K Hz 100KHz 1. 0HHz 10HHz
Frequency

Fig. 5. Simulated LP. HP, Bl.and:BS responses of the proposed filter,

From (14), the non-idealities of the addition/subtraction circuits
and OTAs affect the circuit characteristics, which depart from
ideal values. For the parasitic effects from the OTAs, it can be
made negligible by satisfying the following condition:

Ci8m2 B3B335 +Em1 Ema P12 oz Faa bty 11s

GG - 15
Em1 82 Br12823 P52k — Em1&m2 P12 P23 Fatty <1 vE)
Ci8m2B23 B3,

Therefore, the non-ideal natural frequency w, and quality factor Q
can be obtained by ’

_ [Bm&m2Praba b
‘”““/T (16)

1 [gm2Cifiaban
=V [gmaCifiafa 17
e b\ EmGbs, i

The_incremental sensitivities of the parameters w, and Q are
calculated as Table 1.

4. Simulation results

The performance of the proposed universal biquadratic filter in
Fig. 4 has been simulated using PSPICE to verify the given
theoretical prediction. The simple CMOS OTA and addition/
subtraction circuit given in Figs. 2 and 3, respectively, were
performed with- 0.5 pm. CMOS technology provided by MOSIS.
The-model parameters of 0.5pm" CMOS process are given in
Table 2.

For example design, the aspect ratios of the transistors used are
W/L=2um/2 pm for.the NMOS devices and W/L =40 um/2 um
for. the PMOS devices. The bias currents for OTA; through OTAg
are chosen as 25 pA.The power supplies are selected as Vop =
TVss=3V. Gi=1G =100pE" and Iy =loper = SOPA (g =
Emy = 77.52 ps)are given. This setting has been designed to obtain
the LP, BP, HP, BS and AP filter responses with f, = 123.37 kHz and
Q= 1. The simulated results for the HP, LP, BP, and BS filter
Characteristics .are- shown in-Fig. 5. In this figure, the pole
frequency_of 122.65kHz s obtained. The pole frequency is
122.65kHz instead of 123.37 kHz owing to the effect described
in Section 3. According to (16), this error would be caused by
voltage tracking errers of addition/subtraction circuits. Fig. 6

Gain, Phase,
dB degree
10 od
Sq -10004%-
04 -200d
-54 -300d
=10/  -uood
1.0KHZ 10KHZ 100KHZ 1.0MHz 10MHZ
Frequency

Fig. 6. Simulated AP response of the proposed filter.
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Fig. 7. Simulated frequency responses of theBP flter when J, is varied,

shows the simulated frequency responses of the gain and phase
characteristics of the AP filter. It is observed from both figures that
the proposed filter performs five standard biquadratic filtering
functions well. Fig. 7 shows thesimulated a BP filter response
when ‘the dc bias currents o -(ie. Igpe=Topet =lopa) Were
simultaneously adjusted for the values 1, 10, 30 and 300 pA,
respectively, when keeping the capacitors C;_and C; are 100 pF.
This result is confirmed by Eq. (9).

Sine wave signal (122.65 kHz) was supplied to the input of the
BP response (Vi,;) while keeping the bias currents Iy, =
lope2 = S0 pA-When the amplitudes were increased, it was found
the BP filter could operate with the input signal levels of lower
than 0.:8Vp_p, the total harmonic distortion (THD) is lower than
1.1%. However, the input range of the proposed filter can be varied
by adjusting the aspect ratio of MOS transistors.

In order to confirm the operability of the proposed circuit, the
simulation results-reported in this paper were obtained using
capacitor values 100pF. However, typical integrated capacitors
range from 0.5 to 50pF [2728]. Therefore, for easily integrated
circuit implementations, the capacitor of order of 10pF is more
appropriate. This may requires the reduction of the transconduc-
tance value forthe proposed circuit to work within the bandwidth
of the OTA.

5. Conclusions

In this paper, a new three inputs and single output voltage-
mode universal biquadratic filter is presented. The proposed circuit
uses simple CMOS QTAs and grounded capacitors and offers
following advantages: high-input impedance, low active and
passive sensitivities, the use of.a kind.of active component, the
use of only two grounded capacitors, the versatility to synthesize
LP. BP, HP, BS and AP responses without component maiching
conditions. Also, the circuit parameters w, and Q can be set
orthogonally by the circuit components. The proposed structure is
suitable for monolithic implementation in CMOS technology.
PSPICE simulations confirm the theoretical predictions.
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Abstract In this'paper, a new high frequency and high pré‘éision half-wave rectifier
circuit which is very suitable for CMQS technology implementation is presented. The
system comprises a voltage to current converter, a'dual output precision current-mode
half-wave rectifier;and two current to valtage converters..An input voltage signalis
converted into a‘current signal by using a_current conveyor and-a MOS resistor. The
currentsignal is reetified using a dual output class-AB precision rectifier cell and then
converted into two output voltages by using grounded MOS resistors, This class-AB
current-mode precision. réctifier is employgdiefor providing high frequency perfor-
mance. Simulated rectifier results based-ona 0.5 pm CMOS technology. with ==1.2 V.
supply voltage demonstrates very high operating frequency, very precise rectification
and good temperature stability. '

Keywords Half-wave rectifier - Clrrent-mode . Curtent conveyor - CMOS

1 Introduction

Basically, a\conventignal rectifier could be fealized by.simply using diodes for it
rectification. Howeyer, it'is well-known that such a circuit.would siot be capable of
rectifying incoming signals whose amplitudes are less than the threshold voltage (ap-
proximately 0.7 V forthe silicon diode and 0.3V for the germanium- diode). There-
fore, diode-only rectifiers are normally used in applications in which the precision

M. Kumngern (&) - B. Knobnob - K. Dejhan

Department of Telecommunications Engineering, Faculty of Engineering,

King Mongkut's Institute of Technology Ladkrabang, Bangkok 10520, Thailand
e-mail: kkmontre @ kmitl.ac.th

B. Knobnob
e-mail: kboonying k@en.rmut.ac.th
K. Dejhan
e-mail: kobehai@elecom.kmitl.ac.th
BIRKHAUSER

PDF-OUTPUT

88



« CSSP 34 layout: Small Extended v.1.2  file: cssp9186.tex (1K) class: spr-small-v1.1 v.2010/04/20  Prn:2010/04/22; 16:02 p. 222,

«

L
O:
E:j} 50

51

doctopic: OriginalPaper  numbering style: ContentOnly  reference style: aps»

Circuits Syst Signal Process

in the range of thresheld voltage is insignificant, such as RF demodulators and DC
voltage supply rectifiers. For high precision applications, precision rectifiers have
been presented for a number of years, including integrated-circuit precision rectifiers
based on operational amplifiers (op-amps), diodes, and resistors [3, 5, 11, 16]. Ap-
plications of high precision rectifiers are, for instance, in wattmeters, AC voltmeters,
RF demcdulators, function fitting, triangular-wave frequency doubling, error mea-
surements, RMS to DC conversions, peak detectors,

Nevertheless, one classical problem with these op-amp based precision rectifiers
is the occurrence of distortion during the non-conduetion/conduction transition of the
diodes, known as ‘corner distortion™:To overcome this, atiempts have been made via
the use of the high slew-rate op-amps. Unfortunately, this could net be done perfectly
due to small signal transient behavior {14]. Furthermore, the finite gain=bandwidth
of the op-amps also limits-the high frequency performance of this structure. This
limitation, however, could be-overcome by designing the rectifiers using a so-called
‘current-mode techmique™ [14], For ‘example, current-mode rectifiers with a CMQS
structure having class-AB-configurations have been shown in [12,13],.which provide
high frequency responses, with the use of only a few devices. However, these con-
figurations require the signal current Lo'be four times greater than the biag eurrent in
order to avoid the square-law error of the MOS transistors;

The precision -rectifier-circwts in [4, 6, 8§, 9, 14, 17], employ current conveyors,
diodes and resistors that provide -the attractive features of high frequency perfor-
mance and high precision rectification, However, they require either an ungrounded
or a grounded resistor which'is not ideal for integrated circuit (IC) implementation;
In addition, the circuits presented in [6, 14, 7] not only require two identical current
conveyors, but alsosuffer from limited temperature sensitivity. Fortunately, all-MOS
transistors.shown in [7] are found. (o be very suitable for CMOS technology imple-
mentation, which provides operating frequency up to 200 MHz and good temperature
stability. )

Recently, a-dual cutput CMOS half-wave-rectifier circuit has-been proposed in
[10]. Te.is composed of two sections. The fitst is a rectifier circuit that consists of
three main components;-a dual outpul yoltage to current, (V-I) converter, ‘two half-
wave rectifiers and two-current to voltage (I-V)converters, as shown in Fig. 1(a). The
second is a bias voltage source cireuit, as shown-in Fig:-1(b). It uses the diode bias
voltage to clad the output voltage excursion during the zero'crossing. Theadvantages
of this circuit are, for example: (1) all-MOS transistors are-used which are suitable
for integrated circuit fabrication compared with other methods,(ii) it employs only a
£1.2 V supply voltage and provides operating frequencies up to 100 MHz and (iii)
high accuracy and good temperature stability could be achieved by using the bias
voltage source. circuit.

In this paper, a high frequency and high precision CMOS half-wave rectifier circuit
using similar techniques to the current conveyor rectifier in [10] is presented, namely,
the rectifier circuit is composed of a V-I converter, a current-mode rectifier, and two
I-V converters. The V=T and I-V converters are employed in order to rectify signals
whose amplitudes are less than the threshold voltage (less than 0.3 V for germanium
and less than 0.7 V for silicon). The CMOS class-AB current-mode rectifier is em-
ployed to provide the high frequency performance of the circuit. The circuit consists
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Fig. 1 Dual output half-wave reetifier proposed by Monpapassorn-et al. [10):(a) rectifier circuit; (b) bias
voltage source circuit

of a current conveyor, a class-AB CMOS precision rectifier and' MOS resistors. The
proposed rectifier offers the following advantages.

(i) All components of the proposed rectifier can be designed by using CMOS tech-
nology without passive components. Hence, it is more suitable for integrated
circuit fabrication than previously proposed current conveyor-based circuits
[4,6,8,9,14,17].

(11) The propesed rectifier rectifies the high frequency vp to 300 MHz when sim-
ulated through the PSPICE program with 0.5 pm CMOS parameters obtained
through MIETEC using £1.2 V supply vollage, whereas the previous rectifier
operated at 100 MHz frequency.
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iﬁma (iii) The proposed half-wave rectifier provides good temperature stability.
@143 (iv) The proposed half-wave rectifier features high accuracy.

2 Proposed Half-Wave Rectifier

7 The proposed half-wave rectifier circuit is shown in Fig. 2; it actually performs in
the current domain. The circuit shown in Fig. 2 consists of three main components:
the V-I converter, the dual output class-AB current rectifier, and the I-V converters.

MD1
160 ccl- 2
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182
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Ri
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187 Fig. 2 (a) Proposed half-wave rectifier circuit and (b) a V-1 converter using CCII- and MOS resistor
188
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s
@mg The V-1 converter is composed of a negative-type CCII (CCII-) and a resistor R,
mwo (MRI-MR2). The dual output class-AB current-mode precision rectifier is composed
#1981 of MD1 to MD4, two current mirrors (MC1-MC2 and MC3-MC4), and six current
&1192 sources (/1 10 Ig). The resistors Ro; (MR3-MR4) and Ry (MR5-MRG6) are used
4 198 to change the rectified currents into the output voltages. The operation of the V-I
194 converter is as follows: the transistors M1 to M17 and /5 work as a CCII-while the
g}.’?ﬂ?@ws transistors MR1 and MR2 work as a resistor. The constant current /g is mirrored by
. “J196 M5, M6, M12 and M13 to the drain of M1 and is mirrored by M5 and M7 to the drain
; :_197 of M3. Assuming M5 to M7 and M12 to M13 have the same characteristics, the drain
ﬁgwe currents of M1 and M3 are equal.Choosing M1 to M4, which are perfectly matched,
w199 the input voltage Vi, is thus followed to node X [1]. The veltage.at node X creates
:“E_i’zoo the current i, flowing through a MOS resistor Rj; [13], the resistanee of which is

E .201  given by [15]:
sy, 202 I
o203 Req = 50—, )
:i‘,’é"q:"zof; S 2K Vo5 - V)
“0s  where MR1 and MR2 have the same characteristics remaining in the-saturation re-
o0 gion, K =, Cox (W/LYisthe transconductance parameter, Vry is the threshold volt-
207 age, Vpp is the-supply voltage, w,-is.the carrier mobility, Cox 15 the gate capacitance
208 perunit area, W is the channel width-and L is the channel length. Consequently, i,

200 1S givenby
210 iih =2K (Vo= Vau) Xink 2)
The current ij, is mirrored by M8-M11 andM14=M17 to.node Z as current iy. This

212
213 currentis fed into the input of-the current-mode class=AB precision rectifier, In the
214 proposedrectifier, the current-mode class-AB precision rectifier is composed of MD1
215 0 MD4, two current mirrors (MC1=MC2 and MC3-MC4) and six current sources
216 (1110 Ig)./Thetransistor MD2 and the current source 7; generate a constant voltage
217 Va toprovide a bias voltage for transistor MD1 while transistor MD4 and the current
213 source lp generate a constant voltage-Vp to provide a bids veltage fortransistor MD3.
219 The constant voltages V4 and Vp should be fairly close to'the threshold voltages of
oo transistors MD1 and MD3, respectively, to obtain precision results and cause them
apy L0 operateiin class-AB. The current mirrors CM1 and CM2 are applied by the cur-
opp  fent sources [3 and oy, respectively; which ensures that-the two current mirrors are
o3 continuously on, and therefore improve the frequency response’and overall system
ops linearity. The currents d; and J3 create the offset current (1) + 73) through R, and
2ss  thecurrents /5 and /4 create the offset current (/2 +14) through R, To eliminate the
a0s  Offset currents at Ry and Ry the anthors exploit [s.=y + Iz-and I = I, + I4 at the
207 oOutputs of the proposed rectifier. The operation-of the proposed half-wave rectifier
oo 18 as follows: when iz < 0, it is fed through MD1 and then is mirrored by CM1 to
o0 the drain of MC2 as o) (+iz). In addition, when iz > 0, it is fed through MD3 and
s then is mirrored by CM2 to the drain of MC4 as Iop(+iz). From the operation of
o5y the proposed circuit as explained, the relations of the input current (iz), the output
o5  current at the drain of MC2 (/) and the output current at the drain of MC4 (/52) can
o3y Deexpressed as
234 . ; '

iz>0, log=+iz+1+ 13, (3)
235
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A -
sts iz <0; Ip=+iz+ 1+ 14, 4)

237
mzsa since the current sources /5 and /g compensate the offset currents /1 + I3 and I» + 14,
mzag respectively. Thus, we can write the relations of the current iz, the currents /g, and

220 I, as
ﬁ“‘zﬂ
# Fooan iz >0, [Ip,=+iz, &)

v P43 iz <0; Ig,=+iz. (6)

245 Using (2) and letting R} = Re? = Rins-the-relations of the input voltage Vi, the
St 246 output voltage Vo4 and the output voltage Voy— can be obtained as

248 Vi BN\ \ Kot £ & Vi, (7)
249
* Vs PWou /&0 (8)
and

253 Vi A0S Vil =% )
Vi <07 / Vow=r= Vin- (10)

This means that the proposed rectifier operates as positive half-wave rectifier. and

::; negative-half-wave rectifier.In addition, the temperature effect-in-terms-of the para-
psg  Meters-K is also compensated.

260

261

sse 3 Circuit Performance

263

264 Theidealcircuit performance so far has been based on the assumptions that the cur-
.ss  Tent conveyor has no tracking errors; current.mirrors have unity gainand transistors
. are perfectly matched. However, for realization, several non-idealities that contribute
.57 toerror from theideal pexformance are presented. The major factors to be considered
sa  are the finite drain resistance of the transistors; transistor mismatches and non-ideal
.so cffects of the current conveyor. In'the following, the transistor equivalent circuit and
.70 @ small signal analysis will-be used to study the performances-of the rectifier circuit

.7y Of Fig. 2

272
275 3.1 Non-ideal Analysis

274
ovs  3.1.1 Effect of Non-ideal Current Mirror and CCII-

276
277 From the circuit in Fig. 2(a), when Vj, > 0, the output current of CCII- is iz < 0,
278 this iz is fed through MD1 and then is applied to the input of MC1 as ipovc1y, which
279 ipemcly is mirrored by CM1 to the drain of MC2 as ipqvcz). The current ipgvcz) can
280  be approximated by
281

282

ipMc2y = ipvct) (1 — &p) (11
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and

2 Agm(cmn) & I3 n Roi ’ (12)

Em(MC1) EmMCITI3  To(MC2)
where Agmcmi is the transconductance error due to the transistor mismatch between
transistors MC1 and MC2 (CM1), gmmci) and gmmc2) are the transconductances
of the transistors MC1 and MC2, respectively, ropvcay is the drain resistance of the
transistor MC2, r;3 is the output resistance of the current source /3 and Rop is the
MOS resistor (MR3-MR4). In addition, when Vj, < 0, the output current of CCII- is
iz > 0; this iz is fed through MD3 and-then applied-to.the input of MC3 as ipamc3),
which mirrored by CM2 to-the drain'of MC4 as ipvcay-The eurrent ipgvc4) can be
approximated by

ipmcd=Ipme) (1~ en) \ (13)

and
FAY ¥ R

A 8m(CM2)+ 14 6/ (?2 ' (14)
Em(MC3) Em(MCHTT 4 To(MC4)

where A gmicma) 18 the transconductance error due to the transistor mismatch between
transistorsMC3 and MC4 (CM2). The first térms on the ri ghtside of (12) and (14)are
caused by the mismatch between the transistors in the current mirrors. The adverse
effect of the transistor mismatches can be improved by using large aspect ratios. The
second terms-on the right side of (12) and (14) are due to the finite output resistances
of the current mirrors.

The proposed rectifieris analysed taking inte:account the non-idealities of a CCII-.
The non-ideal CCII- characteristics can be taken into account by letting Vi = 8 Vy,
Iz = aly and Iy'= 0, where =1 — &, and &,(]&,] < 1) represents the voltage
trackingcerror from ¥ to X terminal of the CCII-, & =1 —g;.and ¢; (J¢;] < 1) repre-
sents the current tracking error from X to Z terminal of the CCII-. Taking the voltage
and current tracking errors intg account, the curtent iz can be expressed as

afViy
Rin'i‘TX,

i) d5)

where ry is the parasitic resistance looking into the terminal X of the CCII-. By using
(11)=(15), (7) and (10) can'be respectively rewritten as

af Roy Via
Vi 0; V =————¢gpR 16
in.~ out+ fr P P Itg] (16)
and
2B Rz Vin
Vi 0; Voum = ————— —enRe. 17
n < out - EN o2 (17)

From (16) and (17), it can be seen that the CCII- non-idealities will slightly attenuate
the amplitude of the output voltage signals, whereas the non-idealities of the current
mirrors will slightly increase the output dc offsets. However, the first problem can
be corrected by increasing the value of the output resistors (Ro and Rgp), while the
second problem by adjusting the value of the currents /s and fg.
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3.1.2 Effect of Non-ideal Dual Translinear Loop

The effects of the transistor non-idealities around the dual translinear loops (MD1
to MD4 in Fig. 2(a) and M1 to M4 in Fig. 2(b)) in the rectifier performance are
studied. The dual translinear loop MD1 to MD4 generally requires the four MOS
transistors to have identical characteristics. A mismatch of the transistors MD1 to
MD4 will affect Voy4- and Vgy—, and the amplitude of Viy4+ may not be equal to the
amplitude of V. For the rectifier circuit in Fig. 2(a), when iz < 0, it flows through
MD1 to the input current mirror CM1. Then, the voltage Vgsoupi) increases and the
voltage Vgsavpa) decreases to drive the transistor MD3uinto the cutoff region. When
iz > 0, it flows through MD?3 tothe input current mirror CM2. In.this case, Vosamp3)
increases and Vgsoupi) decreases to drive the transistor MD1 inte, the.cutoff region.
Assuming that the transistors-MD1 and MD3 are operating in stronguinversion, the
current—voltage characteristics-can be obtained as

Tompn) = Ky (Ve — Vo= [Vin3iz < 0 (18)
Ipips) =Kp(Vp = Vg — |Vap)iiiz >0 [

The minimum of-the unbalanced signal between Vou.r and Vygr~ can bé shown as

Kn (Va=Vo <Wanl)e = Kp(Vol= V= |Vrpl)5, 9)

where Ky and Kp are the transconductance parameters of MD1 (NMOS) and MD2
(PMOS), respectively, Vpn-and Vrp are the'threshold voltages of NMOS and PMOS,
respectively, and Vp-is the voltage at node D. Considering (19), we see that the
balanced-outputs | Veug-| and {Vay— | can be obtained by appropriately-designing the
transconductance parameters K y.and Kp.

The body effect of transistors around the dual translinear loops is considered next.
For the reetifier circuit in Fig. 2,7]et us assume thatthe body of each of the MOS
transistors 1s connected to its'source (Vgs = 0), then Vr = V7o except for M1, M2,
M3, M4, MD 1, MD2, MD3, and MD4. The bodies of the transistors M1, M2, MDI,
MD?2 and those of the transistors M3, M4, MD3, MD4 are-actually tied to Vgg and
Vpp, respectively. For explanation, see Fig: 3 which.shows the bulk connection and a
cross-section of the four MOS transistors of the dual translinear loop. Assume that the
standard CMOS process version of p-substrate is used in Fig. 3(b); therefore, pMOS
transistor is suitable for implementing in n-well. In this figure, the bodies of nMOS
transistors and pMOS transistors are tied to Vss and Vpp, respectively: Therefore, the
body bias effect on transistors M1, M2, M3, M4, MD1, MD2, MD3, and MD4 should
be considered. The voltage between the-source and the body (Vsg) directly affects to
the threshold voltage (Vr), which can be depicted as

Vr = Vro+y(vVIVsel + 2¢F — +/2¢F), (20)

where Vr is the threshold voltage when substrate bias is presented, Vsp is the source-
to-body substrate bias, 2¢F is the surface potential, and Vrg is the threshold voltage

for zero substrate bias, ¥ = (fox/€ox)~/2GEsiN 4 1S the body effect parameter, oy is
the oxide thickness, £ox is the oxide permittivity, &g is the permittivity of silicon,
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Fig. 3 CMOS implementation, of the dual translinear loop: (a) bulk connection and (b) cross-section of
the four MOS transistors of the dual translinear loop

Ny is the doping concentration and g is-the charge of an electron. From (18) and
(19), it 1s-seen that the matching condition of MOS ‘transistors MD1 ‘and MD3 is
required for obtaining the-balanced signals Voy and Vo —. If the threshold voltages
of transistors MD1 and MD3 deviate, then a small unbalanced output signal between
Vour+ and Vg occurs: However, this problem can be corrected by adjusting the
value of the output resistors Rg) and Ryp.

3.2 Frequeney Response

For the high frequency response, the major high frequency limitations are due to

the bandwidth of the V=L converter (CCII-"and Rj,;) and the bandwidth of the I-V

converters (CM1 and Ry, CM2.and Rg3)-By-using the non-ideal circuit in Fig. 4,

the transfer function of V-I converter can be approximated as
i iz R &

Vm (S+ CRX)( +CZR2)

(21)

where Rp < Rz, Ci = CgsMR1) + Ces(MR2), & = &m(MR1) + &m(MR2), Rx is the
parasitic resistance at terminal X, Rz is the equivalent parasitic resistance and Cz is
the equivalent parasitic capacitance, at terminal —Z, Rp is the parasitic resistance at
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Fig. 4 Circuit model for =
non-ideal case of Fig. 2(b) 1

D
I=-Iy7Cz 2 Rz Rp

node D, Cggomriy and gmpmriy denote the gate-to-source capacitance-and the transcon-
ductance parameter, respectively,-of transistor MRi. ;

The first high frequeney-pole (Py) is due to the parasitic capacnance of MOS
resistor Rj, and the parasitic resistance at terminal X of CCll=;-and is approximately

given by

1
CiRy-

Thesecond high frequency pole (P2) is due to the equivalent parasitic resistance
and the equivalent parasitic capacitance at terminal — Z of CCII-, which can be ex-
pressed as

A (22)

1
CzRz

Again, by a small signal analysis'of Fig. 2(a), the transfer function.of the circuit is
approximately given by

e (23)

Vourg= | —8m(MC2)
! 24
_iZ {S 1 gméhrfi))(s 4 .-‘,’ul) ( )
Vout— = Zm(MC4)
— = (25)
iz (5 A gm([_:l\‘:lf'i )(5, 2 Rn?)

where Ci2 = Cgsmen, +CesMc2) £C34 = Casimed) 1 Csmcgys Cor'= Cys(Mr3) +
Ces(MR4)> 8ol = Em(MR3) +&mMR4)» Co2 = Cgs(MR5) +-Ces(MRE)> o2 = Em(MRS) +
gm(MR6)> &mMci) and Cgsovici) denote.the transconductance parameter and the gate-
to-source capacitance, respectively, of transistor MCi, gmavri) and Cgsomri) denote
the transconductance parameter and the gate-to-source capacitance, respectively, of
transistor MRi. Let Py denote the pole of the current mirror CM1, P4 the pole of the
MOS resistor Ry, Ps the pole of the current mirror CM2, and Pg the pole of the MOS
resistor Ryz. Then, from (24) and (25), the poles Ps, P4, P5s and Pg can respectively
be expressed as

p; = SnMCh (26)
Cr
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8ol
By=E, 27
= (27)
Peo gm(MCS), (28)
Cas
§o2
Py = —. 29)
CoZ (

The small signal parameters used in Equations (22)—(23) and (26)—(29) obtained
from the simulation are

EmMR1) = gmitMRey=4.12 x 107 AV~
Em(MRA) =Em(MR4) = EmMRS). = m(MKs) = 2:02.x 10~ AV
gAMET) = gmMezy= 5.47 51074 AV,
8hMC3) = &ridvcay=1.6Tx 107 AV,
CesMR1) = Giaain) -7 419 B0 S2F,
Cgsovr3) = CostMra) = Cysnirs) = Cgs(MRo) " 239 x 10713 F,
Ousicl) = Cgsipica) = 24493 1074 F;
€ o) = Casirpodyr=80 % 1074F)
Cr=458%10"'5F,
Ry =124x10° ©2,. and
Ry =991 x 0¥l
Hence, the poles Py, Pa, P3, Py, Psand Ps are located at 13.39,0.35, 6.99, 54.49,

9.39, and 1345 GHz, respectively. We can see that the high frequency limitation is
due to the pole Pp; which.is associated with the CCII-,

3.3 Input Range of the Rectifier

The input voltage range of the proposed rectifier has been derived by assuming that
the transistors M1, M2, M3, and M4 are biased in-the saturation region. The input
voltage range of the proposed rectifier can be expressed as

Vinminy = Vss + [Vrap| + [VIn| + [Veroua | + | Vestous) |, 30

Vintmax) = Vpp — [Vrapl — IVIN| = | Vesromz) | + | Verrmi |, (31)

[ : .
where Vegg = Vgs — Vg = mpm, Vgs is the gate to source voltage, Vg is
the threshold voltage and /p is the drain current.
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4 Simulation Results

In order to test the ideal design. the scheme of the proposed half-wave rectifier in
Fig. 2 is simulated using PSPICE simulation program. For the circuit simulation,
0.5 pm CMOS model obtained though MIETEC as tabulated in Table | is used.
The transistor dimensions of the proposed circuit are summarized in Table 2. The
supply voltage used is ==1.2 V. The constant current sources used are /p = 40 pA,
I3 =14y = 100 pA and Is = Ig = 100.6 pA. The current sources /5 and Ig are set
to compensate the constant current sources. The aspect ratios of MR1 and MR2 are
smaller than that of MR3 to MR6 used to-compensate the non-ideal behavior of the
current conveyor and the error of the-current mirrors. The dc transfer characteristics of
the proposed half-wave rectifier are shown in Fig. 5(a), which-displays the operating
voltage range from =250 to 250 mV-of the input voltage. Three different currents
have been used for biasing currents-of I and I/ ({;-= J7), namely, 173 and 5 LLA.
The results are shown-in-Fig. 5(b). It is observed form this.figure that the corner
distortion regions of the positive and negative half-wave outputs reduce-when the bias
currents decrease from 3 to-1-uA. This means that the precision-of the proposed half-
wave rectifier tan be adjusted by-¢hoesing appropriate bias currents /; and /». The
voltage gain variation of the proposed half-wave rectifier. with respect to frequency is
depicted.in Fig.'6. The f_3 gp frequencies of the\Vou+ / Vin and Vour— / Vin responses
of the proposed half-wave rectifier are found to be 333;MHZ.

Table 1.-The model parameters of CMOS used in simulation

.MODEL NM@S LEVEL =3 UO =460.5 TOX= 1.0E=§ TPG = 1 VTO =0.62 JS = 1.0SE-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 CISW = 5,68E=10MISW'= 0,302 CGSQ = 1.38E~-10
+CCDO=1.38E—- 10.CGBO= 3.45E=10-KF = 3.07E—28 AF=1WD = 0:t{UDELTA = 0.42
+WFE = ZE 11 DELL £00) Ligdes 2 ISTMP 10 TT= 01E+9

.MODEL PMOS LEVEL =3-U0 = 100 TOX = 1.0E-8 TPG = I VIO = (.58 JS = 0.38E—6
+XJ =0.10U RS = 886 RSH.= 1.81 L= 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.CISW = 4 67TE— 10 MISW'=.0.631 CGSO = 1.38E—10
+CGDO = 1.38E—10. CGBO =3.45E—10 KF = 1.08E—29 AF = 1 WD =(.14U
+DELTA = 0.81 NF§,= 0:52E11 DELL =0QU LIS =2 ISTMP =10 TT = 0.1E-9

Table 2 The aspect ratios (W /L) of the MOS.transistors in Fig, 2

MOS transistors W/L (um/pm)
MI1-M2, M5-M11, MD1-MD2, MC3-MC4 10/0.6
M3-M4, M12-M17 40/0.6
MC1-MC2, MD3-MD4 20/0.6
MRI1-MR2 4/0.6
MR3-MR6 2/0.6
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Fig. 7 Output responses of the half-wave rectifier for input of 100 MHz

obtained at frequencies of 100, 300 and 500 MHz are shown in Fig. 7, 8, 9, respec-
tively. The plot of the amplitudes Voy+ and Voy— versus frequency is also shown
in Fig. 10. At the 500 MHz output signal in Fig. 9, the half-wave rectified signals
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S The amplitude errors between the input and the output signals in Fig. § and 9,
Z51 result from the decrease of the gain of the proposed rectifier for operation at high
52
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frequencies. There are two methods for compensating this problem: The first method
s to increase the value of Ro| and Rgp by decreasing the W /L ratios of MR3 to MR6,
The second methed is to increase the gain ‘of the current mirrors in“the proposed
rectifier by increasing the W/ L ratios-of MC2 and MC4,

To confirm-that the amplitude error of the output voltage signals can:be impraoved
by increasing the'values of R, and Rup, we again simulate the proposed rectifier
at a frequency, of 500°MHz with the amplitude error-of the output voltage $ignals
compensated by decreasinggthe<W/ L of ratios of MR3 to MR6. The input and output
waveforms are shown in Fig. 1. It is clear thai the amplitude error of the output
voltage signals of the R{Oﬁosedf'half-wavc rectifier can be improved by increasing the
values of Ry and Reg.In additionyit€an alsabe confirmed that the proposed rectifier
can rectify the high frequencies up to 500 MHz. However, this operating fréquency
15 obtained only from simulation; when the proposed rectifier is built as an IC, this
operating frequency will be.lessened by the effect of parasitic capacitance in the IC.

In order to check for the temperature stability of the proposed rectifier, we apply a
200 m Vpeak, 300 MHz signal and vary the simulation temperature values from —75
to 75°C. Figure 12 shows the-output waveforms at temperatures-of —75, —50, —25,
0, 25, 50, and 75°C. The simulated peak outputs Vyy+ for the circuit were 175.035
and 150.8 at —75 and 75°C, respectively. Likewise, the simulated peak outputs Vi
for the circuit were —172.6 and —136.05 mV at 75 and —75°C, respectively. The
simulation resulis confirm that the proposed rectifier rectifies the high frequency up
to 300 MHz.

From the dc transfer characteristic in Fig. 4, the corner distortion regions seem
to reduce when the bias currents [} and /; deviate from 5 to 1 pA. To confirm this
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result, we again simulate the proposed rectifier of Fig. 2 at the frequency of 100 MHz
with the bias currents 13 =12 = I WA, The input and output signals in this case-are
showndnm Fig. 13, where the cleanhalf-wave rectified signals.of almost 200 m Ve
can be seen. In comparing the output waveforms in Fig. |3 with-those in Fig. 7, it is
clearly seen that by reducing the bias currents /) = > the precision of the proposed
rectifier is increased. To expand this point, the proposed half-wave rectifier is again
simulated. Here.-the input signal frequency was fixed at 100 MHz, the bias currents
used are Iy = £ = 1 LA and lhe amplitude set at 50,25 and 15 m Vpea. The'input
and output waveforms:in this case are.shown in Fig..14. They show that the proposed
circuit with the bias curmrents /1 = [ = 1A can'be used to rectify low-level signals.
It is clear from Fig..13 and 14 that the precision of the proposed half-wave rectifier
can be achieved by reducing the bias currents /i-and I (I} = Iz), but this is likely
to affect the bandwidth of the'system. Therefore, high precisionand high frequency
performances of the proposed rectifier can be achieved by approximately selecting
the bias currents /; and /o (/} = ). Finally, a comparison of the performance the
circuit of this paper and previous works is given in Table 3.

5 Conclusions

In this paper, a high frequency and high precision CMOS half-wave rectifier circuit
has been presented. The proposed circuit is based on a previously reported current
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conveyor rectifier. However, with a different circuit structure, the proposed half-wave
rectifier yields features superior to the previously reported current conveyor rectifier
in terms of the power consumption, the number of devices and the operating fre-
quency capability. The configuration described is high suitable for integrated circuit
implementation both in bipolar and CMOS technologies. The performance of the
proposed circuit is confirmed from PSPICE simulation results. In the simulation re-
sults, a power consumption of approximately 1.76 mW and a —3 dB bandwidth of
333 MHz at the supply voltage +-1.2 V were observed. It should be noted that the
proposed rectifier is suitable for a high impedance load. If the low impedance load is
applied, a voltage buffer at an output is needed.

In fact, the MOS resistors arenot quite linear, but the eascade of the input V-I con-
verter (Ri,) and the output I-V converters (Ro1 and Ry ) causes partial compensation
for the nonlinearity-of these resistors. If the propesed half-wave rectifier is loaded
by a low impedance load, the load-may be connected directly without conneeting the
output resistors (Ro; and Re2); but it requires thelinear inputresistor (Rip).
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