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ABSTRACT

This thesis presents the designs of two new analog integrated circuit building blocks
based on CMOS technology. The themes of this work are designed by using current mirrors to be
the main structure of the circuits and by using the square law characteristic where all MOS
transistors are operated in saturation regions. Firstly, a simple integrable circuit technique for the
realization of a wide bandwidth current-mode CMOS true RMS-to-DC converter is presented.
The realization scheme is based on the implicit computation method. The circuit structure is
composed of a squaring circuit, current mirrors and a first-order low-pass filter. The conversion
circuit consumes very low power, due to the bias current of the circuit is provided by the root-
mean-square current [, from the feedback function. The high frequency response of the
proposed true RMS-to-DC converter is 100MHz for J,=1.5mA. Secondly, an electronically and
linearly tunable CMOS OTA call as EOTA is presented. Where its transconductance gain can be
electronically and linearly tuned by the DC bias current. The circuit is constructed from a
balanced CMOS OTAs and achieves its linearity by squaring the nonlinear transconductance of
the balanced CMOS OTA. This proposed EOTA can be linearly tuned by the bias current for 3
decades. The achieved characteristics of the transconductance gain (g,) is dependent upon the
bias current J,, over the range of 1pA to 1mA (three decades) with the conversion error from
simulation result of about 0.68%. The EOTA can linearly convert the input voltage into the
output signal current with nonlinearity of less than 1% for the input voltage (¥, ) in the ranges
of -1V to 1V. The frequency response of the EOTA was also studied, where the -3dB
bandwidth of about 120 MHz is achieved. The usefulness of the proposed EOTA is demonstrated

through application examples, such as a current multiplier, a linearly voltage-controlled current
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amplifier and a linearly current-controlled CMOS current amplifier. The performances of the

proposed circuits are studied through PSPICE simulation results and experimental results.
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CHAPTER 1

Introduction

1.1 Introduction

At present, CMOS technologies rapidly captures the digital market, the low cost of
fabrication and the possibility of placing both analog and digital circuits on the same chip so as to
improve the overall performance and/or to reduce the cost of packaging made CMOS technology
attractive. The growing importance of CMOS technology in integrated circuit design has initialed
a new wave of design efforts i.e. CMOS gates dissipated power only during switching and
required very few devices, two attributes in sharp contrast to their bipolar or GaAs counterparts.
Moreover the dimensions of MOS devices could be scaled down more easily than those of other
types of transistors and the implementation of analog functions in CMOS technology has become
important for the complete integration of system or subsystems in a single VLSI chip.

Therefore, in this thesis, the designs of two new analog integrated circuit building blocks
based on CMOS technology are proposed. The themes of this work are designed by using current
mirrors as the main structure of the circuits and using the square law characteristic where all MOS
transistors are operated in saturation regions. Firstly, a simple integrable circuit technique for the
realization of A Wide Bandwidth Current-Mode CMOS True RMS-to-DC Converter is proposed.
Secondly, an Electronically and Linearly Tunable CMOS OTA (EOTA) will be presented.

For the ﬁrst circuit building block, the proposed true RMS-to-DC converter will be
discussed. Since one of the important parameters in the measurement of electrical signal is the
root mean square value of a signal, which gives the average energy content. The energy content is
important in noise measurements, power measurements, and measurements of output signals of
sensors. The rms value can be used to describe a variety of signals, such as a dc signal, and also a
heavily fluctuating non-periodic signal. Although for periodic signals the rms value can be
calculated from the average value, a true rms converter should be suitable for signals of arbitrary
shape. A true rms-to-dc converter is an important instrument which is useful in the fields of
instrumentation, communication and display systems [1]. In the past, many true rms-to-dc
converters that based on a bipolar integrated circuit technology are available [2]-[4]. Their

conversion schemes are mostly performed through the use of full-wave rectifiers and



multiplier/divider circuits that employing a log-antilog principle. Due to the bandwidth and the
slew-rate of the full-wave rectifiers, the useful frequency ranges of these converters are limited to
less than 5 MHz. New design techniques based on bipolar dynamic translinear circuits have been
proposed to implement true rms-to-dc converters [5), [6]. Unfortunately, only circuit descriptions
are outlined, but the characteristics of the rms-to-dc conversion circuits have not been reported. In
addition, their circuits are operated in only one quadrant and also required full-wave rectifiers.
Recently, a new design technique for rms-to-dc converter that realizes around a dual translinear-
base squarer circuit, where the input current can be a two-quadrant current, is proposed [7]. The
circuit exhibits a wide bandwidth because the full-wave rectifier is not required by this conversion
scheme. However, the implementation scheme is rather complicate and suitable for implementing
only in bipolar technology.

For the second circuit building block, this thesis presents the electronically and linearly
tuneable CMOS transconductor. This is because the linear transconductors or voltage-to-current
converter circuits are fundamental building blocks of analog circuits and systems. They are found
useful in interface circuits, instrumentation amplifiers, continuous-time-filters and oscillators.
Furthermore, when the transconductance gain of the transconductor can be electronically varied, they
can also be applied in automatic gain control circuits and in analog multipliers. In the last two decades,
it is well accepted that a linear transconductor, which is constructed from a bi-polar differential
pair and current mirrors, called as an operational transconductance amplifier (OTA), is one of the
essential active building blocks in the design of analog circuits [8]-[10]. This is due to the fact
that the OTA is a low-cost device that has only a single high-impedance node and its
transconductance gain g, can be linearly controlled over more than four decades by means of an
external bias current. Moreover, the implementation of analog circuits in such a way that employs
only OTA as standard cells will not only be easily constructed from readily commercial available
IC, but also significantly simplifies the design. In CMOS technology, several linearly tunable
transconductors based on the use of MOS transistors operating in saturation region have been
proposed in the literatures [11]-[14]. Most of them are functioning in voltage controlled mode.
The method of source-follower of the reference [11] is operated in square law characteristic with
constant source-bulk voltages, where the control voltage is applied to the gate. Whereas for the
cross coupled connection methods [12]-[14], the transconductance control voltages are applied
through voltage level shifters. However, their controllable voltage ranges are rather limited and

only narrow linearly tunable transconductance ranges are available. In some applications, such as,



an analog multiplier circuit, a frequency divider/multiplier circuit and an arbitrary power-law
circuit, current controlled transcondcutors that this trasconductance gain can be linearly
controllable by a DC bias current are preferable [15]-[17]. In the past, a current controlled CMOS
transconductor was presented in [18]. But the linearly tunable transconductance range is narrow

due to the MOS transistors are working in the weak-inversion region.

1.2 Purpose and objective of the study

In this thesis, the design techniques and implementation methods of the two circuit
building blocks in the integrable circuit form based on CMOS technology are presented. The
theme of this work are to design by using current mirrors as main structure of the circuits and
using the square law characteristic, where all MOS transistors are operated in saturation regions.
There are a true RMS-to-DC converter and a linear electronically tunable CMOS OTA (EOTA).
Proposed circuits yield the following advantages:

() The proposed true RMS-to-DC converter that designed by the use of implicit
computation to calculate the RMS value of an input signal, is suitable for all input waveforms. The
conversion circuit is simple, suitable for implementing in monolithic integrated form. The circuit
exhibits a wide bandwidth because the full-wave rectifier is not required by the proposed realization
scheme. Moreover the circuit consumes very low power, due to the bias current of the circuit is
provided by the root-mean-square current [,

(ii) The proposed linear electronically tunable CMOS OTA (EOTA) realization method is
achieved by squaring the transconductance gain of the balanced CMOS OTA. Therefore the EOTA
transconductance gain can be linearly tuned by an external bias current for three decades. The linear
input-voltage range of about 1Vp with less than 1% nonlinearity is obtained. The usefulness of the
proposed EOTA is demonstrated through application examples, such as a current multiplier, a
linearly voltage-controlled current amplifier and a linearly current-controlled CMOS current

amplifier.



1.3 Theory or idea used in the research

(i) All of the proposed circuits in this thesis are designed based on the MOS transistor
square law characteristic and current mirrors as the main structure of the circuits.

(i) The implicit computation method is used for the realization of root-mean-square
function. The advantage of this technique is that the RMS circuit is not requiring the square-root
circuit. The circuit structure is composed of a squaring circuit, current mirrors and a first-order
low-pass filter. The circuit is simple that suitable for fabricated in CMOS technology and the
wide bandwidth characteristic is achieved.

(iii) The realization method of the proposed electronically and linearly tunable CMOS
OTA (EOTA).is achieved by squaring the transconconductance gain of the CMOS OTA. For this
technique the linear transconductance is computed by squaring the transconductance of a
balanced CMOS OTA which the proposed circuit is require 3 balanced CMOS OTA for realize

the linear tracnsconductance characteristic.

1.4 Dissertation Overview

In chapter 2 the active circuit elements which used for designing the circuit building
blocks in this thesis are described in this chapter. The circuit descriptions of the CMOS current
mirrors, the CMOS current squaring circuit and the CMOS OTAs are outlined.

Chapter 3 concerning with the design and implementation of CMOS based true RMS-to-
DC converter. The circuit description and circuit performance, such as: input dynamic range,
conversion errors, frequency response and DC and ripple errors, are described. The
implementation of the proposed RMS-to-DC converter by both the discrete circuits by using
CMOS CD4007 transistor parameters and the real chip by implementing on 0.5 microns CMOS
Technology AMIS process are outlined. The performance of the true RMS-to-DC converter has
been studied through simulation and experimental results. In addition, the summary of RMS-to-
DC converter characteristics is also included.

In chapter 4 the proposed electronically and linearly tunable CMOS OTA (EOTA) is
presented. The circuit description, circuit performances, such as: input dynamic range, conversion

errors, frequency response, are described. Moreover a current multiplier circuit, a linearly voltage-



controlled current amplifier and a linearly current-controlled CMOS current amplifier, are illustrated in
the application examples. The circuit performances are studied through PSPICE simulation results.

Finally, Chapter 5 concerning with the conclusions and discussions.



CHAPTER 2

Active circuit elements

In this chapter, the circuit elements which will be used as major active circuit elements in this
thesis are described. The circuit descriptions of the CMOS current mirror, the CMOS current squarer

circuit and the CMOS OTA are respectively outlined.

2.1 Current-mirror

2.1.1 Circuit Description

Current mirrors have come to be widely used in analog integrated circuits both as biasing
elements and as active load devices for amplifier stages. The use of current mirrors in biasing can
result in superior insensitivity of circuit performance to variations in power supply and

temperature [19], [20].
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(a) (b)

Fig. 2.1 Current-Mirror block diagram referenced to

(a) ground and (b) the positive supply.



A current mirror is an element with at least three terminals, as shown in Fig. 2.1. The
common terminal is connected to a power supply, and the input current source is connected to the
input terminal. The output current is ideally equal to the input current multiplied by a desired current
gain. If the gain is unity, the input current is simply reflected to the output, leading to the name
current mirror. Under ideal conditions, the current-mirror gain is independent of input frequency,
and the output current is independent of the voltage between the output and common terminal.
Furthermore, the voltage between the input and common terminals is ideally zero because this
condition allows the entire supply voltage to appear across the input current source, simplifying its
transistor-level design. More than one input and/or output terminals are sometimes used.

For MOS transistor, a commonly used parameter for the characterization of channel
length modulation (4 ) is the reciprocal of the Early voltage (V,), A =1/V,. Thus we can include
the effect of channel-length modulation in the I-V characteristics. If one assumes that the
transistors operate in the saturation region (V5 > Vg —¥; ), the value of I, in this region can be

given by

I, = —#(VGS ~V, ) (1+AVy) 2.1)

where the parameters are:

u, surface mobility of the channel, (cm* /volt -sec)
C,= f"' gate oxide capacitance density, ( Ff cm’)

w effective channel width, (m)

L effective channel length, (m)

v, threshold voltage, (volt)

A channel length modulation parameter, (volt'l)
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(a) (b

Fig. 2.2 Simple MOS current mirrors

(a) NMOS current mirror (b) PMOS current mirror

A simple realization of a CMOS current-mirror is presented in Fig. 2.2. From the circuit

21 2I
Vosa =Vpa+ |——2—=V o =V + |—2L (22
w N ucwm, T e win, ¢

If the transistors are identical, (W/L),=(W/L),, and therefore we get the relation of the currents

I, = Iy, =1y, (23)
Eqn. (2.3) shows that the current that flows in the drain of M, is mirrored to the drain of M,
Using Kirchhoff ’s Curent Law, eqn. (2.3) yield.

L,=1n=1, (2.4)
Thus for identical device operating in the saturation region with infinite output resistance, the
gain of the current mirror is unity. This result holds when the gate currents are zero; that is, eqn.
(2.4) is at least approximately correct for DC and low-frequency AC currents. As the input
frequency increases, however, the gate currents of M, and M, increase because each transistor has
a nonzero gate-source capacitance. In practice, the devices need not be identical. Then from eqns.

(2.2) and (2.4),



out

/L) \ Vos

2
- W/L), (Vos, = Vi I+ AV, 4,C,
il 14+ AVpsy #1Coni ”

Tl

2
- w/L), (Vcsz Vi ] . 1+ AV sy 4,,C
-V,

ox2 . (25)
(W/L)l Vasi 14+ AVps 4,,C

ox}

1

Then, if the effect of source and load impedances is first neglected, the current-mirror large signal

equation shows current gain (4,) proportional to the aspect ratios of transistors M, and M,, with
certain additional dependencies

2
g <Jos /D), (V ~an L+ W, 4,C

U, 0x2
Im (W / L)I VGSl"‘Vrl

. 2.6)
1+ AVt #4C o

From this equation, we found that the process variation of the channel width W, channel
length L, mobility Y4, and oxide thickness ¢, can produce linear gain error.
If the effect of channel-length modulation can be neglected ( A =0 ), assume the

process parameters such as V,, 4, C, , of MOS transistor are matched and V), = ¥, . The eqn.
(2.5) can be rewritten as

_W/D, , _w[D), .
out (W/L)I D1 (W/L)l in ( . )

and the current gain (4,) in eqn. (2.6) can be rewritten as

Ao _ /D),
S A7) 9

Eqn. (2.8) shows that the gain of the current mirror can be larger or smaller than unity because the

transistor sizes can be ratioed. To ratio the transistor sizes, either the widths (W) or the lengths
(L) can be made unequal in principle.
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Due to finite input and output impedances have a significant effect on the current mirror
gain accuracy. The small signal equivalent circuit of the current mirror will be used to analyze the

input impedance , the output impedance and the current gain.

Fig. 2.3 Small signal equivalent circuit of NMOS current mirror in Fig. 2.2

From Fig. 2.3, the small-signal input impedance of the current mirror depends on the

transconductance of the input transistor M,

r, = 1 = 1 2.9

in
& 4
: \/ 2u,C,, Zl I

where g, is the transconductance of transistor M,, and the small-signal output impedance

depends on the drain-source conductance of the output transistor M,, accordingly

(2.10)

where g, is the drain-source conductance of the transistor M,.

The relation between the input current (Z,) and the output current (I,,) of the basic current mirror

can be written as
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=Em @.11)
gml

I

out

For the high frequency response of the simple current mirror, from Fig. 2.3 the transfer

function of input current and output current (i,,,(s) / i,,(5)) can be expressed in eqn. (2.12)

() 8wy 1 2.12)
i,()  &m 1+ s(cl +C2)
g ml
where C, =C,, +C,,
C,. is the gate-source capacitance of transistor M,, (F)

C qu 1 the gate-drain capacitance of transistor M, , (F)

The basic current mirror characteristics from eqns. (2.5) to (2.12) show that the current gain can

be controlled by the channel width (W) and/or channel length (L) of the MOS transistor.

From eqn. (2.12) the cut-off frequency of the basic current mirror in Fig. 2.2 which depending on

one pole can be expressed as eqn. (2.13)

gml
s —r 2.13
Sosas 27(C, +C,) @13

Eqn. (2.13) shows that the dominant pole of the basic current mirror is normally situated at quite
high frequencies because of the low value of g ,. Thus, the current mirror operates well up to
high frequencies.

In modern sub-micron CMOS processes the g /g, ratio is less than 100 and consequently
results in not a significant gain error. This gain error is usually reduced by increasing the output
impedance using different cascode mirror topologies rather than the simple two transistor current-
mirror. In this case, however, the drain-source voltages ¥, # ¥, gain error as expressed in eqn.
2.6 may result. Moreover, these drain voltages are signal dependent and thus the channel length

modulation A, which continuously increases as progressively shorter channel length devices are
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introduced, can additionally produce significant amount of distortion. Therefore, topological
improvements must be made in the current-mirror in order to maintain the drain-source voltages
Vs and Vg, as equal as possible. This is achieved by using the current-mirror topologies rather than
the simple current-mirror or the cascode current-mirror that shows in Fig. 2.4. The additional current-
mirror constructed of transistors M, and M; is added on top of the original current mirror in order to
force the drain voltage V), of the transistor M, equal to Vi, = V, =V [19]. Unfortunately, this
reduces significantly the input and output voltage ranges and thus the minimum supply voltage of the

circuit is quite high.

Fig. 2.4 A simple four transistor cascode current mirror.
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Fig. 2.5 Small signal equivalent circuit of cascode current mirror in Fig. 2.4

From the small signal equivalent circuit in Fig. 2.5, the relation between the input current (i,) and

the output current (i) of the cascode current mirror in Fig 2.3 can be written as

i =8mEm ; (2.14)

out in

gmlgm3

The input impedance of the cascode current mirror can be written as

r’" — gml +gm3 (2’15)
Em8m3 '

and the output impedance can be written as
Your = Vaz +Van T malarlus = Bmalurlas (2.16)
where 7, is the drain-source resistance of the MOS transistor M,

The frequency response of the cascode current mirror in Fig. 2.5 can be expressed as



14

ioul (s) = gm4 ]' (2.17)
by (S) &m | C (C2 +C3) 24 ((Cl + CZ)(gml + gm2)+ Cgs4gm2 ) s
gmlgmz gmlgmz

+1

Eqn. (2.17) shows that the cascode current mirror has a complex pole. Therefore, its bandwidth of
the cascode current mirror is less than the basic current mirror. However, the cascode current

mirror has higher output resistance and less error in current i,

Table 2.1 Characteristics summary of the basic current mirror and cascode current mirror

Current Input resistance Output resistance Frequency response
mirror (rln) (roul ) ioul (S)/i," (S)
Basic ty = l/gml Vour = l/gdz .

fou (5) 8| 1
CuITent iln (S) gml 1+ S(Cl +C2)
mirror Em
Cascode — 8ot 8ms | Tow =Taz Flaa ¥ maludlus| ,

n — Tou S oy 7
Cur]‘ent gmlgm3 = gm'?izru e (:) &m Cl (C, "'C:)Sz + ((C, + C:)(g-l + g-:)+ C..Ag.z)’ +1
B Ema Eai8a2

mirror

2.2 CMOS current squarer circuit

Squarer circuit is one of the useful basic circuit functions in the amplitude domain, the
need for which arises quite often. They are essential to the extraction of the exact RMS value of a
signal, and in power measurement in general.

Recently, the realization of squarer circuits have been proposed for various techniques
[7], [21]-[30]. For [21]-[23], the circuits are designed by using the operational amplifier (op-amp)
where the circuit designs with transistors that are operated in the saturation and the triode region.
The output current is the function of their input voltage squared. On the other hand, the works in

[24] - [30] are designed by using only MOS transistors. These circuits are function as a voltage-
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mode squarer circuit. The circuits are designed by using square-law characteristic. All of MOS
transistor are biased in the saturation region. Finally, the [7] is a current-mode squarer circuit.

Some example of the proposed squarer circuits will be outlined as follow.

Vop

I
I v
+ Op Amp

]
S

Fig. 2.6 Squarer circuit [21]

The squarer circuit that shown in Fig. 2.6 was proposed by LM. Filanovsky and H.P. Baltes [21].
The circuit structure include an operational amplifier (op-amp) and nested transistor pair (Q, and
Q,) where transistor Q, operates in triode region. When the input voltage (i’) is applied to the op-
amp, the op-amp output voltage will force the transistor O, and the current I, which will flow
through the transistors Q, and Q, can be calculate as follow.

The transistor @, will be pinch-off and transistor Q, will be forced into the triode region

of operation. The gate-source voltage ¥, of the transistor M, will be

21
Vosa =Vey + 7{" (2.18)

2
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where ¥, is the threshold voltage of n-channel transistor and K, = 11,C, (W / L), from the other

side, due to the triode operation of Q,, the current J will satisfy the equation

KV?
I=K Vs =Vin )V - ‘2 (2.19)
where K, = 11,C, (W / L), . Besides,
Vos1 =V + V552 (2.20)

substituting (2.18) and (2.20) into (2.19), one can find that

1= K [ J(KTK)(KKo) + 1+ (Ko Ko )+ 1/2]v? 2.21)

Transistors Q, and @, are used to copy the current / to the output of the squaring circuit. Eqn.
(2.21) shows that this circuit can operate as squarer function. The output current is proportional to
the square of the input voltage. Due to this technique requires the operational amplifier, the circuit
performance depends on the performance of the operational amplifier. Such as, the bandwidth is
limited, since the cut-off frequency of the open-loop gain of the op-amp is typically in the range
of 10-100Hz.

Fig. 2.7 shows the voltage-mode squarer circuit that proposed by O.4. Seriki and R.W.
Newcomb [28). The circuit is designed by the used of CMOS transistors. The circuit is function as

voltage-mode squarer circuit.
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Fig. 2.7 Squarer circuit proposed by O.A. Seriki and R.W. Newcomb [2.8]

This circuit is a two-stage arrangement. The first stage which consisting of equal
transistors M,, M, and M, (NMOS) is a linear amplifier, where the output voltages ¥, and ¥, are
measured with respect to ground, having their signal components the negative of each other. In
the second stage, which is the squaring function, the current i, that flowing through R, is the sum
of the drain currents 7, and i,; of the two equal transistors M, and M. These currents being
squares of the inputs when the transistors are properly biased. For the circuit analysis, assuming
the transistors are biased to operate in the square-law region, the drain current 7, of an n-channel

MOS transistors is related to its gate-to-source voltage, ¥, by
in=KWV-V;) (2.22)
Since the current i,,, iy, and i,, flowing through the transistors are the same, the gate-to-

source voltage Vi, Vg, and Vg are equal. Since Vg +Vo,=2V =2V =V +V tv, ,

Kirchhoff’s voltage law shows that the voltages v, and v, are given by

1 1
Vi =Vopo —Vess =Vop _E(VI +Vs) "EV, (2.23)
1 1
Vv, =Vs2 Vs = E(V’ —Vs)+51’, (2.24)

47286
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Hence, a signal v, fed into the input of the first stage divided equally, but with opposite
signs, between v, and v, to form the signal components of the voltages which control the gates of
transistors M, and M; of the second stage.

The current i, flowing through the resistor R, is the sum of the drain current i, and i)

The total out put voltage, v,, is given by

v, =V, — KR, (a,—a,)V, —%KR,_V,2 (2.25)
. . 2, 2 1 1
where ¥V, is the dc bias component, V,, =V,, — KR, (a; +ay), a,=Vy, —-2-Vss _EV' -V,

and a, =%VSS +%V,—VT.

From eqn. (2.25), since this second term is not desired in the output of a squaring circuit,
it contributes to the amount of distortion or error introduced by the circuit. The last term is an
undistorted reproduction of the square of the input signal and this is the desired output signal. The
second term can be reduced or eliminated completely by satisfying the condition a, - a,= 0. We
can found that this circuit can function as voltage squaring circuit.

The circuit is shown in Fig. 2.8 that has been proposed in [7], is the current mode squarer
circuit. This work is the one of the method that realized by using the square law characteristic of
MOS transistor where all transistors are biased in saturation region. The circuit structure is simple
and provides good accuracy over a wide range of input currents. Therefore, in this thesis, the
current squarer circuit as shown in Fig. 2.8 has been used for designing the proposed true rms to
dc converter. The circuit structure composes of two current mirrors and the output current is the
function of the square input current and DC bias current. This current squarer circuit description

will be outlined in this section.
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2.2.1 Circuit Description

Vbp
—
lls,\ GDIb
Vref
My | :
lml ! l I | . M,
D2
Iin A
o] [ M6
M, M,
Vgs

Fig. 2.8 CMOS current squarer circuit

The operation of the CMOS current squarer circuit of the Fig. 2.8 is based on the square
law characteristic of MOS transistors biased in the saturation region [31], [32]. Transistors M,
through M, function as a current squarer, where M, and M, and the current source I, formed as the
current-controlled bias circuit. The input signal current I, is injected into point A. From the

squarer circuit in Fig. 2.8, consider the transistor M;, M;, M, and M,, we will obtain

Vosa +Vass =Vasi +Voss (2.26)
Assume all MOS transistors are biased in the saturation region, the square-law behavior for the
current —voltage relationship of the MOS transistor in saturation is assumed as

I,=K(Ves -V;) .27

where ¥ can be expressed as



I
VGS=\/-_;<—;+VT

(2.28)
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from eqns. (2.26) and (2.28), set V;, =V, =V, =V, =V, andK, =K, = K, = K, = K and from

circuit analysis I,,= I, = I, , therefore

21, =1 +Is

squaring the eqn. (2.29) given
4, =1+ 21,15, +1,

From routine circuit analysis, the relation between 1,

or Ip; and

Iy =1p-1,
or

Ip,=1,+1,

From eqns. (2.30) and (2.31), we will obtain

2‘\/I[2>2 Ly Ip, =41, +1, - 21,

(2.29)

(2.30)

I, can be expressed as

(2.31)

(2.32)

(2.33)

By squaring eqn. (2.33) , the drain current of transistor M,, (1,,,) can be written as

_ 161,,2 +81,1, +I,f,
= 161,
Eqn. (2.34) can be rewritten as
41, + 1,
I, = ( 161, ) LA

From eqns. (2.29) and (2.34) , the drain current of transistor

(2.34)

(2.39)

M,, (I, ) can be written as



21

161> 81,1 + I

= 2.36
D1 161, (2.36)

or

_(5-1)

I
Ip = 161,

in

<4l (237)

1

The unity gain positive current mirror CM,, formed by M, and M, reflects the current I, in order
to add with the current I,,. Then, from eqns. (2.35) and (2.36), the summation of the currents I,

and I, or I, = I,/ +I,, becomes

Iy =1Ip+1p (2.38)

Replace I, and I,,, in eqn. (2.32) with I, and I,,, from eqns. (2.34) and (2.36) respectively , I,

can be rewritten as

12
8l,

I,

(2.39)

We can see that I, consists of the signal current which is the squaring of the input signal I, and
the DC current 21, If the DC current 2], can be compensated, the circuit will be functioned as a
squarer/divider circuit, which can be used as a basic cell to realize rms-to-dc converter by the

implicit computation method in this thesis.

2.3 A balanced CMOS OTA

An operational transconductance amplifier (OTA), also called a transconductance
element or a transconductance, is a device that converts voltage inputs to current outputs (or a
voltage controlled current source) such that i, = g, V,,. The transconductance gain g, can usually

be varied over a wide range by adjusting an external DC bias current I,
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out

Fig. 2.9 Ideal model of the operational transconductance amplifier (OTA)

In Fig. 2.9, the small-signal model for an ideal OTA is seen to be a differential input voltage-
controlled current source (VCCS), with infinite input and infinite output impedances. An OTA is
a voltage controlled current source, more specially the term “operational” comes from the fact
that it takes the difference of two voltages as the input for the current conversion. The ideal

transfer characteristic is therefore

bt = & (Vi = V) (2.40)
or, by taking the pre-computed difference as the input,

fout = 8mVin (2.41)

with the ideally constant transconductance g, as the proportional factor between the two. In practice
the transconductance is also a function of the input differential voltage, as we will later see.

In the literature, many design techniques have been proposed for realizing the operational
transconductance amplifier. For CMOS-based OTA, a well-known practical linearization
technique for transconductors is source degeneration [33]-[35] and by using cross-coupled
differential pairs operating in saturation, e.g. [36]-[40]. Some of these realizations are not
intended for low-power usage, others have problems with the body effect and/or channel length-
modulation. In addition an interesting approach of a low-power linear OTA working in the non-

saturation region has been proposed in [41]. However a double supply voltage and matching of a
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p-type and n-type OTA is needed. As a matter of principle the transconductances for positive and
negative input voltages do not match exactly.

In this thesis, a balanced CMOS OTA has been used for realizes the transconductor
which can be electronically and linearly tuned. The circuit structure is composed of a V/I
converter (or differential amplifier) and three current mirrors. The circuit description will be
described. Firstly a simple CMOS OTA will be introduced.

InFig. 2.10 a simple CMOS OTA is shown, the simple CMOS OTA consists of a self-bias
MOS transistor differential stage with active load. Transistors M, and M, form a matched transistor
pair. Transistors M, and M, have equal W/L, as well. All current levels are determined by current

source I, half of which flows through M, and M;, with the other half flow through M, and M.

VSS

Fig. 2.10 A simple CMOS OTA

At low frequency, the transconductance of the OTA is given by G, =g,,=g .. It is also

given by

G, =\2I,K (2.42)

in which K= 4,C, W /2L is the transconductacne parameter for MOS transistor in saturation. Also
note that the current J; in eqn.(2.42) is the total current, which is twice the current through one

transistor.
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For the structure of this simple CMOS OTA, their input stage consists of a differential
pair loaded by a current mirror. This load is thus very asymmetrical due to only M; is connected
as a diode that causes V,, fixed, whereas ¥V, is varied up to load. Therefore, the DC current
which flows through M,, M, and the other one flowing through M,, M, are unbalance. From this
result, the symmetrical CMOS OTA or balanced CMOS OTA is preferred for the circuit design in

thesis, which provides the same load to both input devices.

Simple balanced CMOS OTA

s

-

The circuit schematic of the balanced CMOS OTA with symmetrical input stage is given
in Fig. 2.11. The differential pair is formed by the input transistors M, and M, They drive their
output currents in two transistors, M, and M,, which are connected as diodes. They are the inputs
of two current mirrors with current multiplication factor (current mirror ratio). The output current
of transistor M, is then mirrored once more in current mirror M,, M,, with the unity gain current
mirror, as indicated. In addition, for the balanced OTA structure, current mirrors constructed of
transistor M;-M, and M -M, will force the drain voltage V,,, of transistor M, equal to ¥V, of

transistor M,

2.3.1 Circuit Descriptions of a balanced CMOS OTA

Fig. 2.11 Schematic diagram of a balanced CMOS OTA
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For the purpose of the following analysis, we will assume that all MOS devices operate in the
saturation region. This means that the transistor drain current f, is characterized by a square-law

model as

2.43
0 , Jor Vo <V, (243)

I, = {K(VGS SV, for V>V,
where the transconductance parameter K = u,C, W/2L, u,is the mobility of the carrier, C,_ is
the gate-oxide capacitance per unit area, W is the effective channel width, L is the effective
channel length, and ¥ and V. are the gate-to-source and threshold voltages, respectively.

If we let ¥, is the differential input voltage (V,=V-V)), i, is the output current and I, is
the bias current. Let us assume that M, and M, are perfectly matched and the current mirrors have
unity current gain. By using eqn. (2.43), the differential output current of the circuit in Fig. 2.11
can be given by [42]

i

out

=i, -
2

=,/2IBK-V,"- ’1—15;/'" . for—\/%SVmS\/% (2.44)
B

The transconductance gain (g ) of the MOS coupled pair can be derived by taking the derivative

of (2.44) with respect to ¥, yielding

_ Gy
&=~

in

I I
=«/21 K, or—-"—BSV s,/—” 2.45
. B f K in K ( )

V=

From the eqn. (2.44), the current i, can rewritten as

ioul = ng/In = 2IBK 'I/I

n

(2.46)

Eqn. (2.45) shows that the transconductance gain (g,) of the OTA can be varied by the bias
current [, but in the form of square root function. In addition, in order to operate in the low

distortion range, the input voltage ¥, should be in the range of [20]
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v, < Iﬁf/f ] (247)

Moreover, Fig. 2.12 is a multiple current output or fully differential OTA . As shown in dashed-
line the multiple current outputs OTA can be implemented by current replicas using current
mirrors formed by transistors M_-M,,. However, the method that uses two OTAs in parallel input

terminals to produce multiple outputs can also be used [43].

Tyl

Fig. 2,12 Schematic diagram of the fully differential CMOS OTA

Where v, is the differential input voltage (v, =V,-Vp), . is the output current and I, is the bias

current. The differential output current of the circuit of Fig. 2.12 can be given by

i =i,—i =,/21 K-y - 1—&2”- for — -Ii<v < Iy (2.48)
x 2 1 B in 218 ’ K - In = K *

The transconductance gain (g ) of the fully differential OTA can be derived by taking the

derivative of (2.48) with respect to v,, yielding

=2I,K (2.49)
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Thus we can obtain the following equation for a small signal;

i,=g.V,= ,/ZIBK VY, (2.50)

Eqn. (2.49) shows that the transconductance gain (g ) of the OTA can be varied by the bias
current J,, but in the form of a square root function. It should be noted that the transconductance
gain (g,) of the balance CMOS OTA shown in Fig. 2.11 will provide low harmonic distortion if the

input voltage is limited in the range of

g, =21, for—\/I—ESv,,, S\/% (2.51)

The effect from the non-ideality can be studied through the use of the OTA small signal
model that shown in the Fig. 2.13,

out

lOll’
8mor4pYin
Tiny —— Cou
Tox: (o Toy)

Fig. 2.13 Small signal model of a balanced CMOS OTA

. JA

where r,,, is the input resistance of OTAI, 7,y or r,, is the different output resistance at

port X or port Y, C,

' 15 the input capacitance of OTAI and C,

Ly 15 the output capacitance of

OTAI [20],[25],[26]. The differential output resistance 7, is approximately equal to the output
resistance of the current mirror M,-M in parallel with the output resistance of the current mirror

MM, or r,,, approximate 1/(g,+g,) and, similarly, r,, approximate 1/(g,+g,,,)



CHAPTER 3

CMOS Based True RMS-to-DC Converter

3.1. Introduction

The Root-Mean-Square (RMS) value of arbitrary signal is one of important parameters in
electronics measurements, especially for digital multimeters (DMM’s). The RMS value is the
parameter for measuring the size of signal. As the name suggests; this parameter consists of the
square root of the average value of the square of the signal. Moreover, the RMS value is such an
important measurement for the following reason: It is the most common way of describing the size
of an AC signal. The RMS value is a measure of the energy content in the signal since the RMS
value of an AC voltage or signal is defined as being equivalent to that DC voltage or current which
has a similar heating effect of the AC signal when applied to an identical resistor. In addition it is
useful in some statistical operations; for example with any stationary, zero mean random signal, the
RMS value is equal to the standard deviation of the signal.

A true RMS-to-DC converter is a device which converts a signal (DC, AC, AC+DC) for
all waveforms to its equivalent DC heating value which proportional to the square root of the
average of the input waveform squared. It is an important instrument that used for measuring the
average energy content in an electrical signal. This device found useful in the fields of
instrumentation, communication and display systems [1]. Automatic gain control and digital
multimeters are examples of these applications.

To realize this RMS converter, we have two alternative methods; a comparing and a
computing methods.

The comparing method, which is based on a thermal principle or the thermal RMS-to-DC
converter [44],[45]. This method is achieved by converting an unknown voltage or current into
heat from a known value of resistance. The squaring of the input signal is realized by measuring
the temperature of a resistor, which is heated by the Joule heat of the electrical current. The
dissipated energy is proportional to the square of the input signal. Integration can be achieved by
using the thermal time constant of the circuit or by an extra electronic integration circuit. Most of
the thermal converters use a feedback system, which compares the temperature of a dc-driven

resistor with the temperature of the resistor driven by the input signal. The temperature can be
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measured using a bipolar transistor [46] or a thermopile [47], which can be realized by using extra
bulk micromachining steps. The thermal conversion is the simplest method in theory, but
however, it is the most difficult and expensive to implement.

The computing method is based on analog signal processing or digital signal processing.
Although the analog processing method using translinear property of bipolar circuitry has led to
elegant solution [4],[6],[48], however, these converters are difficult to implement in standard CMOS
processes. We can determine the RMS value of a wave form electronically with multiplier circuits
by using either of the two techniques. One technique is knows as direct computation [Analog
Device commercial IC AD737, AD736] which directly computes the square, the mean and square
root of the analog value. Using this direct approach, a squarer, a low pass filter,"and a square
rooter are required according to the definition, resulting in a true rms-to-dc converter applicable
to measuring an arbitrary waveform. This direct approach has a limited dynamic range because the
stages following the squarer must try to deal with a signal that varies enormously in amplitude. The
other one technique is indirect or implicit computation [commercial IC AD536A, AD637,
MX636], [71,[49]-[51]. This approached uses feedback to perform the square root function
implicitly or indirectly. Therefore the scheme requires only a squarer and a low pass filter to
measuring an arbitrary waveform. Some advantages of implicit rms computation over other
methods are fewer components, greater dynamic range, and generally lower cost.

Several methods to obtain true RMS-to-DC converters amenable to silicon
implementation have been proposed [52). However, in most cases, these converters are
implemented by means of BJT transistors [6]. Thus, these techniques are difficult to translate to
standard CMOS processes. An attempt to fill this gap is to employ an analog-to-digital converter
and to perform digital processing [53],[54] that designed based on AX computational technique,
but the extra circuitry needed leads to a considerable increment of chip area. In [S5] another
proposal employing continuous time analog processing and standard CMOS process are
presented. In such an implementation, the dynamic MOS translinear principle are employed
[4],[6). The RMS to DC converter design based on CMOS technology has been also proposed
[56). The circuit design based on pseudo RMS-to-DC converter concept since it does not give, in
the general case, an output proportional to the square root of the average of the input waveform
squared.

In this thesis, through the use of a MOS transistor square law characteristic, a design

technique for the realization of a true RMS-to-DC converter is proposed. The circuit is suitable
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for all input wave forms. The conversion circuit performs the implicit computation scheme, by
feedback the root-mean square current to be the circuit bias current. A full-wave rectifier is not
required by the proposed realization scheme. The conversion circuit is simple, suitable for
implementing in monolithic integrated form, and can be readily integrated as part of a larger
system. The performance of the conversion circuit is studied from PSPICE simulation results and

experimental results.

3.2 Exiting RMS-to-DC converters

Many true RMS-to-DC converters have been proposed [2]-{4], [57], most of them are design
based on a bipolar integrated circuit technology. Their conversion schemes are mostly performed
through the use of full-wave rectifiers and multiplier/divider circuits that employing a log-antilog
principle. Due to the bandwidth and the slew-rate of the full-wave rectifiers, the useful frequency
ranges of these converters are limited to less than 5 MHz. Commercial monolithic IC’s for the RMS-
to-DC converter are available. The popular examples from Analog Devices are the AD536/536AJ,
AD636J, AD336J, AD737J, AD736 and AD737, from National Semiconductor is LH0097 and from
Burr-Brown is 4340/4341. Most of these IC’s are similarly built up from two main part: namely, a full-
wave rectifier circuit and a multiplier/divider circuit employing a log-antilog principle. However, the
bandwidth of the full-wave rectifiers and the high frequency performance of the IC’s is also limited by
their full-wave rectifier part.

New design techniques based on bipolar dynamic translinear circuits have been proposed to
implement true RMS-to-DC converters [4],[6],[48]. Unfortunately, only circuit descriptions are
outlined, but the characteristics of the RMS-to-DC conversion circuits have not been reported. In
addition, their circuits are operated in only one quadrant and also required full-wave rectifiers.
Recently, a new design technique for RMS-to-DC converter that realizes around a dual translinear-
base squarer circuit, where the input current can be a two-quadrant current, is proposed [7]. The circuit
exhibits a wide bandwidth because the full-wave rectifier is not required by this conversion scheme.
However, the implementation scheme is rather complicate and suitable for implementing only in

bipolar technology.
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3.3 The proposed CMOS based true RMS-to-DC converter

In this section, through the use of a MOS transistor square law characteristic, a
realization of a wide bandwidth current-mode CMOS true rms-to-dc converter is proposed. The
conversion circuit performs the implicit computation scheme, by feedback the root-mean square
current to be the circuit bias current. The square root function is obtained, while a square root
circuit is not required by the proposed realization scheme. The circuit structure is simple since it
requires only a squarer and a low-pass filter. The conversion circuit consumes very low power,
due to the bias current of the circuit is provided by the root-mean-square current I, ..

Usually, for the RMS-to-DC converter through the implicit computation method, the
circuit implements the root-mean-square function by performing two non-linear processes:
squaring and square rooting. However, in this implementation, the squaring is the core of the
circuit and the square rooting function is achieved through feedback. The proposed RMS-to-DC
converter can be represented by the block diagram as shown in Fig. 3.1. It composes of the
squarer/divider block, 2 /1, , in combination with the current mirrors CM, and CM, and the

low-pass filter LPF (CM; and C,,).

1 I I, 1 1 I
in Zin S4 s 5 —_—
—_—> L, ] M, | UF >
+ (CM, end CM)) (M, md C,))
+
I =1,
cM, |-

Fig. 3.1 Block diagram representation of the proposed true RMS-to-DC converter.

Noting that the conversion is performed through the feedback system, the instability will
occur when the loop gain magnitude of the circuit exceeds one. However the loop gain magnitude
of the proposed true RMS-to-DC converter is always less than one since the gain magnitude of
CM, and CM; are unity and the gain magnitude of the LPF is always below one (@ >>1/7) for
keeping the LPF work as ideal integrator. Therefore, the proposed RMS-to-DC converter is

always stable.
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3.3.1 Circuit descriptions of the true RMS-to-DC converter

Fig. 3.2 The proposed true RMS-to-DC converter.

From Fig. 3.1 the schematic diagram of the proposed true RMS-to-DC converter can be
represented as Fig. 3.2. In this figure, transistor M, to M, are formed as the current squaring
circuit in combination with four current mirrors, CM, through CM;, where the input signal current
I, is injected into point C. From routine circuit analysis, the summation of the currents I, and I,,

or I, = I, +I,, can be given by [analyzed in section 2.2.1 ]

12
I, =-4+2] 3.1
) A G.1)

b

We can see that I, is the squaring of the input signal J,, plus the DC current 21,. If the DC current
21, can be compensated, the circuit will be functioned as a squarer/divider circuit. Therefore in

this proposed true RMS - to -DC converter is constructed such that the drain current of the
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transistor M; of the current mirror CM, sources the current 21, from I;,. Then from the eqn.(3.1),

the current g, can be expressed as

L

= 3.2
o =3 (3.2)

In the figure, the current I, passes through the averaging circuit or the first-order current mode low-
pass filter (LPF) or the integrator circuit, which is consisting of the current mirror CM, (M, and M,)
and the grounded capacitor C,, parallel connected to the mirror input [58]. The output current of

the filter I,, can be written as

~ 1 2
I, =Ij1,ndr , st>>1 (3.3)

where T=C,,/g,,, is the time constant of the filter and g, is the transconductance of the transistor
M,. Due to the unity gain current mirrors CM, (M, and M,) and CM, (M,, and M,,), the bias

current J, is derived by the current ,, such that
Ib"= Ibl' (3.4)

At the output, since we set the transistor channel widths of the current mirror CM; as W, =

V8 W,,, it means the output current
o =8I, (3.5)

From eqn. (3.3), since I,=1,,, by solving for I,, we can write
1 |I
I =—. |- |I}dt (3.6)
b \/87 T I [/

Then from eqns. (3.5) and (3.6), the current I, can be given as
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1

= |Ildt (.7
T

Los =

We can see that the output current I, is in the form of the root-mean-square value. It should be
noted from the eqns. (3.2)-(3.7) that the square root function is achieved by the feedback of the
current I,, to be the bias current J; of the circuit.

In order that the proposed RMS-to-DC converter gives a good performance for the required

frequency range, the value of the capacitor C,, must be chosen such that [55]

Cy > EmrMax) /4”f(MIN) (3.8)

where f,,,, is the lower end of the frequency range of interest and

sy = 2K s /Ly (3.9)

W, is the channel width and L, is the channel length of the transistor M,. From eqn. (3.2), the

Emmaxy €aN be expressed as

Emipaary = \/ZKplfny/ 81,L, (3.10)

where I,, is the peak amplitude of the input signal 7, and J, is the circuit bias current. For example,

for K= 25.035x10° A/V” and W,/L,=20,theng,,,,, can be given by
Emriruary =0.0316,/(17, /81,) G.11)

In this case, C,, must be chosen such that

C,y >>(8.891x10)L,, /\[T, forumy (3.12)

It should be noted from (3.12) that the value of C,, chosen is much depend on the ripple error that
can be tolerate at the output. As a rule of thumb, the value of C,, should exceed the right-hand

term of eqn. (3.12) by the inverse of the fractional ripple error. For instance, for a 1 percent ripple
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error, C,,, should be about 1/0.01 or 100 times as large as the right-hand term. For example, if a
sinusoidal input signal with 1, = 1 mA, f,,,, = 100 Hz, and the ripple error of 5 percent, then the

averaging capacitance of C,, = 10{F must be chosen.

The settling time, or time for the RMS converter to settle to within a given percent of the
charge in RMS level, is set by the averaging time constant (7 = RC ). In this thesis, the settling
time of the proposed RMS-to-DC converter is varies with the time constant of the first order low-
pass filter, RC time constant (r=C,, / g,, ), where g_, is the function of I, as expressed in eqn.
(3.11). Due to the averaging capacitor connected across in the input part of the NMOS current
mirror that form as the first order low-pass filter, the averaging time constant will increase as the
input signal is reduced and vice versa. In addition, the settling time also varies with input signal
levels, increasing as the input signal is reduced, and decreasing as the input is increased as shown

in the simulation results section.

3.3.2 Circuit Performance

The ideal circuit performance that has been discussed in section 3.3.1 so far is based on
the assumptions that the current mirrors have unity gain, transistors are perfectly matched, and
each transistor is operated in its saturated regions and obeys a square law model. However, in
practical realization, the finite values of transistor g, and g, and the transistor mismatched will
contribute to deviate from the ideal performance. In the following, the transistor equivalent circuit
and a small signal analysis will be used to study the performances of the conversion circuit of

Fig.3.2.
3.3.2.1 Operating range

As we have been pointed out that the proposed true RMS-to-dc converter is based on the square
law characteristic of MOS transistors biased in the saturation region. The square-law behavior for
the current—voltage relationship of the MOS transistor in saturation is assumed as

0 , Jor Vg SVp
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where the transconductance parameter K = 4,C, . W/2L, u_is the mobility of the carrier, C,. is the
gate-oxide capacitance per unit area, /¥ is the effective channel width, L is the effective channel length,
and ¥V and V. are the gate-to-source and the threshold voltages, respectively.

Because of the input signal of the proposed true RMS-to-DC converter in Fig. 3.2 is a

current signal. In order to remain a proper operation, the input current is restricted to the range

<K(V,-2%,) (3.14)

Iln

Vi=Vpp— VDSIZ(saI) (3.15)
Replace ¥, from (3.15) in (3.14), eqn. (3.14) can be rewritten as

2
<K (Vop = Vostageany = 2Vr ) (3.16)

Iln

or, if biased with the relation of the DC bias current (f,) which is fed back by the RMS current
from the output. We will obtain

IIln

<4l (3.17)

Eqns. (3.16) and (3.17) can be shown that the limitation of the input current is depend on the
supply voltage and the dc bias current which should not over 4.

Due to the I, is feedback to be the bias current I, or I, = I, /8 , of the circuit.
Therefore, through I, the I, should be large enough to bias all the transistors in their saturation
regions. Table 3.1 shows the output currents in RMS values (I,,,) and the DC bias currents @)
of the current signal input (1, ) for 3 difference input waveforms. There are square waveform, sine

waveform and triangular waveform, respectively, where the I, is equal to the root mean square

value of the input signal, I, = 1 J.I,f,dt ,» and I, is equal to the average of the input signal
T
L =1, =% ‘[I,f,dt sor I, =1,/ V8. In addition, this table shows the saturation condition of
T

transistors when J, is in the term of I, for its input waveform.
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Table 3.1 The relation between the bias current (I,) and the input current (€)

Input I, ) - I=1,,/\8 | Saturation condition’ Note

waveform 1, <4],
Square Lpeaty Lpeay 7% Loy Loty S14141, Under the
saturation

1, <4l
(7 ) condition

: 1 1

Sine L otpeaty i Lt peaty T Lt peaty Ly peaky S Tingpeaty Under the
saturation

1,=41
(7 ) condition
Triangular | 1, . 7% Loy ﬁ Ltpeaty L peaty S 0821, pesy Out of the
saturation

I, >4l
¢ ) condition

“The circuit is somewhat limited by the saturation condition / ' S 41,
Note:
- Under the saturation condition is defined as MOS transistors are biased in the saturation region.,
- Out of the saturation condition is defined as MOS transistors can not biased in the saturation region.

From table 3.1 we found that the bias current (/,) and the signal input current (7,) of the
sine wave and square wave are under the saturation condition, /,, <41, , except in the case of
the input signal is triangular wave. From this results, we found that the accuracy of square wave

input signal and sine wave input signal will be better than the triangular wave input signal.

3.3.2.2 Conversion Erxrrors

From the block diagram in Fig. 3.1, the accuracy of the RMS-to-DC conversion depends
on the imperfection of the squaring and the current mirrors circuits. From the eqns. (3.2)-(3.7), we
can notice that the implicit computation is achieved by the feedback of the current I, to the

I% 1 I, block by setting I, = I, /</8 , where 1, is the transistor bias current. Then the accuracy
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of the RMS-to-DC conversion depends on the imperfection of the squaring and the current
mirrors circuits. In addition, due to the output current (Z,,,) should designed by IRMS=«/§ I, by
setting channel width of transistor M, is W ,= \/-8_ W,,, however, in practice the value of \/§ can
not exactly setting, therefore we approximately given W ,=2.83W,,. From this result the output
current will have some error from the approximation of /8 =2.83 about 0.056%.

The operating range of the squaring part can be studied through a the large signal
analysis, by considering the MOS transistors operating in saturation. Since the output current of
the squaring circuit (fg,) is the sum of the drain current of transistors M, and M, , I, + I, , where
155 is mirrored from the current mirror CM,, and if the gain of the current mirror CM, is unity, I,,,

can be expressed in the function of 1, as

2

_(W/L), ( Vis3 =V 1+ AV ps3 HnCos

D3 = I,, (.19
F/L),\ ¥, 1+ W52 #4:,C,

GS2 VTZ ox2

From this equation, we found that the mismatched of the channel width W, channel length L,

mobility 4, and oxide thickness #,, of the current mirror can produce the gain error. Also, the

effect from channel length modulation and mismatched of the threshold voltage. This gain error

of the current mirror will effect to the accuracy of the output current of the squaring circuit. This

error can be reduced by using large values of transistor length L,, but especially by enforcing

equal ¥, value of transistors M, and M,.

If the effect of channel-length modulation can be neglected ( A =0 ), assume the
process parameters such as ¥, u,, C,., of MOS transistor are matched and Vg, =¥, . By
copying of I, via transistor M, and adding it to current I, , the sum current I+ I,,, is available.

as output current I, of squaring part [Appendix A]

_1luC, r
I, ==tC oy oy i 3.20
=201 a7 o7, ) + 2;4,,0 W(V oy (3.20)

In order to remain a proper operation from Appendix A.11, the input current is restrict to the range
2| < K, - 27, ).
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The eqn (3.20) describes a current squaring function. Using the bias circuit, formed by transistors
M, and M , to combination with the current squaring circuit in Fig. A1 which shown in Fig. 2.8,
a simpler expression is obtained

12

In 3.21
7 (3.21)

I, =21+

Biasing with a current has the additional advantage of making the transfer function (in first-order

approximation) independent of process parameters and operating temperature.

The conversion of the input signal current i,, to the current i;, from the squaring part can

be approximately expressed as [Appendix B]

a=-%= (3.22)
" 14 841(8m2 + &m3)

Em8Em3 T Em28ms — 3'3.1 ~ 8m8m2 ~ Em8a1 — &m28a1

where g, and g, denote the drain conductance and the conductance of the transistor M,
respectively. The input current I, will accurately convert to i, if 00 =~ 1. The percentage

conversion error of the squaring circuit can be written as

Sa 81 (82 + &p3) x100%  (3.23)

& 8,8mst 8m28ms —gf.l —E8mEm2 ~ Em8Ea1 — Em&a

For example, if g,,= 4.80x 10" AV, g ,= 4.44x10° AV", g = 539x10* AV" and g, =
3.26x10° AV", the resulting conversion error is equal to 0.322%. It should be noted from eqn.
(3.23) that the conversion error depends on drain conductance (g,) of the transistors, where g, ~
AlI, and A is the channel length modulation parameter. We can further reduce this error by
decreasing the transistor drain current I,,. In addition, if long channel transistors are used, we can
neglect channel length modulation effect [59]

The current reflection errors &, and &, associated with the positive and negative

current mirrors, respectively, can be approximately given by [60]
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8M=[I,,,,,J -1 = (Lst) (%) - 1 (3.242)
I inJcMpos W7L8 NMOS 1+'1VDS7 NMOS

e = (1 out J -1 = (_lz___ "10] (M) -1 (3.24b)
neg w. |
I in /CMneg 9110 PMOS 1+ Z’ VDS9 PMOS

where ¥V is drain-source voltage. For example, let W, = W, = W,=W,,=100 um,L,=L,=L,=

L, =5pum, A=0.01volts', ¥,,= 2.72 volts, V5= 4.94 volts, ¥, = -2.76 volts, and V= -
4.99 volts, these errors (€,,, and €,,) is approximately less than 2.17 %. Notice from the eqgns.
(3.24a) and (3.24b) that the accuracy of the current mirror also depends on the channel length
modulation, In order to reduce the influence of the channel length modulation, cascode current

mirrors should be used.
3.3.2.3 Frequency response

The frequency response of an RMS-to-DC converter provides a measure of how well the
circuit can measure the RMS of sine wave input signals of varying frequencies. This frequency
response is different from that used when describing filters or amplifiers which are essentially
linear devices. The RMS-to-DC converter is a non-linear device with an AC input and a DC
output and so has a frequency response which is defined as the percent error on the output against
the frequency of the input sine wave. This frequency range is much greater than 1/T where T is
the time constant of the smoothing circuit being used. As the frequency of the input signal is
reduced, the smoothing filter is not able to average effectively and- a greater ripple content appears
on the output together with a DC output error.

So, for low input frequencies, about 10Hz, a compromise needs to be made between
having a large time constant for smoothing which provides a slow response time with good
accuracy or having a small time constant which provides a faster response time but poorer
accuracy. The high frequency response is limited by the finite bandwidth of the circuit structure,
which for this proposed true RMS-to-DC converter circuit, it is limited by the current mirror,
CM,. Many commercial ICs that employ by using op amp to construct the full wave rectifier,
therefore, the high frequency response is dependent on the finite bandwidth and slew rate of the

input full wave rectifier of the circuit.
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To verify the high frequency response, from the block diagram of Fig. 3.2, the transfer

function of the proposed RMS-to-DC converter circuit can be approximately given by

Touss (5) _ Iy (S)_ISQ(S), 1, (s) _IRMS(S)

I(s) 1.(s) Igu(s) Ig(s) Iu(s)

(3.25)

By a small signal analysis of the Fig.3.2, the transfer function of the circuit can be approximated as

[Appendix C]
Ins () - (8n3 ~ 8 )/(gnl + &) ) 8mio/ Emo . &t/ Emy . Zmi3/ 8y (3.26)
],,,(s) (1+SC|+C2+C3) (1+SC9+C'°J (1+SC"+C3) (1+S_CII+C12+C13]
Em + &m2 8o 81 Emn

Let p,denotes the pole of the squaring circuit, p, is the pole of the current mirror CM4, p, is the
pole of the lowpass filter, and p, is the pole of the current mirror CMS. Then from eqn. (3.26), the

poles p,, p,, p, and p, can be respectively expressed as

P = —% (3.27)
P = —Cg%”'gc‘: (3.28)
p,= .—fés— (3.29)

If7,=1mA, g, =4.80%10" AV', g ,=444x10° AV", g ,=331x10" AV, g_=4.27x 10"
AV, g,,=331x10° AV", C,=C,=C,=C,=C,=121% 10"F, C,=C,,=C,=C,= 1.15X 10"F,
and C,,= 326X 10" F , where C,= Cgs, and Cgs, is the gate-to-source capacitance of transistor Mi Then
the cut-off frequencies of the poles p,, p, , p, and p, are approximately located at 405MHz,
229MHz, 28 1MHz and 95MHz, respectively. We can see that the high frequency limitation is due
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to the pole p, that associated with the PMOS current mirror (CMS). Then the cut-off frequency of
the RMS-to-DC converter can be given by

(gmll)
= 3.31
Sosas 2m(C,, +C, +C3) G631

It should be noted that g, g, 8,» &, and g,,,, are varied in direct proportion to the input current 7,
since g, = \/m and I = I /8 = 0.7071,,( sy - Therefore, the cut-off frequency of the
RMS-to-DC converter can be increased if I, increase, and vice versa. For example, using the same data
above, for .= 1mA,, the cut-off frequency of the RMS-to-DC converter circuit is about 9SMHz and
for I, =500pA,,, the cut-off frequency of the RMS-to-DC converter circuit is about 66MHz.

3.3.2.4 DC and ripple errors

In practice, apart from the current I, there are also a low-frequency ripple and a dc
error that presented at the output port of the circuit, which depend on the value of the capacitor
C,» and the frequency of the input current /.. These errors can be computed by expressing the
relationship of the currents I, and 7, in the form of transfer function, where the current ,_ is an
input sine wave of the form 7, = V21 rus cos(ar) . Using a simple trigonometric and Taylor series
approximation and by assuming that the frequency of input current is greater than the inverse of

the averaging time constant T (or f>1/T), the output ripple e,

ple and the dc errore,, can be

expressed in term I, of as [65] , [66] ,[Appendix D]

_ Iy cos 200t

€t = 2B (3.32)
e o+ 4
and
Cose = —tus (3.33)

16(1+4w212)

where only the ripple that due to the second-harmonic term is expressed. The ripple error in the

output can be reduced in many applications with a simple low-pass filter. Eqns. (3.32) and (3.33)



43

showing that the ripple error e, and dc emor e,, decrease with increasing AC input
frequency.
Clearly, the ripple and DC error can be reduced by increasing the time constant of the

LPF, however this will slow down the response of the circuit.
3.4 Simulation and Experimental results

The performance of the proposed true RMS-to-DC converter has been studied through
simulation and experimental results. The simulation has been carried out by employing PSPICE
analogue simulation program, using the CMOS CD4007 transistor parameters that were extracted

by the use of the method in [61], [62]. The transistor dimensions are listed in the Table 3.2.

Table 3.2 The aspect ratios of the transistors in Fig.3.2.

Transistor W(pum) L(pm)
M1,M2,M3,M4,M6,M7,M8 100 5
M9,M10.M11,M12 100 5
M5 200 5
M13 283 5

For the input current () equal to zero, all MOS transistors are cut-off and I, is also
zero. This statement can be confirmed through simulation result, where in the case of ¥,,= 5V the
circuit has the supply current (7, ) of about 100pA, which is near to zero. Fig. 3.3 shows the
operation of the true RMS-to-DC converter of Fig.3.2 for sine wave input with I, ,,=100pA and
S =1kHz. Where the current I, is the output current from the squaring circuit, 1,,,,, is the
output current from the integrator (LPF) and I,,,,,,, is the I,,,. When an input signal is applied
from time Os to 5ms, the circuit is conducted only in the half cycle, where we can see that the
Ippe) is the form of rectified waveform. After that due to the feedback loop and the averaging
circuit (or LPF), time 5ms to 10ms, gradually developed and supply to be the bias current J,, (or

Ippay ) of the circuit. For the steady state the squaring circuit can properly operate as a squarer
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In order to test the performance of the circuit, the true rms-to-dc converter of the Fig.3.2
was also constructed on prototype board as shown in Fig. 3.4. All MOS device used was in the
form of complementary MOS pair (CD4007). The transistors that required close matching,
especially M, M, and M, and the current mirrors were contained in the same array package. The
supply voltage was set to ¥, =15V. The capacitor C,, is 10 puF for f,,,, = 100Hz. Due to the
proposed RMS-to-DC converter operates in- current mode, a commercially available current
conveyor CCII01 [63] was used to convert the input voltage V,, into the input current signal I,,.
The resistor R,,=1kQ is connected at ports X and the input voltage was applied to the port Y of
the CCII. For example, by setting the input signal current of 1, = ImA,,, , the input voltage
equal to 1V is applied to port Y of the CCIL. To measure the value of the I, a resistor of 1kQ)
was connected at the output of the RMS-to-DC converter and the voltage across the resistor R is
measured instead.

The experimental results in Fig. 3.5(a), 3.5(b) and 3.5(c) show the I, for the input
signals in the form of sinusoidal, triangular and square wave waveforms, respectively, with the
peak amplitude of 1mA and with the frequency of 1 kHz. With the error of less than 10pA, the
I, signal with the amplitudes close to 0.7mA, 0.5mA, and 1mA, respectively, were achieved.
These results demonstrated that the circuit can convert the AC signals into the corresponding DC
signals with accurate rms values. To demonstrate that the circuit can operate in a wide frequency
range, Fig.3.6(a), 3.6(b) and 3.6(c) show the measured I, for the cases of the sinusoidal input
signal with the frequencies of f = 500Hz, SkHz and 5MHz, respectively, and with the peak
amplitude of 1mA. The results show that the I, signals with the amplitude of about 0.7mA are
achieved. The dc errors from the simulation results are about 11%, 0.2% and 0.1%, respectively.
We found that this results were agree with the dc error predicted from eqn.(3.33), where the dc

error decrease with increasing AC input frequency (@ >> l/ 7).
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Fig. 3.5 Experimental results for the input signals: (a) sinusoidal; (b) triangular; and (c) square

wave. (Vertical scale: 0.5V/div. Horizontal scale: 0.5ms/div)
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(a) /= 500Hz ; (Vertical scale: 0.5V/div. Horizontal scale: 1ms/div)
(b) f=5kHz ; (Vertical scale: 0.5V/div. Horizontal scale: 100us/div) and
(¢) f=5MHz; (Vertical scale: 0.5V/div. Horizontal scale: 100ns/div).

From the Fig.3.6(a), 3.6(b) and 3.6(c), we can notice that the output ripple for the input
signal at low frequencies, i.e. f= 500Hz, is higher than the case of the input signals with higher
frequency. This is due to that, in this case, the capacitor C,, is selected for f,,,, = 100Hz. We will
further study this effect through the simulation result owing to that the ripple cannot accurately be

measured from the experimental results. Usually, the % ripple is calculated by

% ripple = (I, Ioc) % 100% (3.34)

where I, ., is the peak to peak amplitude of the output current and I, is the DC component of
the output current. From the simulation results at /= 500 Hz, 5 kHz and 5 MHz, the output signals
have percent ripple errors of about 1.1% , 0.13% and 0.0001%, respectively. On the other hand,
according to eqn.(3.8), since the averaging capacitor is selected 20 times grater than the predicted
value (C,,=104F) and for I,,= 1mA, the calculated output percent ripple is about 1% at f=
S00Hz. It agree with the simulation results above. Fig. 3.7 shows the simulated results of the I,
for 3 difference values of the capacitor C,,, i.e. 1uF, SUF and 10pF, when the input is a sinusoidal
waveform with the peak amplitude of 1 mA and the frequency f= 1 kHz. The results show that

the circuit will provide the I, with lower ripple if a larger capacitor is used. But, however, it will

result in a longer settling time.
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Fig. 3.7 The I,,,; that simulated for 3 different values of the capacitor C,,.
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Time, sec

Fig. 3.8 Settling time versus input current (7).

Fig. 3.8 show the simulated results of the proposed RMS-to-DC converter settling time versus the

signal input current I, . The results were simulated for the case of I, =400nA, 200pA and 100pA
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where the capacitor C,, = 0.5uF and the frequency f= 1 kHz, respectively. The settling time is
about 6.22ms, 7.76ms and 11ms, respectively with less than 5% of reading error. This simulation
results demonstrated that, the settling time is depending by the averaging time constant (T =
C,v/8.7)- The settling time varies with input signal levels, increasing as the input signal is

reduced, and decreasing as the input is increased.

The experimental results that demonstrate the linearity of the RMS-to-DC converter are
shown in Fig.3.9. The transfer characteristics are the plots of the I, against the input signal
current /, with the peak amplitude varied from 300pA to 1.5mA, for the sine, triangular and
square waveforms. The signal frequencies are 1kHz and C,,=10pF. We found that the maximum
conversion nonlinearity of about 2% was achieved. It should be noted that the lower limit of the
circuit is due to the fact that the I, is feedback to be the bias current J, of the circuit. Therefore,

through /,, the I, . should be large enough to bias all the transistors in their saturation regions.

S OSSOSO O
1.0 o SORUUUURON inewaveform-=="--.-
>
> ;
Triangular waveform
0.5 T R g
_______________________________________________________________ —9-8-®- Predicted
-8 Simulation
0 4 V ] 1 T ) {
0 200 400 600 800 1000 1200 1400 1600

Iin, P-A

Fig. 3.9 DC transfer characteristic curves of the rms-to-dc converter circuit.
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The relation of I, between I, and I, can be shows from these results. For example, the input
signals is sinusoidal, triangular and square waveforms, respectively, for gy = 1mA, f=1kHz. In
the case of input waveform is sinusoidal with amplitude

Sinusoidal : I, = 0.25mA , I,,,=0.714 mA Error = 0.01% of reading

Triangular : [, = 0.2mA , I, =0.612mA Error = 0.06% of reading

Square : I,= 0.35mA, I, = 1.05mA Error = 0.05% of reading.

IRMSsP'A

1 10 100 1000 10000 100000
Frequency (kHz)

Fig. 3.10 High-frequency responses due to the variation of I,,.

Due to the stray capacitances in the bread boarding circuit, the high frequency response capability
was not measured directly. The high frequency performance was studied through PSPICE
simulation. Fig. 3.10 shows the frequency response for difference values of the input current (,).
The input signals are sine waves with the amplitude of 20%, 50% and 90% of the full-scale
current (I, = ImA, ). The results show the bandwidth of about 35 MHz, 60 MHz and 85MHz,
respectively. The results are agreed with the predicted value from the eqn. (3.31), where the

bandwidth drops off as the input current signal is reduced. The simulation results for the —3dB
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bandwidth with the peak input current ranging from J,, = 100pA to 1000pA were summarized in

the Table 3.3. The simulated power dissipation for I, = 1mA is about 6.04nW, which is very low.

Table 3.3 Performance of the RMS-to-DC converter design based on CMOS complementary

CD4007.
Parameters Simulated results
Supply voltage (rated) 5Vto 15V
Input current range (MAX) 1.5mA
Power Dissipation 6.04nW (at J, =0)
Gain error ’ 2% Max. nonlinearity,

100 pA to 1.5mA input

Peak amplitude value -3 dB bandwidth
I, =100 pA 25 MHz
I, =200 pA 40 MHz
I = 500 pA 60 MHz
I, = 900 pA 85 MHz
I, =1000pA 90 MHz
I, =1500 pA 100 MHz

. Generally, crest factor is the ratio of the peak value relative to the RMS value. So far the
characteristics of the circuit have been studied for the common waveforms as sine and triangle
waveforms, which have relatively low crest factor (52). The simulation results for the input signal
with difference crest factors are shown in Fig 3.11. The rectangular pulse train with pulse width of 1ms
was used for this test, since it is the worst-case waveform for RMS measurement. The duty cycle and
peak amplitude were adjusted to produce a crest factors from 1 to 5, while maintaining a constant
1mA,,, input current [64]. We found that the proposed RMS-to-DC converter performs very well
with crest factors of 3 or less. As shown in the Fig.3.11, for the case of crest factor equal to 3, the
conversion error is less than 5%. However, for the higher crest factor, such as 4, the conversion error is
more than 8%. This is due to that the waveforms with higher crest factor, the RMS value is decreased.
Consequently, the bias current of the RMS-to-DC converter circuit is also reduced and will effect to
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the accuracy of the circuit. To provide good accuracy at high crest factor, the input current should be
increased. For example, with the crest factor = 4, the conversion error was reduced to 6% if we set the

input current (7, ) equal to 2mA.

Conversion error, %

Crest factor

Fig. 3.11 Simulation results for the additional error versus crest factor.

3.5 The implementation of the proposed RMS-to-DC converter and its

experimentations.

The true RMS-to-DC converter that proposed in this thesis can be realize for real chip.
The conversion circuit is simple, suitable for implementing in monolithic integrated form, and can
be readily integrated as part of a larger system.

Fig. 3.12 shows the layout and microphotograph, fabricated in a 0.5 microns CMOS
Technology AMIS process with V, = 0.7V, of the proposed true RMS-to-DC converter. The

total chip area occupied was 484x442 micron’ excluding the bonding pads.
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Fig. 3.14 Experimental results for the input signals: (a) sinusoidal; (b) triangular; (c) square wave;
(Vertical scale: 0.5V/div. Horizontal scale: Sus/div) and (d) sinusoidal. (Vertical scale: 0.5V/div.
Horizontal scale: 200ns/div)

The experimental results in Fig. 3.14(a), 3.14(b) and 3.14(c) show the I, for the input signal of
sinusoidal, triangular and square waveforms, respectively, with the peak amplitude of 1mA and
with the frequency of 100 kHz. The I, signal with the amplitude close to 0.7mA, 0.5mA, and
1mA, respectively, with the error of less than 10pA, were achieved. These results demonstrated
that the circuit can be accurately converted the AC signals into the RMS values. To demonstrate
that the circuit can operate in a wide frequency range, Fig. 3.14(d) shows the measured I, for
the cases of the sinusoidal input signal with the frequencies of f= 5MHz, and with the peak
amplitude of 1mA. The results show that the I, signals with the amplitude of about 0.7mA are
achieved. The dc error from the simulation results is about 12%. From the simulation results at f=
100 Hz, 100kHz and 5 MHz, the output signal have percent ripple error of about 3% , 1.35% and
0.0001%, respectively.

The high frequency performance was studied through cadence simulation. The simulation
results for the ~3dB bandwidth with the peak input current ranging from I, = 100pA to 1.5mA

were summarized in the Table 3.4,
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Table 3.4 Performance of the RMS-to-DC converter design based on 0.5um CMOS AMIS

technology .
Parameters Simulated Results
Supply voltage (rated) 1.5V-5V
Input current range (,,, 1.5SmA
Power Dissipated 0.ImW
Gain error 2% Max. nonlinearity,
100pA to 1.5mA input
Peak amplitude value -3 dB bandwidth

I = 100 pA 20 MHz

I, =200 pA 40 MHz

I, = 500 nA 60 MHz

I, =900 pA 85 MHz

L, = 1000 pA 90 MHz

I, = 1500 pA 100 MHz

Table 3.5 Summary of RMS-to-DC converter characteristics
Characteristics CMOS complementary CD4007 | 0.Spm CMOS AMIS Technology
Supply voltage Min : 5V Max : 15V Min : 1.5V Max : 5V
L, Min: 100pA Max: 1.5mA Min: 100pA Max : 1.5mA
ersion accurac

Total error 100pA-1ImA Max. + 3% of reading | 100pA-1mA Max. * 3% of reading
Nonlinearity 2% at ImA 1IMHz 2% at lmA 1IMHz

Exror VS Crest factor
CF=3
CF=5

Characteristic

Signal range

Peak transient

4.7%
16.7%

5V supply 1 mA I
1 mA,,

4%
13%

5V supply 1 mA I
1 mA,,
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Characteristics CMOS complementary CD4007 | 0.5um CMOS AMIS Technology
Input offset current 1.5 pA 8pA
Frequency Response
BW for 5% additional
error

Frequency (Hz) Frequency (Hz)
I, =100pA 25MHz 20MHz
I, =200pA 40MHz 40MHz
I, =500pA 60MHz 60MHz
I, =900pA 85MHz 85MHz
L= ImA 90MHz 90MHz
L= 1.5SmA 100MHz 100MHz
Out put characteristics
Offset current 10pA 50pA

Table 3.5 shows the summary characteristics of the proposed true rms to dc converter of

CMOS complementary CD4007 and 0.5um CMOS AMIS technology. There are the conversion

accuracy, the error VS crest factor, the input characteristics, the frequency response and the

output characteristics. This results quite agree with the prediction.

The performance of some commercial RMS-to-DC converter circuits and the proposed

RMS-to-DC converter in this thesis are listed in Table 3.6.
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Table 3.6 The performance of commercial RMS-to-DC converters and the proposed RMS to DC

converter.
ADS536AJ AD637J AD736J AD735 SMM- Proposed
21110 RMS
Voltages
Supplies (rated) 1SV 15V x5V 5V x5V 1.5Vto5SV
Input range(max) TVeums A 1V ous 1V pus 3mA ., | 100pA-1.5mA
Accuracy
Gain error 0.5% 0.5% 0.5% 0.5% 0.5 dB 2%
Offset error 5mv 1mV 0.5mV 0.4mV 5nA 10pA-0.1nA
Crest factor error | CF=3 0.1% CF=3 0.1% |[CF=3 07% |CF=3 07% [ CF=5 05dB | CF=3 4%
CF=7 1.0% CF=10 1.0% [CF=5 2.5% |CF=5 2.5% | CF=8 1.0dB | CF=35 13%
Dynamic
3 dB bandwidth
Vin =10mV 90 kHz 80 kHz 55kHz 5.5kHz 50 kHz 25 MHz
(I=1pA) (I,.=100pA)
V, =10mV 450 kHz 600 kHz 170 kHz 170kHz | 300 kHz 60 MHz
(I, =10pA) (I1,=500pA)
V,=1V 2.3 MHz 5MHz 1.5 MHz 90 MHz
(1,=1mA) (1,=1mA)
Comments’
m (2 (€)) 4 &) )

Comments * :

. (1) Monolithic device. Gain and offset errors easily trimmed. The AD636 is a very similar

device, but designed for signals below 200mV.

(2) Wider bandwidth RMS-to-DC converter.

(3) Low power monolithic RMS-to-DC converter. Similar device is the AD737.

(4) Low power monolithic RMS-to-DC converter. Without output buffer. Contains power

down circuitry. Similar device AD736.

(5) Current input to current output device. Requires several external resistors for voltage

operation.
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(6) Current input to current output device. Wide bandwidth and low power true RMS-to-DC

converter.

This table shows that the proposed RMS-to-DC converter has some advantages over

other methods. The circuit operates for single supply at low voltage, wide input swing, wide

bandwidth.

Table 3.7 The performance of the other RMS-to-DC converters and the proposed RMS to DC

converter
RMS-to-DC [6] [7] [56] propose RMS

Technology Bipolar Bipolar MOS model 5 0.5pm AMIS

A 2V-4V +15v + 1.5V L5V-5V

Input Signal V=4V (max) V,=13.4V(max), | I,=40pA(max) 2=100pA-1.5mA
I.=10pA-1lmA

Bandwidth SMHz 150MHz >100kHz 90MHz

Accuracy NA 0.2% at ImA 1% at 40pA 2% at ImA

Crest factor error | CF=10 1% CF=3 0.25% NA CF=3 4%
CF=10 3% CF=5 13%

Input waveform All waveform All waveform sinusoidal All waveform

RMS-to-DC True RMS-to-DC | True RMS-to-DC | Pseudo RMS True RMS-to-DC

This table shows that the proposed RMS-to-DC converter has some advantages over

other methods. The circuit operates for single supply at low voltage, wide dynamic range and wide

bandwidth.

3.6 Discussion and Conclusion

In this chapter, a simple CMOS true RMS-to-DC converter circuit has been developed

that based on the use of the characteristic of a CMOS squaring circuit, where all the transistors are

biased in the saturation region. The realization scheme is based on the implicit computation

method and is suitable for implemented in standard CMOS process. The circuit is suitable for all
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input waveforms. Moreover the wide bandwidth characteristic is obtained since the circuit
structure is simple and requires a few components.

The characteristics of the proposed RMS-to-DC converter are studied by the
implementation of CMOS complementary pairs CD4007 on a bread-board discrete circuit. The
transient response, DC transfer characteristic and the error versus crest factor are tested by the
experimentation. Due to the stray capacitances in the bread boarding circuit, the high frequency
response capability was not measured directly, PSPICE simulation is used for study the high
frequency performance. In addition, to confirm that this proposed circuit is suitable for
implementing in monolithic integrated form. This circuit is also studied based on 0.5 microns
CMOS technology AMIS process by PSPICE simulation results and it has been fabricated. The
chip performances are tested by the measurement setup, there are agreed with the simulation and
the implementation by CMOS complementary CD4007. The RMS-to-DC converter performances
from the simulation, the experimental of discrete circuit and the experimental of real chip are

included in this chapter. The simulation and experimental results are agreed with the prediction.



CHAPTER 4

Electronically and Linearly Tunable CMOS OTA

4.1 Introduction

Linear transconductors or voltage-to-current converter circuits are fundamental building
blocks of analog circuits and systems. They are found useful in interface circuits, instrumentation
amplifiers, continuous-time-filters and oscillators. In addition, when the transconductance gain of the
transconductor can be electronically varied, they can also be applied in automatic gain control circuits
and in analog multipliers. In the last two decades, it is well accepted that a linear transconductor,
which is constructed from a bi-polar differential pair and current mirrors, called as an operational
transconductance amplifier (OTA), is one of the essential active building blocks in the design of
analog circuits [67]-{69]. This is due to the fact that the OTA is a low-cost device that has only a
single high-impedance node and its transconductance gain g can be linearly controlled over more
than four decades by means of an external bias current. Moreover, the implementation of analog
circuits in such a way that employs only OTA as standard cells will not only be easily constructed
from readily commercial available IC, but also significantly simplified the design.

The main objective of this chapter is, therefore, to present a circuit design technique for
the synthesis of a linear electronically tunable CMOS OTA, called as an EOTA. Since, the
realization method is achieved by squaring the transconconductance gain of the CMOS OTA, the
transconductance gain of the EOTA is directly depend on the DC bias current. To provide a
maximum output voltage swing and wide linearly tunable transconductance range, a balanced
CMOS OTA or voltage to current transducer will be employed as basic active circuit elements to
realize the EOTA, whereas the completed EOTA requires 3 balanced CMOS OTAs. Since it is
generally assume that all MOS transistors are operating in the saturation region, hence the
individual functions of the circuits are derived from the approximate square-law characteristic of
MOS transistors in saturation. In addition, it is well accepted that the design and implementation
of electronically tunable analog circuits using bipolar-based OTA as active circuit elements are
well established and well tabulated. Then, having access to such a linear electronically tunable
CMOS OTA, it would enable us to realize CMOS analog circuits with their property can be
electronically tuned by simply replace a bipolar OTA with an EOTA. This kind of advantage will be
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demonstrated through application examples. For the first example, the proposed EOTA is employed to
implement a current multiplier circuit, that using only active elements and without the requirement of
external passive elements and the current amplifier, a linearly voltage-controlled current amplifier and
a linearly current-controlled CMOS current amplifier, are illustrated in the second application

example. The circuit performances are studied through PSPICE simulation results.

4.2 The available electronically tunable CMOS OTA

In CMOS technology, several linearly tunable transconductors based on the use of MOS
transistors operating in saturation region have been proposed in the literatures [70]-[73]. Most of
them are functioning in voltage controlled mode. The method of source-follower of the reference
[70] is operated in square law characteristic with constant source-bulk voltages, where the control
voltage is applied to the gate. Whereas for the cross coupled connection methods [71}-[73], the
transconductance control voltages are applied through voltage level shifters. However, their
controllable voltage ranges are rather limited and only narrow linearly tunable transconductance
ranges are available. In some applications, such as, an analog multiplier circuit, a frequency
divider/multiplier circuit and an arbitrary power-law circuit, current controlled transcondcutors
that this trasconductance gain can be linearly controllable by a DC bias current are preferable
[74]-[76]. In the past, a current controlled CMOS transconductor was presented in [77]. But the
linearly tunable transconductance range is narrow due to the MOS transistors are working in the

weak-inversion region.
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Fig. 4.1 A linear transconductor circuit [70]

In Fig. 4.1, the linear CMOS trasconductor circuit which proposed by S.-C. Huang and M. Ismail
[70] has a transconductance linearly variable by a gate voltage (V). From this proposed circuit,

the circuit is based on the square-law behavior of MOS transistors are biased in saturation regions
2
Id=K(VGS—VTH) (4.1)

Transistors M, and M, are the square-law transistors that perform the actual transconductor
function. Transistor M;-M; constitute three differential matched pairs with equal tail current 27,
This pairs are connected in such a way that M,-M, and M;-M, carry the same currents as M;-M,.
As a result of this, voltage ¥, is copied to the transconductor transistors M, and M,. This is shown
as follows: presume that M, and M, are characterized by KX; and ¥,,,, M,-M, by K, and ¥,,. Using

equation (4.1) and referring to Fig. 4.1, the following relation may be written

v =(\/Io+i—,/lo—i)/\/f; 4.2)
Voss —Vass =Vos1 = Voss =(\]Io +i—\[1, "i)/\/z
=\/K3/ KV, 4.3)
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From eqn. (4.3) that two proportional copies of ¥, arise across the lower differential pairs. These
voltages are added to and subtracted from transconductance control voltage V... Using eqn. (4.1)

and presuming that M, and M, are charzcterised by K, and V,,,, the output currents I, and /

out! out2
can be calculated:
2
L.,=K (Vc + K3/K5V1n "le) (4.4)
2
Loy = K, (Vc -JK;/KsV, "le) (4.5)

the differential output current (Z,,,,-I,,,,) is in the function of the control voltage V. as expressed

in eqn. (4.6)
Ioull - Iomz = 4K1 (Vc —Vem) K3 /Ks Vi (4.6)

eqn. (4.6) describes the transfer function of a linear transconductor. Its transconductance value is

linearly variable by voltage V.

However the controllable range of this circuit is narrow due to V. must be bias the MOS

transistors keep operate in saturation region.
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Fig. 4.2 Linear Transconductor circuit based on cross-coupled technique [72]
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Fig. 4.2 shows the linear CMOS trasconductor circuit which was proposed by Z. Wang and W.
Gugenbuhl [72] . The linear transfer characteristic is obtained by two cross-coupled differential
transistor pairs operating in saturation pairwise at unequal bias, offering offset-free operation with
both differential or single-ended input and differential output. From the figure, the MOS
transistors M,-M, and M;-M; have the same dimensions operating in saturation regions. Therefore
the control voltage ¥, , which is applied to the gates of M, and M, is identical to the gate-source
voltage of M; and My and acts as a voltage shift from the inputs to the gate of M, and M,.
Applying the square law characteristics, the differential output current of this circuit can be

expressed as

L =I-1,=2KV,(V,-V,) @.7)

where ¥, and ¥, are the gate source voltage of M, and M,.

Since the differential input voltage V, =V,-¥,, eqn. (4.7) , yields
I,=1-1,=2KV,V, 4.8)

The transconductance is G=2KV,, which is linearly controllable by the voltage V,. However, its

controllable voltage range is rather limited and only narrow linearly tunable transconductance range.

4.3 An Electronically and Linearly Tunable CMOS OTA (EOTA)

In this section, the realization method of an electronically and linearly tunable CMOS
OTA is proposed. The proposed EOTA is achieved by squaring the transconductance gain of the
balanced CMOS OTA. The EOTA transconductance gain can be linearly tuned by an external

bias current for wide range (3 decades).
4.3.1 Circuit description the EOTA
For the purpose of the following analysis, we will assume that all MOS devices operate

in the saturation region. It means that the transistor drain current I, is characterized by a square-

law model as
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4.9)
0 , for Vg <V,

2
;o {K(VGS -V, for V>V,
b=
where the transconductance parameter K = u,C,, W/2L, p,is the mobility of the carrier, C,_ is
the gate-oxide capacitance per unit area, W is the effective channel width, L is the effective

channel length, and ¥ and ¥, are the gate-to-source and threshold voltages, respectively.

out

Fig. 4.3 The proposed electronically and linearly tunable CMOS OTA
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Through the use of three balanced single-output CMOS OTAs, a CMOS-based
electronically and linearly tunable OTA, called as an EOTA, can be realized by the circuit
diagram shown in Fig. 4.3. The OTA, converts a differential input signal voltagev, =v, -v, into a
signal current i, to flow into an active resistor R, formed by the OTA,, where R, = 1/ 8 umiorsy and
8moray TEPrESents the transconductance gain of the OTA,. Since the current signali, = g, oV »

the voltage drop across the active resistor (OTA,) becomes

. 1
v, =i Z, = EmorayVm "~ (4.10)
m(OTA2)

The OTA, will convert the voltage v, , with the transconductance gain of &morazp into the output

current i, as

bt = EmioranyVL 4.11)
From eqns. (4.10) and (4.11), the current i, can be rewritten as

_ Emoray8m(ora3)
out in
Em(ora2)

(4.12)

Since Emoray =N2Ip K, 5 8oty =215 K, and g, 01 =215, K; , if we set Ip=Ip~Ip, then from
eqn. (4.12) we obtain

25 KKy v

i, = =g v, (4.13)
2IBZK2 1i T

out

where g represents the transconductance gain of the proposed EOTA and can be expressed as
&y =215 K, (4.149)
and K; =K,K,/2I,,K, , which can usually be kept to be constant. The eqn. (4.14) clearly

indicted that the transconductance gain of the proposed EOTA can be electronically and linearly

tuned by the bias current I, This linear relationship is in the form that similar to the
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transconductance gain of the bipolar based OTA that found useful in many applications [78].
Since the balanced CMOS OTA is formed by MOS coupled pair and current mirrors, therefore,
the proposed EOTA is very suitable for fabricating in CMOS integrated form.

4.3.2 Circuit Performances

4.3.2.1 Operating range

It is well accepted that the prediction of the eqn. (4.14) will be valid only for a small
value of ¥, . From the eqn. (2.44), since OTA, and OTA, are formed by MOS coupled pairs, to
maintain in the linear range and low total harmonic distortion, the voltages ¥, and ¥, should

respectively be restricted to the ranges of [79]

V.|, =0-4/~2K-Z, and

Y

o =0T /K (4.15)

where it should be noted from the eqn. (4.15) that the maximum usable voltage range is limited by
Vln

I V,_l sax £ &ouorar/Bmioraz > 1 and it is limited by wiax I 8ogora1/Bmioray < 1. For example, for

I = 1mA and I, = 700pA, the maximum usable range is determined by I v, I aax and I v, l max IS
about 0.94 volts, for K=4,C, W/2L=127x10"A/V’, l4.C, = 5.08x 10°V and W/2L =2.5.

4.3.2.2 Conversion Errors

4.3.2.2.1 Error analysis

The transconductance gain error that results from in the inaccuracy of the EOTA can be
determined from a large signal analysis. Consider the balanced CMOS OTA, the

transconductance gain G, of the eqn. (2.45) can be written as

i KV? I I
G =X =\/21 K. ’1— . or—,f—BsV s,/—” 4.16
m I/," B 218 f K n K ( )
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If we set the transconductance error of the balanced CMOS OTA of the Fig. 4.3 as E= 21 , then

BB

eqn. (4.16) can be rewritten as

G,=2=21,K-1-E (4.17)

We found that the G,, will equal to the g, of eqn. (2.46) in the condition that K¥;? /21, <<1. This
can be achieved by keeping the input voltage signal ¥, small or set the DC bias current I, to a
large value,

By applying the G, of the eqn. (4.17) to the circuit of Fig. 4.3, we obtain the

transconductance gain of the proposed EOTA for large signal as

G, _21,,51(( RV ‘/\1/1 EE JI-E, ) (4.18)

2 2 2
K y E, K and E, =Ky are the transconductance errors due to the
21, 21, 21,

OTA,, OTA, and OTA, respectively. Given that E, is the transconductance error of the EOTA from the

where the errors E, =

linear transconductance gain, we can write

E, = Jl El\/\lll EE Jl £ (4.19)

Thus, we have the percent of the conversion error as

YE, = \/1 E\/l 5 ‘/1 2! x100% (4.20)

J1-E,

For example, if V,,, = 0.5V, ¥, ,= V,,=0.751V, I,,=I,,=I,. = 1mA, I,,= 700uA and K,=K,=
K,=1.27x 104, the resulting transconductance error (%E,) is equal to 0.54%
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4.3.2.3 High frequency response

Due to the proposed electronically and linearly tunable CMOS OTA as shown in Fig. 4.3
is composed of three balanced CMOS OTAs, the high frequency response of this circuit can be
verified by treated as the balanced CMOS OTAs that are connected in cascade. Using of the Fig.
2.11, the transconductance gain g, ., of the CMOS OTA is now model as a single dominant pole

as [80][84]

8mooray = ng/[l +(SCp/ng )] 4.21)

where g, and g,; denote the transconductance of the transistor M, and M; of the OTA,
respectively. From the Fig. 2.11, we denote C, as the capacitance that associated with the node E

of the current mirror My-M, and C, = C

52T CoarTCstCoys+C s Where C, represents the gate-

source capacitance of the transistor and C_, represent the gate-drain capacitance of the transistor.
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From the Fig. 4.4, the active resistor R, which is formed by OTA, can be expressed as

R = ! (4.22)

8morazy T 8in2) T 8owy T S(Cm(z) + Coul(Z))

Where g, is transconductance gain of the OTA,
8y = 1/ Where r, ., is the input resistance of OTA,

Sour = I/rma) where r

gy 18 the output resistance of OTA,

C,.» is the input capacitance of the OTA,

C

-z 1S the output capacitance of the OTA,

therefore eqn.(4.22) can be

If 8wior42) = 82y Sourz) and Cp(z) >> Cm(z) and Cop = Cgsl"'cgsz ’

approximately expressed as

R, = 1 (4.23)

Emorazy T SCiui2y

Through circuit analysis using eqn.(4.23), the transfer function of the EOTA can be expressed as

i (8) _ Bmoran8momus) (s+2z,)
Vi (8) Em(o142) (s+p)s+p)s+py)s+p,,)

4.24)

Then from eqn. (4.24), the zero and poles z,, p,, p; p,, and p,, can be respectively expressed as

2
Cln(Z) + J( CIn(Z) J -4 ng(Z)Cln(Z)Cr(Z)

_ &msty _ Ems3) ’ = 8ms(2) &m) Em2(2) Em2(2)

2C, " 27 2mCy T 2mC,, PP

5 8msCin2)Criry
8m22)

(4.25)

Note that the poles due to the active resistor R,, p,, and p,,, are always real poles since

2
(Cm(z) / gm2(2)) > _4(gm5(2)Cln(2)Cp(2))/ 8mazy » WheTe 8 o= 8oty Smoraz™ 8 a4 G0y =
Enzpr The &ons Gy 20d g, represent the transconductance of transistor M, of OTA,, OTA, and

c

OTA, respectively, fori=1, 2, 3,... and C oy and C, represent the total capacitances at nodes E

A1)
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of the OTA,, OTA, and OTA,, respectively. For example, the following data have been used; ¥, =
0.1V, I, = 100pA and I, = 404A, g, cre) = Gy = 166X10°AV ", g 1 =g . = 9.44x10°AV,
nora = Bray= 1-56%10" AV, g =1.96x10° AV, g . =1.18x10°AV", g . =1.96x10" AV",
C,,=C,,= 0268 pF, C ;= C_;= 054 pF and C_,, = C_,; = OpF (at saturation region C_;~0). C,,,, =
C.,*C,

281(2) " ~gs22)

= 0.536pF.

The poles and zero frequencies are located as p, = 23 MHz, p, = 23 MHz, p,, = 88 MHz,
D= 1.26x10° MHz and z, = 14 MHz. We found that the high frequency limitation is due to the
zero (z,) that associated with the OTA,. Since these poles and zero locations depend on the DC
bias current of the OTAs which can be expressed in eqn.(4.25), therefore the circuit can be
operated in a wider bandwidth by increasing the dc bias currents (higher resistance value) of the
circuit. For example, in the case of, ¥, = 0.1V, I;, = ImA and I, = 400pA, the high frequency

limitation is located at 38M_Hz.

4.3.3 Application examples

4.3.3.1 Current Multiplier

In this section, we will propose the use of the EOTA to realize a current-mode multiplier,
which use only active circuit elements and not require external passive circuit elements. The
proposed current-mode multiplier circuit is shown in Fig. 4.2 which this structure has been
proposed by the author in [81]. It should be noted from the eqn. (4.14) that if the EOTA is
operated in the linear range, the transconductance is g,,, =21y K, , which g, can be tuned by

the DC bias current .
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out

Fig. 4.5 The current-mode multiplier circuit using the proposed EOTA.

From the Fig. 4.5, the input signal current i, is injected into the EOTA,, which is
connected as a current controlled grounded resistor. The voltage across the EOTA, is then used as
the input voltage for the EOTA, and EOTA,. The input signal current i, , is added with the bias
current Jp;, of the EOTA,. Let g1, g,r, and g, be the transconductance gains of the EOTA,,
EOTA, and EOTA,, respectively. Then from the eqn. (4.14) and from routine circuit analysis the

output currents I, and I ; of the EOTA, and EOTA,, respectively, can be written as

Tpe, +i,,) .
Ioz - gMTZ i,"l = ( BE2 1 2) - (4.26)
mT1 Ipg
and
T3 Iy, .
Iy =- Burs i ==, (4.27)
Enn Igp

where Ip;, , Iy, and I, represent the DC bias currents of the EOTA,, EOTA, and EOTA,,
respectively, and the transconductance gains g, =2InKn 5 8ury =2(ss +in)Ky, and
&mrs = 2155, Ky, . Noting from the Fig. 2.11 and Fig. 4.5, that the DC bias current of the EOTA
(I,¢) of the multiplier circuit can be achieved by setting the DC bias currents of the OTA, and the
OTA, to Iy, = Ip;= I, Ifwe set I, = I,;,= I, the output current I, of the circuit that is the

summation of the currents I, and I ; can be expressed as
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L, =1,+I, =" (4.28)
1 BE1

which is in the form of a current-mode multiplication function.

4.3.3.2 Current Amplifiers

In this section, the realization of the current amplifiers by using EOTA, which use only

active circuit elements, are described.
4.3.3.2.1 Linearly voltage-controlled current amplifier

The proposed voltage-controlled tunable current amplifier is constructed as the circuit
diagram in Fig. 4.6. Where the input signal current (i,,) is added to the DC bias current (,,). The
control voltage (V) is supplied to the input of EOTA. From the routine circuit analysis of Fig.

4.3, the output current (i) can be expressed as

Fig. 4.6 A linearly voltage-controlled current amplifier
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i = 2K,V (i +15) (4.29)
i = (2K, V)i, + (2K, V) Iy, (4.30)

From the eqn. (4.30), we found that the output current consists of the AC signal and DC current
(2K, V- I ;). If we can compensate this DC current, the output current of the voltage controlled

current amplifier can be rewritten as

ioul = (2KTVC)iIn = Aliln (431)
Where 4, is the current gain of the proposed voltage controlled current amplifier and can
expressed as

4 =2K,V, (4.32)

and K; =.[K,K,/2I,,K, . It shows that the output current can be linearly tuned by the DC

voltage V.

lout

Fig. 4.7 Schematic diagram of the current amplifier with DC gain compensated
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Fig. 4.7 shows the circuit building block to eliminate the DC current of Fig. 4.6 where i, and i,
are given as,

i = (2K, V)i, + (2K, V) L (4.33)
and

by == (2KTVC ) Ipe (4.34)

The output current i, of the circuit, that is the summation of the currents i, and i ,, can be

expressed as

out — ‘ourl

i = b + i = (2K V)i, (4.35)

From eqn. (4.35) it is clearly seen that the circuit can operate as a current amplifier, the gain of

which can be linearly tuned by the control voltage (V).
4.3.3.2.2 Linearly current-controlled CMOS current amplifier
A current amplifier design based by on EOTA that can electronically and linearly be

tunable is proposed in Fig. 4.8 which is composed of one balanced single-output CMOS OTA and
one EQTA.

Fig. 4.8 A linearly current-controlled tunable current amplifier

The input current (i) is injected into the OTA,, which is formed as an active resistor (1/g,,7,,)-
The voltage drop across the active resistor (OTA,) is then used as an input voltage (v,) for EOTA

and can be expressed as
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J

L (4.36)
Em(or49)

v, =

n

The EOTA will convert the voltage v,, into the output current i, as
ioul = ngvIn (4-37)

From eqns. (4.36) and (4.37), the current i, of the proposed current-controlled current amplifier can be
written as

Emr
out

Em(oT44)

i i (4.38)

in

where g, =gm(0TA])gm(01'AJ)/ Emorary » 8morany =N2niKy s Bmiorary = V215K, &miorazy =\21p; K, and
Smiorany = LK, . Ifwe setK,=K,=K,=K,=Kandlp,=I;,=1,I, =I,,=I, =1, then from eqn.

(4.38) we obtain
e EmorayEm(or43) ; (4.39)
Em(or42)8m(0744)
Since
Y :
loul = —lln = AClIn (440)
I}'
where 4. is the current gain of the proposed current amplifier and can be expressed as
I
4= I—" (4.41)

We can see that the output current can be tuned by the DC bias current _ and I, 1f indicates that the

gain is direct proportional to I and inverse proportional to L
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4.4 Simulation results

The performance of the proposed electronically and linearly tunable CMOS OTA was
verified through the use of PSPICE simulation results. All the OTA was simulated by using
CMOS transistor parameters of the SCN2 level 2 of MOSIS. The transistor dimensions of the
circuit in Fig. 2.11 are in micron, where the dimensions of the transistors M, and M, are W=50Llm
and L=10lm, the dimensions of the transistor M,-M, are W=100llm and L=10lUm. The power
supply voltage were set to V= -V = 5V.

To demonstrate that the circuit can linearly converted voltage signal into current signal,
Fig. 4.9 shows the simulated transfer characteristic of the EOTA of the Fig. 4.3. The plots of the
output current I, versus the input voltage V,, show that, for the dc bias current (I;;) in the cases
of ImA, 800pA and 400pA, the EOTA can linearly convert the input voltage into output signal
current with nonlinearity of less than 1% for the input voltage (¥, ) in the ranges of -1V to 1V, -
0.86V to 0.86V and -0.66V to 0.66V, respectively. These results were agreed with the prediction
value from the eqn. (4.14). The conversion error in the case of J,;=1mA is plot in Fig. 4.10. For
example, for the case of the DC bias current I,; = ImA and for ¥, = 0.86V, I,,= 700pA, the
transconductance gain g, = 5.398x 10" AV", where the conversion error is about 0.6%. The
frequency response of the EOTA was also studied, where the -3 dB bandwidth of about 120 MHz
is achieved.

The relation between the transconductance and the bias current I,; was measured by
fixing ¥, = 0.1V and varying I, from 10nA to 1mA. The results are plot in Fig. 4.11. From this,
it can be seen that the transconductance is linearly dependent upon the bias current I, over the
range of 1pA to ImA (three decades). It found that the transconductace can be tune linearly by
I, where at I, =1mA the conversion error from simulation result is about 0.68%, where its
conversion error of g_.. versus I, is plot in Fig. 4.12.

The lower limit of the circuit is due to condition in eqn. (2.44) that transistors must be
operating in saturation region. In the cases of ¥, = 0.1V, 0.2V and 0.5V, respectively, we found

that the DC bias current I, must be more than 1pA, 5pA and 32pA, respectively.
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Fig. 4.10 Conversion error of i, versus ¥, of the EOTA
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Accordingly these limits were agreed very well with the prediction that the of CMOS transistors
are operating in saturation region from eqn. (2.45). At the DC bias current [, = ImA, in the case
of ¥, = 0.5V, I,,= 880uA, the result shows that the transconductance gain g,_.= 5.398 x 10° AV"
is achieved. The conversion error from the simulation result is about 0.5%, this results are agree
with the conversion error predicted from eqn.(4.17).

To demonstrate that the circuit of Fig. 4.4 can be functioned as current multiplier, two
sinusoidal current signals are applied. Fig. 4.13 shows the response for the case of
i,y =0.25in(271000¢) mA, i,, =0.25in(2720000f) mA and I, = 1lmA. This result
confirms that the circuit can accurately modulate two different input signal currents. The DC
transfer characteristics of the multiplier circuit shown in Fig. 4.14 were observed by setting the
bias currents Iy;= I, = I,;= ImA, and the input current i, , and i,, are varied from -200pA to
200pA with 100pA per step. The transfer characteristic demonstrated that the simulated and
calculated data are agreed very well over the input range of + 190pA with the error of less than
1%. The high frequency characteristic of the muitiplier circuit is also studied. The simulated —3dB
bandwidth for the case of the input i,,, to the output I, with i, , = 0.5sin(27T10000t) mA, i, ,= 5S00LLA
and I, = 1mA, is about 75 MHz and the simulated —3dB bandwidth of the circuit for the input i, to
the output I, with i, , = 0.5sin(27010000t) mA, i,,,= SOOLLA and I, = ImA, is about 71 MHz.

For the linearly voltage-controlled current amplifier in Fig. 4.6, we set I, = 600pA and
I,=1mA. Fig. 4.15 shows the current transfer characteristic of the proposed voltage controlled

current amplifier. This figure shows the plot of the output current i,,, against the input current i,

ouf

from -500pA to S00pA for different ¥, values; ¥_= 0.1V, 0.5V, 1V and 1.5V. The simulation

3

and calculated data are agreed very well, where the conversion error of i, versus i, in the case
of ¥,=0.5V is plot in Fig. 4.16. For example at ¥, = 0.5V, over the + 500pA input range, error

was less than 5%.
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Fig. 4.18 Conversion error of 4; versus ¥, of voltage controlled current amplifier

Fig. 4.17 represents the plots of the variation of current gain A4, = i_/i, versus the control voltage \'A
in the case of #,=10nA. It is seen that both the results from simulation and calculation are in good
agreement, where the éonversion error of 4, is plot in Fig. 4.18. The nonlinearity is seen to be less
than 5% for the control voltage (V) range from -2V to 2V, The control voltage range of the circuit

depend on condition in eqn. (2.45) that transistor must be operating in saturation region.
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Fig. 4.20 Conversion error of 4, versus I, of the linearly current-controlled current amplifier

The gain and the controllability of the proposed current-controlled current amplifier in Fig. 4.8
obtained by simulation and calculation are shown in Fig. 4.19, for I from 10LA to 2mA where 1 is
kept be constant at 100LLA. It is seen that both results are in good agreement, where the conversion
error of A4, versus I, is plot in Fig. 4.20. For example, at I =2mA, the conversion error is less than
1.5%. We found that the current gain (4,) can be electronically and linearly tuned from 0.1 to 20
(3 decade).
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Table 4.1 The performance of the proposed linearly controllable transconductances and the

propose EOTA

Transconductor [4.16] [4.17] [4.18] proposed EOTA
Technology 2pym MOSIS | 0.8um CMOS CXQ | 5um CMOS | 2um MOSIS
Controllable g DC voltage DC voltage DC voltage | DC current
Controllable range 0.1-1v 1.2-14V NA 10pA-1mA
Transconductance range | 98-396pA/V | 180-346pA/V 330uA/V 0.54-540uA/V

V ooty 5V 1.4V 5V +£3Vto £5V
Vi -l4t014V | X1V 1.2v £ 1V (I;;=1mA)
Bandwidth 50MHz 420MHz 20MHz 120MHz

This table shows that the proposed EOTA has some advantages over other proposed
linearly controllable transconductances in [4.16], [4.17] and [4.18]. The EOTA has wider

controllable range and wider transconductance range.

4.5 Conclusion

A design of electronically and linearly tunable CMOS OTA has been proposed. The EOTA
circuit composed of three balanced CMOS OTAs which is suitable for implementing in CMOS
integrated form. The achieve characteristics of the proposed circuit were similar as the bipolar OTA
that the transconductance gain (g,) can be linearly tuned by the DC bias current. Simulation results
have been employed to demonstrate the performances of the proposed EOTA. Moreover to confirm
that EOTA can be replacing the bipolar OTA, the current-mode multiplier circuit, and both of current-
controlled and voltage controlled current amplifier current amplifier were used to display the

performances of the proposed circuit.




CHAPTER 5

Conclusions

In this thesis, the simple integrable analog integrated circuit building blocks: a Simple
Integrable CMOS True RMS-to-DC Converter and an electronically and linearly tunable CMOS
OTA (EOTA) were designed. These design techniques are suitable for integrated in CMOS
technology. The performances of the proposed circuits are verified through the PSPICE

simulation and the experimentation.

5.1 Main achievements and contribution

A simple integrable CMOS true RMS-to-DC converter is presented in chapter 3. The
implicit computation method was used in order to design the simple CMOS True RMS-to-DC
Converter. This method can achieve great accuracy, wide bandwidth, high input swing, and low
cost. The circuit can be operated from a single supply. The device draws less than 0.1mW for the
supply voltage of 5 volts. The circuit has been developed based on the characteristic of a CMOS
squaring circuit, where all the transistors are biased in the saturation region. This proposed true
RMS-to-DC converter accept complex input waveforms containing AC and DC component, The
characteristics of the proposed RMS-to-DC converter are studied through the use of discrete
CMOS complementary pairs CD4007 that implemented on bread-board. The transient response,
DC transfer characteristic and the error versus crest fagtor are experimentally tested. The high
frequency response capability was not measured directly since the stray capacitances in the bread
boarding circuit. Therefore, PSPICE simulation result is used to study the high frequency
performance. The high frequency limitation of the proposed true RMS-to-DC converter is
100MHz for 1, =1.5mA. This result demonstrate that the frequency is limited by the finite
bandwidth of the circuit structure which in this circuit is limited by the current mirror CM;
[Appendix B ].

In addition, to confirm that this proposed circuit is suitable for implementing in
monolithic integrated form, the circuit is also layouted and fabricated based on 0.5 microns
CMOS technology AMIS process. The chip performances are tested by the measurement setup.

There chip performances are agree with the simulation results and the performances of the circuit
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that implemented by CMOS complementary CD4007. The simulation and experimental results
also agree with the theoretical prediction.

In chapter 4, an Electronically and Linearly Tunable CMOS OTA (EOTA) is presented.
This circuit composes of three balanced CMOS OTAs. Thé realization technique is achieved by
squaring the transconductance gain of the balanced CMOS OTA. This circuit is suitable for
implementing in CMOS integrated form. The achieve characteristics of the transconductance
gain (g,) is dependent upon the bias current I, over the range of 1pA to ImA (three decades)
with the conversion error from simulation result is about 0.68%. The EOTA can linearly
convert the input voltage into output signal current with nonlinearity of less than 1% for the
input voltage (¥,) in the ranges of -1V to 1V. The frequency response of the EOTA was also
studied, where the -3dB bandwidth of about 120 MHz is achieved. However the circuit can be
operated in a wider bandwidth by increasing the dc bias currents of the circuit.

The current-mode multiplier circuit, and both of current-controlled and voltage
controlled current amplifier were used to display the performances and the advantage of the
proposed EOTA. The current-mode multiplier circuit using the proposed EOTA can be function
as a four-quadrant current multiplier which use only active circuit elements but not require
external passive circuit elements. The simulation results can confirms that the circuit can
accurately modulate two different input signal currents. The transfer characteristic
demonstrated that the simulated and calculated data are agreed very well over the input range of
+ 190pA with the error of less than 1%. The high frequency characteristic of the multiplier
circuit is also studied. The simulated —3dB bandwidth of the current multiplier is about 71MHz.
For the voltage-controlled current amplifier that designed based on the proposed EOTA, its
current gain can be electronically and linearly tune by the control voltage V.. The current gain
can be tuned for the range of 0.1 to 1 times. In the case of the current-controlled current
amplifier its current gain can be electronically and linearly tune for the range of 0.1 -20 times
by the DC bias current.

In summary, the goal of this work is to design the new analog integrated circuit building
blocks: A true RMS-to-DC converter and an electronically and linearly tunable OTA which
suitable to implement in CMOS technology. Moreover some applications were used to
demonstrate the design flexibility of the approaches. Although they have some disadvantages,

however they can be improved on the future work.
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5.2 Suggestions for future work

From this work, we can suggest for future work based on the experience and the
knowledge acquired. We found that the performances of the proposed true RMS-to-DC converter
and the EOTA that studied from the simulation and the experimental results still provide the error
of about 10%. Due to the circuit structure of the proposed true RMS-to-DC converter and the
proposed EOTA are composed of the basic current miffors, the current mirror mismatch causes
the DC off-set current which will effects to the accuracy of the circuits. For the proposed true
RMS-to-DC converter that designed by feedback the output current (I,,) to be the DC bias
current of the circuit, if the current mirrors have the DC off-set current the error of the output
current will occur. For the proposed EOTA, the error of the circuit is also cause by the current
mirror mismatch. From this result both circuit accuracy can be improve by using the topology that
improve the current mirror, such as, the cascode current mirror.

Since the proposed circuits are designed based on square law characteristics that the
MOS transistors are operated in saturation region, therefore to maintain the circuit that still
operate in the linear range and low total harmonic distortion, the MOS transistors should be
biased in saturation region.

For the proposed voltage-controlled current amplifier that designed and restricted by
using the proposed EOTA, the gain current is not high due to the current gain, 4, =2K,V,_,
which depend on the K, where K, is a small value. However, we can improve the current
amplifier for higher gain by given the current gain ratio of the current mirrors of the balanced
CMOS OTA much more than the unity. By the OTA schematic diagram in Fig.2.9, if we
assume that the current mirrors M;-M,, M;-M and M,-M, have current gain ratios equal to I: n,
I: n and n : n, respectively. The current gain of the voltage—controlled current amplifier can be
obtained by 4, =2nK,V;.. We can found that if we set » much more that unity, the current
gain can be tuned for the wide range.

Moreover the proposed EOTA should be developed by designing a new transconductance
cell for reducing the number of transistors that will be reduces the power consumption of both
proposed circuits and that wider signal dynamic range may be possible at the low power supply

voltage.
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APPENDIX A

Large signal analysis of the squaring circuit [32]

l I'sa
o) ] -
'
e l Ip3=1Ip;
oy A
M, M,
Ra

Fig. 1A The current squaring circuit

Consider two matched MOS transistors which include the effect of channel-length modulation

(A), operating in saturation and characterized to first order by

C.W 2

I, =% i (Vosi =V )’ (1+ W) (A.D)
C W

1,)2:""22 Vass = Vra) (14 AV,,) (A2)

By copying of I, via transistor M, and adding it to current I, the sum current I+ I, is

available as output current [, of squaring part

Ly =1,+1,, (A3)

From the unity gain current mirror CM,, I,; can be expressed in the function of I, as

2

_ /L) (Voss =Viy | 14+ AW, 1,,C s

D3 = . I, (A4)
(W/L),\ Vs, - Vr2) 1+ AVpsy ,,C

ox2
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If the effect of channel-length modulation can be neglected ( A =0 ), assume the
process parameters such as V, 4, C,., of MOS transistor are matched and ¥V, =¥, . The eqns.

(A.1) and (A.2) can be rewritten as

#”COXW 2
Ip = Y (V031 - Vn) (A.5)
#"COXW
Ip,= Y (VGSZ _Vn)2 (A.6)
Vos1 =V, —Vasa (A7)

where V, is bias voltage at transistor M, , and Vg, ¥, are the gate-source voltage of transistor
M, and M, respectively.
Using simple algebra we may write for the output current difference

#"Co w

ID2 IDl (V -2V )(VGSZ GSl) (A'8)

With (A.3), (A.5) - (A.7), the sum of the output currents may be written as

(IDl_ m)2
“"C W(V ~27, )

1 uC.W 2
I, +1p, ='5#_éf—(Vl _ZVT)

(A.5)
2

By copying of I, via transistor M, and adding it to current I, , the sum current I, + I, is

available as output current I, of squaring part

Iy =1, +1=1,+1, (A.6)

From Fig. Al, the common node of M, and M, is now considering as input. The input current can
be written as

I,=1,-1, (A7)
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Substitution of (A.7) and (A.6) in (A.5) yields

1 uC W I?
o == (Y -2V, ) + b (A.8)
2 2L 2 #"gz‘,W (I/] 2VT )2

which describes a current squaring function. Using the bias circuit, formed by transistors M, and
M , to combination with the current squaring in Fig. Al which shown in Fig. 2.8, a simpler

expression is obtained

I,

(A9)
b

Biasing with a current has the additional advantage of making the transfer function (in first-order

approximation) independent of process parameters and operating temperature.

From the current controlled biasing circuit (M, and M,). We found that the relation between the

control current J; and the voltage ¥, is given by [2.15]

I, =%K(V2 ~2V,) (A.10)

HC W
2L

where K =

From equation (A.8), in order to remain a proper operation, the input current is restricted to the

range

(A.11)

or, if biased with the biasing circuit

(A.12)
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APPENDIX B

Conversion error of the squaring circuit

" o &
@ ®
N :
MC? ® T [:I Eml(V,-V) D 1

llm = o 10.# ‘1 =
— D3

Iin ® ® f lDZ‘
s B e W °
M, M3 Elm—z 8mV,

@

Vss

1 D2

® e s
L

Fig. 1B Squaring circuit (a) Circuit diagram, (b) Small-signal equivalent circuit.
By using KCL analysis, transfer function of the input small signal current (i) and the output
current ( i;,) of the squaring circuit in Fig. 1B can be expressed below.
From Fig. 1B(b) using KCL at node 2 , the equation is shown.

b +[gdl (Vl _V2)+gm1 (V4 "Vz)] = Em"2 (B.1)

using KCL at node 1

ise =& (vl -V, ) +8, (v4 -V ) +83V2 + 843Vs (B.2)

If g, >> g, from equations (B.1) and (B.2) the conversion of the input signal current I,

to the current I, from the squaring part can be approximately expressed as
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igy 1
b 14 a1 (8ma + &ms)

B &3 + &m28ms — 8ot — Bt 8z = B s — Bz &

where g, and g, denote the drain conductance and the conductance of the transistor M,
respectively. The input current i, will accurately convert to i, if 0 = 1. The percentage

conversion error of the squaring circuit can be written as

Sa 8a1(8m2 + &m3)

& 8wt 8m28m _g:n “Em8m2 ™ m8a1 — 8m28at

x100% (B.4)
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APPENDIX C

Frequency response of true RMS to DC converter

Consider the frequency response of the true rms-to-dc converter. Because of the circuit is
composed of the squaring circuit in combination with four current mirrors (CM, through CMy).
Thus we should pay attention on the frequency response of the squaring circuit and the current
mirrors.

To verify the high frequency response, from the block diagram of Fig. 3.1, the transfer

function of the proposed rms-to-dc converter circuit can be given by

iaas (5) _dsu(5) iso (5) 3i(5) irass (5)
in(8)  3,(5) i (s) ig(s) in(s) (C.1)

The small signal equivalent circuit of the squaring circuit from and the positive current

mirror CM4 and the negative current mirror CM3, can be represented in Fig. 1C (b), 2C (b) and

3C (b), respectively.
Vop
- ’
®. : ®
:ll :“ [, M
l l o2 —
g © o ®
o) [ ™
M, M,
Vss

Fig. 1C Squaring circuit (a) Circuit diagram, (b) Small-signal equivalent circuit.
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By using KCL analysis, transfer function of the input signal current (I, ) and the output current

(I,,) of the squaring circuit in Fig. 1C can be expressed below.

From Fig. 1C(b) using KCL at node 2 , the equation is shown.

i+ 8 (M=) + 8 (v = 1) |=[ 8 +5(C + C, + G) ]y, (C2)
using KCL at node 1

isg = 8u (W =)+ 8 (Vs —V2 )+ 8a¥2 + 8usVs (C.3)

If g, >>g, from equations (C.2) and (C.3) the transfer function ig,(s)/i, (s) of the squaring

circuit in Fig.1C can be approximately expressed as

gm3 _gml
iu(s)__ (G+G+C)

i (5) (H Eu + & )

(G, +C,+C,)

(Cc4)

. i—t['] Icg IC"’;- <¢ gV,
— ® \ l Ear0 '

¢ISA ® ‘ISQ

Fig. 2C Current mirror (CM4) (a) Circuit diagram, (b) Small-signal equivalent circuit.
From Fig. 2C , using KCL at node 9, the equation can be shown.

I:gm9 +5(C, +Cyy )] Vo = -lgy c.5
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using KCL at node 10,

~Iso = &mioVo T 8noVio (C.6)

If g,>>g, from equations (C.5) and (C.6) the transfer function is,(s) / ig,(s) of the current

mirror (CM4) in Fig. 2C can be expressed as

iso(s) _ g0 8

y (s) (1 +s12’9 +él0 ) (o))
8mo

Isoi ilm
I i ilm
— @
® =171
v " . [] ‘I’C7 ‘[Ca —é—d: <¢ 8nsV7

Vss l

Fig. 3C Current mirror (CM3) (a) Circuit diagram, (b) Small-signal equivalent circuit.
From Fig. 3C, using KCL at node 7, the equation can be shown.
[gm7 +5(C, +C; ):I v, =g (C.8)
using KCL at node 8,
by = EmsVr T 8asVs (C.9)

If g,>>g, from equations (C.8) and (C.9) the transfer function ibl(s)/ Igp(8) of the current

mirror (CM3) in Fig. 3C can be expressed as
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i (S) _ 8! & (C.10)
isy (5) (mgzic_s)
gm7
VDD
M My, My J{
— _g_l;s <¢ Buis¥i1
@ ® ey~ =
" ® i

Fig. 4C Current mirror (CM,) (a) Circuit diagram, (b) Small-signal equivalent circuit.

From Fig. 4C , using KCL at node 11, the equation can be shown.
|:gmll ts (Cu +Cp,+C; )] Vi =y (C.11)
using KCL at node 13,

s = 8misVi1 + Ea13Via (C.12)

If g,>>g, from equations (C.11) and (C.12) the transfer function iy, (s)/ isp(s) of the

current mirror (CM5) in Fig. 4C can be expressed as

i,fMS (s) _ 8ms ! & (C.13)
By (5) (1 +5 _C_u_.w)
Em

By a small signal analysis of the proposed true RMS-to-DC converter, the transfer function of the

circuit can be approximated as
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iM (S) = (g'"3 ~8m )/(gMI + ng) . gmlo/gm9 . gms/gm7 . gmlJ/gmll
in(s) (Hscl +G, +cs) (Hscg +c,0) (H_SC, +ca) (Hsc,, +C, +c,3)
gml + Em2 gm9 gm? gmll
' (C.14)

Let p, denotes the pole of the squaring circuit, p, is the pole of the current mirror CM4, p; is the
pole of the lowpass filter, and p, is the pole of the current mirror CM;. Then from eqn. (C.14), the

poles p,, p,, p, and p, can be respectively expressed as

P b% (C.15)
P =—a%%1_o (C.16)
Ps =——é7£:-’a (C.17)
Py =-C—n;% (C.18)

High frequency limitation is due to the pole p, that associated with the PMOS current mirror

(CM;). The cut-off frequency of the rms-to-dc converter can be given by

(gmll)
= C.19
Sosan 27(Cy +Cp, +C3) (C.19)
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APPENDIX D

Error Analysis of the RMS value

Tout A Actual output
Ideal true
} DD D NN [\//\ /rmsoutput
[\ J 3\ I\ £ 3 I\ I \ I\ y |
+\/ A\ AN A A A
dc error Average output
S
Time

Fig. 1D Output waveform for sinusoidal input current

Since the RMS current value (7,,,) is expressed as

Togs = ll [rhar (D.1)
To

From equation C.1 the transfer function of the true RMS-to-DC converter can be written as

2
2, (s)=2n (s) (D.2)

o (5) (1+s7)

where T is equal to RC. Suppose that the input current is given by
1, =215 cos(ot) (D.3)

where I,,,,. is the RMS value of the sinusoidal input signal of angular frequency @. The output

current as a function of the input frequency is
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cos(2ar)
th(t)=\/lms(l+m) D.4)

Using a simple trigonometric and Taylor series approximation and by assuming that the
frequency of input current is greater than the inverse of the averaging time constant T (or f>1/T),

I () of equation (D.4) can be given by

1 I s cos(2at)
+
16(1+40'c*)  2J1+40%?

L, ()=Iys|1- (D.5)

From this it is seen that there is both a dc error and an ac error in the output. The dc error e,,, can

by expressed as

Lo 1
e, =— , w>— (D-6)
ode 2[1 + 4a>21'2:| T

and from equation (D.6) the ac error in the output current, the output ripple €,4pptc » 1S €ssentially

I, .cos2wt 1
erlpple = R 2 2 12 ’ >— (D.7)
2[l+4a) T ] T

since the fourth-harmonic ripple term is much less than the second-harmonic term with @ > 1/ T.
The ripple error in the output can be reduced in many applications with a simple low-pass filter,

but an error in the output dc level e, will still exist.
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A simple wide-band CMOS based true rms-to-dc converter

KHANITTHA KAEWDANGTY, KIATTISAK KUMWACHARATY
and WANLOP SURAKAMPONTORN{*

A simple integrable circuit technique for the realization of a wide bandwidth
current-mode CMOS true rms-to-dc converter is proposed. The realization
scheme is based on the implicit computation method that makes use of the
characteristic of a CMOS squaring circuit, where the transistors are biased in
their saturation regions. The conversion circuit consumes very low power due to
the bias current of the circuit provided by the root-mean-square current /pys. The
performance of the proposed circuit is studied through PSPICE simulation
and experimental results.

1. Introduction

A true rms-to-dc converter is an important instrument that is used for measuring
the average energy content in an electrical signal. This device found use in the fields
of instrumentation, communication and display systems (Peyton and Walsh 1993).
In the past, many true rms-to-dc converters based on bipolar integrated circuit
technology were available (Seevinck er al. 1984, Wassenaar et al. 1988, Kalanko
1993). Their conversion schemes are mostly performed through the use of full-
wave rectifiers and multiplier/divider circuits that employ a log-antilog principle.
Due to the bandwidth and the slew-rate of the full-wave rectifiers, the useful fre-
quency ranges of these converters are limited to less than 5 MHz. New design tech-
niques based on bipolar dynamic translinear circuits have been proposed to
implement true rms-to-dc converters (Mulder er al. 1996, 1997). Unfortunately,
only circuit descriptions are outlined, but the characteristics of the rms-to-dc con-
version circuits have not been reported. In addition, their circuits are operated in
only one quadrant and also required full-wave rectifiers. Recently, a new design
technique for a rms-to-dc converter that realizes around a dual translinear-base
squarer circuit, where the input current can be a two-quadrant current, is proposed
(Surakampontorn and Kumwachara 1999). The circuit exhibits a wide bandwidth
because the full-wave rectifier is not required by this conversion scheme. However,
the implementation scheme is rather complicated and only suitable for bipolar
technology.

In this paper, through the use of a MOS transistor square law characteristic, a
design technique for the realization of a true rms-to-dc converter is proposed. The
conversion circuit performs the implicit computation scheme by feedback of the
root-mean square current as the circuit bias current. A full-wave rectifier is not
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required by the proposed realization scheme. The conversion circuit is simple,
suitable for implementing in monolithic integrated form, and can be readily inte-
grated as part of a larger system. The performance of the conversion circuit is
studied from PSPICE simulation and experimental results.

2. Circuit descriptions
2.1. Squaring circuit

Let us consider the schematic diagram shown in figure 1, where the operation of
the circuit is based on the square law characteristic of MOS transistors biased in the
strong inversion region (Bult and Wallenga 1987, Surakampontorn and Kumwachara
1999). Transistors M; through Mj; function as a current squarer, where M, and Mg
and the current source 7, are formed as the current-controlled bias circuit. The input
signal current [, is injected into point A. If Ip; and Ip, are the drain currents of
transistors M; and M,, respectively, the currents Ip; and Ip, can be respectively
written as (Bult and Wallenga 1987, Landolt e al. 1992)

@1y — 1)
ID] =—Tg—l-:m-— for |Im| S 4Ih (l)
4 )
In; = (I_b'*'__l_m)_ for Ilinl < 4l )
161,

The unity gain positive current mirror CM,, formed by M, and Ms, reflects the
current Ip, in order to add the current Ip,. Then, from (1) and (2), the summation
of the currents /) and Ip, or Isp =Ip; + Ip; becomes
I
Iy, =2 .
=3 + 21, (3)

We can see that Is, consists of the signal current which is the squaring of the input
signal I, and the dc current 27,. If the dc current 2/, can be compensated, the
circuit will function as a squarer/divider circuit, which can be used as a basic cell
to realize the rms-to-dc converter by the implicit computation method (Lopez-
Martin and Carlosena 2001).

A !
'ml%lzP—H: L

Figure 1. A CMOS current squaring circuit.
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Figure 2. The proposed true rms-to-dc converter.

2.2. The proposed true rms-to-dc converter

Figure 2 shows the proposed true rms-to-dc converter, which is composed of the
squaring circuit in figure 1 in combination with four current mirrors, CM, through
CM;. The circuit is constructed such that the drain current of the transistor Ms of
the current mirror CM, sources the current 2J, from Is5. Then from the (3) and
figure 2, the current I5q can be expressed as

I
Isq = 8T, @

In the figure, the current J/sq passes through the averaging circuit or the first-order
current mode low-pass filter, which consist of the current mirror CM; (M, and M)
and the grounded capacitor Cay connected parallel to the mirror input
(Pookaiyaudom et al. 1979). The output current of the filter 7;,; can be written as

=1 [
=gz [Thar ©

where 7= Cav/gn7 is the time constant of the filter and g,,; is the transconductance
of the transistor M,. Due to the unity gain current mirrors CM; (M, and Mj) and
CM; (M, and M,,), the bias current I, is derived by the current /i,; such that

Iy = Iy 6

At the output, since we set the transistor channel widths of the current mirror
CM; as W,; = +v/8W),,, this means the output current

From (5), since I, = I, by solving for I, we can write

1 1
h=—s E / 12 d1. ®
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Then from (7) and (8), by solving for Ixyus, we get

Ipms = ‘/% /Iizn dr 9)

We can see that the output current Ixys is in the form of the root-mean-square
value. It should be noted from (4)(9) that the square root function is achieved by the
feedback of the current I, to be the bias current J,, of the circuit.

In order that the proposed rms-to-dc converter gives a good performance in the
required frequency range, the value of the capacitor C,y must be chosen such that
(Wang 1990 a)

Cav > gmimaxy/4tf(MiNy (10)

where fimyy is the lower end of the frequency range of interest and

Em1(MAX) = /2K Isq W3 /L, (Im

where W5 is the channel width and L; is the channel length of the transistor
M,. From (4), the gn70uax) can be expressed as

gm(MAX) = /26,13, W3 /8L, L, (12

where Iy is the peak amplitude of the input signal I, and I, is the circuit bias
current. For example, for Kp=25.035x 107 A/V‘2 and W;/L,=20, then

gm7(MaX) €an be given by

EmIMAX) = 0.0316,/(1 2,/81,)- (13)

In this case, Cov must be chosen such that

Cav > (8.891 x 107V y/v/Ty forny: (14)

It should be noted that the value of Cv chosen is largely dependent on the ripple
error that can be tolerated at the output. As a rule of thumb, the value of C,v should
exceed the right-hand term of (14) by the inverse of the fractional ripple error. For
instance, for a 1% ripple error, Cay should be about 1/0.01 or 100 times as large as
the right-hand term. For example, if a sinusoidal input signal with Iyy=1mA,
Jouny=100Hz, and the ripple error of 5%, then the averaging capacitance of
Cav = 10F must be chosen.

2.3. Circuit performance

The ideal circuit performance has been discussed so far based on the assumptions
that the current mirrors have unity gain, transistors are perfectly matched, and each
transistor is operated in its saturated regions and obeys a square law model.
However, in practical realization, the finite values of transistors g, and g4 and
transistor mismatch will contribute to deviation from the ideal performance. In
the following, the transistor equivalent circuit and a small signal analysis will be
used to study the performances of the conversion circuit of figure 2.

118



True rms-to-dc converter 411
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Figure 3. Block diagram representation of the true rms-to-dc converter.

2.3.1. Conversion Errors. Usually, for the rms-to-dc converter through the implicit
computation method, the circuit implements the root-mean-square function by
performing two non-linear processes: squaring and square rooting. However, in
this implementation, the squaring is the core circuit and the square rooting function
is achieved through feedback. The rms-to-dc converter of figure 2 can be represented
by the block diagram as shown in figure 3. It is composed of the squarer/divider
block, 12/, in combination with the current mirrors CM, and CM;s and the
lowpass filter (LPF). From (4)~9), we can see that the 1mp11c1t computation is
achieved by the feedback of the current Ixms to the I3/, block by setting
I, = Ixms/~/8, where I, is the transistor bias current. Then the accuracy of the
rms-to-dc conversion will depend on the imperfection of the squaring and the current
mirrors circuits.

The conversion of the input signal current I, to the current I from the squaring
part can be approximately expressed as

o=

Tn 1 4+1[801(8m2 + 8m3)/(€m1&m3 + m28m3 — a1 — Em1&m2 — Emi8dl — Em28ar)]
(15)
where gq; and g denote the drain conductance and the conductance of the transis-

tor M, respectively. The input current J;,, will accurately convert to s if e~ 1. The
percentage conversion error of the squaring circuit can be written as

S
L 8a1(Emz + gina) x 100%  (16)
O gmigms + Em28m3 — 8at — Emi&m2 — &mi&d1 — &m28d1

For example if g1 =4.80 x 10“‘AV"', gm2=4.44 x 107° AV}, g3=539x
107*AV~! and g4; =3.26 x 107 AV~}, the resulting conversion error is equal to
0.322%. It should be noted from (16) that the conversion error depends on drain
conductance (gq) of transistors, where g4 & Alp and 1 is the channel length modula-
tion parameter. We can further reduce this error by decreasing the transistor drain
current Ip. In addition, if long channel transistors are used, we can neglect the
channel length modulation effect (Mehrvarz and Kwok 1996).
The current reflection errors £,0s and &g, associated with the positive and
negative current mirrors, respectively, can be approximately given by (Wang 1990 b)

Iout) (L7 Ws) (l + )-VDSS)
g, = — -1 = e — -1 (170)
pes (Iin CMpos W1Ls/nmos \1 + AV ps7/ nmos

[ Tou _ (LW I+ AVpsio
fag = (2] —1= A0}y (7p)
Tin / cMneg WyLio) pmos \ 1 + 4V ps9 / pmos
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where Vpg is drain-source voltage. For example, if W= W= Wy = W o= 100 um,
L7=L3=L9=L,o=5pm, A=0.01 V—l, VDs7=2.72V, VD53=4.94V, VDsg=
—2.76V, and Vpgo=—4.99V, these errors (p0s and g,.g) Will be approximately
less than 2.17%. Note from the (17a) and (17 b) that the accuracy of the current
mirror also depends on the channel length modulation. In order to reduce the
influence of the channel length modulation, cascode current mirrors should be used.

2.3.2. Frequency response. To verify the high frequency response, from the block
diagram of figure 3, the transfer function of the proposed rms-to-dc converter circuit
can be given by

Inms(s) _ Isa8) TsQ(8) Ini(s) Trms(s)
La(s) — Ta(9) Isa(s) Tso(®) Twi(s)

By a small signal analysis of figure 2, the transfer function of the circuit can be
approximated as

(18)

Irms(s) _ (8m3 = 8m1)/(€mi + &m2) Em10/8md
Ln(®) (A +(S(Cy+ Co+ C3)/(gm1 + 8m2)) (1 4 (s(Cg + Ci0)/8m9))
Ems/Em7 Emi3/Emit 19)

% (1 + ((C7 + Cg)/gm1)) (1 + (S(Cyy + Ci2 + C13)/8mn1))

Let p, denotes the pole of the squaring circuit, p, the pole of the current mirror CM,,
p3 the pole of the lowpass filter, and p, the pole of the current mirror CMs. Then
from (19), the poles py, p2, p3 and p4 can be respectively expressed as

p1= —% (20)
pr= —Effﬁ @1)
p= —a%':-’a 22)
ps= —a‘_-l_‘ggll;—_*_q;- (23)

If I,=I1mA, gm=480x10"*AV™Y, g,=44x10*AV} go=331x
107*AV™Y, g7 =427 x 104 AV}, g1 =331 x 107*AV™, C\=C= G3=C=
Cs=121x 107 F, Cy=Cio=C;=C12=1.15x 107*F, and C,3=3.26 x 10" F,
where C; = Cgs; and Cgs; is the gate-to-source capacitance of transistor M,. Then the
cut-off frequencies of the poles p,, p,, ps and p, are approximately located at
405MHz, 229 MHz, 281 MHz and 95 MHz, respectively. We can see that the high
frequency limitation is due to the pole p, that associated with the PMOS current
mirror (CM;). The cut-off frequency of the rms-to-dc converter can be given by

(8m11)
_adp = . 24

S-2an 22(Cyy + Cr2 + Ci3) @4

It should be noted that g1, £m2, 8m7» &mo and gmy; are varied in direct proportion to
the input current Iy, since gy, = /2K,(W/L)Ip and Ip = Inms/~'8 2 0.707 qpear).-

Therefore, the cut-off frequency of the rms-to-dc converter is also increased if
I, increases, and vice versa. For example, using the same data above, for
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Lin=1mAeax, the cut-off frequency of the rms-to-dc converter circuit is about
95MHz and for L, =500 pApeaky the cut-off frequency of the rms-to-dc converter
circuit is about 66 MHz.

2.3.3. DC and ripple errors. In practice, apart from the current Ignms, there are
also a low-frequency ripple and a dc error that presents at the output port of the
circuit, which depend on the value of the capacitor Cay and the frequency of the
input current I,. These errors can be computed by expressing the relationship of the
currents Jgms and I, in the form of transfer function, where the current [, is an
input sine wave of the form [, = ﬁIRMs sin(w?). Using a simple trigonometric and
Taylor series approximation and by assuming that the frequency of input current is
greater than the inverse of the averaging time constant r (or /> 1/7), the output
ripple erippie and the dc error eqqc can be expressed in terms of Jgms as (Wong and
Ott 1976)

e Tpys cos 2wt 25)
e == ARMS COS 0

WP o1 + date?

and

fode = 16(1 + 4770

where only the ripple that is due to the second-harmonic term is expressed. The
ripple error in the output can be reduced in many applications with a simple low-
pass filter. Equations (25) and (26) showing that the ripple error epp1. and dc error
e.dc decrease with increasing AC input frequency.

3. Simulation and experimental results

The performance of the circuit has been studied through simulation and experi-
mental results. The simulation has been carried out by employing the PSPICE ana-
logue simulation program, using the CMOS CD4007 transistor parameters that were
extracted by the use of the method in Vladimirescu and Liu (1980) and Antogenetti
and Massobrio (1988). The transistor parameters are listed in table 1 and the tran-
sistor dimensions are listed in table 2.

In order to test the performance of the circuit, the true rms-to-dc converter of the
figure 2 was also constructed on a prototype board. All MOS devices used were
in the form of complementary MOS pairs (CD4007). The transistors that required
close matching, especially M;, M, and M3 and the current mirrors were contained in
the same array package. The supply voltage was set to Vya=15V. The capacitor
Cav is 10 pF for fysn = 100 Hz. Due to the proposed rms-to-dc converter operates in

model NM  NMOS (Level =2 Vto=1.5 Gamma=1.4 Lambda=0.01

+ Mj=0.5 Rsh=25 Uo=580 Af=1.2 Kf=1E-26 Mjsw=0.3 Cgbo =200E-12

+ Cgso = 350E-12 Cgdo = 350E-12 Cj=300E-6 Cjsw=500E-12 Ld = 0.4u Tox=80n)
model PM  PMOS (Level =2 Vto=-1.2 Gamma =0.4 Lambda=0.01

+ Mj=0.5 Rsh=90 Uo=230 Af=1.2 Kf=1E-26 Mjsw=0.25 Cgbo = 200E-12

+ Cgso =350E-12 Cgdo =350E-12 Cj = 150E-6 Cjsw=400E-12 Ld = 0.5u Tox =80n)

Table 1. The model parameters of CMOS CD4007 used in the simulation.
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Transistor W (um) L (pm)
M,, M,, M3, Ma, Mg, M7, Mg 100 5
Mg, Mjo, My;, My 100 5
M; 200 5
Mi; 283 5

Table 2. The aspect ratios of the transistors in figure 2.

(@ ®

(c)

Figure 4. Experimental results for the input signals: (a) sinusoidal; (b) triangular; and
(c) square wave (vertical scale: 0.5 V/div. horizontal scale: 0.5 ms/div).

current mode, a commercially available current conveyor CCIIO1 (LTP Electronics
Limited 1994) was used to convert the input voltage ¥;, into the input current signal
L,. The resistor R;,=1kQ is connected at port X and the input voltage was
applied to the port Y of the CCIL. For example, by setting the input signal
current of I, =1 mApeaky the input voltage equal to 1V is applied to port Y of
the CCII. To measure the value of the Ixps, a resistor of 1k was connected at the
output of the rms-to-dc converter and the voltage across the resistor R, is measured
instead.

The experimental results in figure 4 (a)(c) show the Iz s for the input signals in
the form of sinusoidal, triangular and square wave waveforms, respectively, with the
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©

Figure 5. Experimental results of Jpys with fi,=1mA for: (@) f=500Hz (vertical
scale: 0.5V/div, horizontal scale: 1ms/div); (b) f=5kHz (vertical scale: 0.5 V/div,
horizontal scale: 100 ps/div); and (¢) f=5MHz (vertical scale: 0.5 V/div, horizontal
scale: 100 ns/div).

peak amplitude of 1 mA and with the frequency of 1 kHz. With the error less than
10 A, the Igpms signal with the amplitudes close to 0.7mA, 0.5mA and 1mA,
respectively, were achieved. These results demonstrated that the circuit can convert
the ac signals into the corresponding dc signals with accurate rms values. To demon-
strate that the circuit can operate in a wide frequency range, figure 5 (a)-{(c) show
the measured Igps for the cases of the sinusoidal input signal with the frequencies
of f=500Hz, SkHz and 5MHz, respectively, and with the peak amplitude of
1mA. The results show that the Igps signals with the amplitude of about
0.7mA are achieved. The dc errors from the simulation results are about 11%,
0.2% and 0.1%, respectively. We found that these results agree with the dc error
predicted from (26), where the dc error decrease with increasing ac input frequency
(0> 1/7).

From figure 5 (@)~(c), we notice that the output ripple for the input signal at low
frequencies, i.e. f=500Hz, is higher than the case of the input signals with higher
frequency. This is due to that, in this case, the capacitor C,y is selected for
JSvn = 100 Hz. We will further study this effect through the simulation result because
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800

0 10 2 30 40 50 60 70 80
Time, ms

Figure 6. The Irps that simulated for 3 difference values of the capacitor Cay.

the ripple cannot be measured accurately from the experimental results. Usually, the
percent ripple is calculated by

percent ripple = (Lippic (p—-py/Tnc) X 100% @27

where Lipplep—p) is the peak to peak amplitude of the output current and Ipc is the dc
component of the output current. From the simulation results at /=500 Hz, 5kHz
and 5 MHz, the output signals have percent ripple errors of about 1.1%, 0.13% and
0.0001%, respectively. On the other hand, according to (10), since the averaging
capacitor is selected 20 times greater than the predicted value (Cay=10uF) and
for Iny=1mA, the calculated output percent ripple is about 1% at f=500Hz.
This agrees with the simulation results above. Figure 6 shows the simulated results
of the Ixms for three difference values of the capacitor Cay, i.e. 1uF, S5uF and
10 uF, when the input is a sinusoidal waveform with the peak amplitude of 1 mA
and the frequency f=1kHz. The results show that the circuit will provide the Irms
with lower ripple if a larger capacitor is used, but, however, it will result in a longer
settling time.

The experimental results that demonstrate the linearity of the rms-to-dc con-
verter are shown in figure 7. The transfer characteristics are the plots of the Ixms
against the input signal current [;, with the peak amplitude varied from 300 pA to
1.5mA, for the sine, triangular and square waveforms. The signal frequencies are
1kHz and Cay=10puF. We found that the maximum conversion non-linearity of
about 2% was achieved. It should be noted that the lower limit of the circuit is due to
the fact that the Ixys is feedback to the bias current f, of the circuit. Therefore,
through I,, the Ixpms should be large enough to bias all the transistors in their
saturation regions.

Due to the stray capacitances in the bread boarding circuit, the high frequency
response capability was not measured directly. The high frequency performance was
studied through PSPICE simulation. Figure 8 shows the simulated frequency
response for difference values of the input current (f;,). The input signals are sine
waves with the amplitude of 20%, 50% and 90% of the full-scale current
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Figure 7. DC transfer curves of the rms-to-dc converter circuit.
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Figure 8. High-frequency responses due to the variation of iy,

(I;mn =1 mA(peary)- The results show the bandwidth of about 35 MHz, 60 MHz and
85MHz, respectively. The results are agreed with the predicted value from (26),
where the bandwidth drops off as the input current signal is reduced. The simulation
results for the —3dB bandwidth with the peak input current ranging from
Ii, =100 pA to 1000 pA were summarized in table 3. The simulated power dissipation
for I, = 1 mA is about 6.04 nW, which is very low.

Generally, crest factor is the ratio of the peak value relative to the rms value. So
far the characteristics of the circuit have been studied for the common waveforms as
sine and triangle waveforms, which have relatively low crest factor (<2). The simula-
tion results for the input signal with different crest factors are shown in figure 9. The
rectangular pulse train with pulse width of 1 ms was used for this test, since it is the
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Parameters Simulated results

Supply voltage (rated) SVt 15V

Input current range (MAX) 1.5mA

Power dissipated 6.04nW

Gain error 2% Max. nonlinearity

100 A to 1.5mA input

Peak amplitude value —3dB bandwidth
Iin=100pA 25MHz
Iin=200pA 40MHz
I, =500pA 60 MHz
I, =900 pA 85MHz
I;n = 1000 pA 90 MHz
Ln=1500pA 100 MHz

Table 3. Performance of the rms-to-dc converter.

18
16
14 1
12

Conversion error, %
o0
[

Figure 9. Simulation results for the additional error vs crest factor.

worst-case waveform for rms measurement. The duty cycle and peak amplitude were
adjusted to produce crest factors from 1 to 5, while maintaining a constant
1 mApeaxy input current (Helms 1987). We found that the proposed rms-to-dc
converter performs very well with crest factors of 3 or less. As shown in figure 9,
for the case of crest factor equal to 3, the conversion error is less than 5%. However,
for the higher crest factor, such as 4, the conversion error is more than 8%. This is
due to the waveforms with the higher crest factor, such that the rms value is
decreased. Consequently, the bias current of the rms-to-dc converter circuit is also
reduced and will affect the accuracy of the circuit. To provide good accuracy at high
crest factor, the input current should be increased. For example, with the crest factor
of 4, the conversion error was reduced to 6% if we set the input current (/) equal
to 2mA.

4. Conclusion

We have developed a simple CMOS true rms-to-dc converter circuit that is based
on the use of the characteristic of a CMOS squaring circuit, where all the transistors
are biased in the saturation region. The realization scheme is based on the implicit
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computation method and is suitable for implementation in standard CMOS process.
The circuit is suitable for all input wave forms. The characteristics of the proposed
are confirmed from the experimental results and PSPICE simulation results.
The accuracy, linearity and frequency response were measured and summarized
in table 3. Simulation results are also used to confirm the characteristics of the
proposed circuits.
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Abstract

A CMOS operational transconductance amplifier (OTA) called as an EOTA, where its transconductance gain can be elec-
tronically and linearly tuned is proposed in this paper. The realization method is achieved by squaring the transconductance
gain of the balanced CMOS OTA. The EOTA transconductance gain can be linearly tuned by an external bias current for
three decades. The linear input-voltage range of about 1 Vp with less than 1% nonlinearity is obtained. The usefulness of the
proposed EOTA is demonstrated through application example with a current multiplier. The performance of the proposed

circuit is discussed and confirmed through PSPICE-simulation results.

© 2006 Elsevier GmbH. All rights reserved.
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1. Introduction

Linear transconductors or voltage-to-current converter
circuits are fundamental building blocks of analog circuits
and systems. They are found useful in interface circuits,
instrumentation amplifiers, continuous-time-filters and os-
cillators. In addition, when the transconductance gain of the
transconductor can be electronically varied, they can also
be applied in automatic gain control circuits and in analog
multipliers. In the last two decades, it is well accepted that a
linear transconductor, which is constructed from a bi-polar
differential pair and current mirrors, called as an operational
transconductance amplifier (OTA), is ohe of the essential
active building blocks in the design of analog circuits [1-3]).
This is due to the fact that the OTA is a low-cost device that
has only a single high-impedance node and its transconduc-
tance gain g,, can be linearly controlled over more than four
decades by means of an external bias cumrent. Moreover, the
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implementation of analog circuits in such a way that em-
ploys only OTA as standard cells will not only be easily
constructed from readily commercial available IC, but also
significantly simplified the design.

In CMOS technology, several linearly tunable transcon-
ductors based on the use of MOS transistors operating in
saturation region have been proposed in the literature [4-7).
Most of them are functioning in voltage-controlled mode.
The method of source-follower of Ref. [4] is operated in
square law characteristic with constant source-bulk voltages,
where the control voltage is applied to the gate. Whereas for
the cross-coupled connection methods [5-7], the transcon-
ductance control voltages are applied through voltage-level
shifters. However, their controllable voltage ranges are
rather limited and only narrow linearly tunable transconduc-
tance ranges are available. In some applications, such as, an
analog multiplier circuit, a frequency divider/multiplier cir-
cuit and an arbitrary power-law circuit, current-controlled
transconductors that this transconductance gain can be lin-
early controllable by a DC bias current are preferable [8-10].
In the past, a current-controlled CMOS transconductor was



131

2 K. Kaewdang, W. Sumkamponlom / Int. J Electron Commun (AEU) tn1 anin) 11—

presented in Ref. [11]. But the linearly tunable transconduc-
tance range is narrow due to the MOS transistors are work-
ing in the weak-inversion region.

The main objective of this paper is, therefore, to present
a circuit design technique for the synthesis of a linear elec-
tronically tunable CMOS OTA, called as an EOTA. Since,
the realization method is achieved by squaring the transcon-
ductance gain of the CMOS OTA, the transconductance
gain of the EOTA is directly depend on the DC bias cur-
rent. To provide a maximum output voltage swing and wide
linearly tunable transconductance range, a balanced CMOS
OTA or voltage-to-current transducer will be employed as
basic active circuit elements to realize the EOTA, whereas
the completed EOTA requires three balanced CMOS OTA's.
Since it is generally assumed that all MOS transistors are
operating in the saturation region, the individual functions
of the circuits are derived from the approximate square-law
characteristic of MOS transistors in saturation. In addition,
it is well accepted that the design and implementation of
electronically tunable analog circuits using bipolar-based
OTA as active circuit elements are well established and well
tabulated. Then, having access to such a linear electronically
tunable CMOS OTA, it would enable us to realize CMOS
analog circuits with their property can be electronically
tuned by simply replacing a bipolar OTA with an EOTA.
This kind of advantage will be demonstrated through an
application example. The proposed EOTA is employed to
implement a current multiplier circuit, that using only active
elements and without the requirement of external passive
elements. The circuit performances are studied through
PSPICE-simulation results.

2. Circuit description

For the purpose of the following analysis, we will assume
that all MOS devices operate in the saturation region. This
means that the transistor drain current Ip is characterized
by a square-law model as

Ip = K(Vgs — Vr)?
=0 for Vgs< Vr, ¢9)]

where the transconductance parameter K =uCox W/2L, pis
the mobility of the carrier, Cox is the gate-oxide capacitance
per unit area, W is the effective channel width, L is the
effective channel length, and Vgs and V¢ are the gate-to-
source and the threshold voltages, respectively.

for Vgs > Vr,

2.1. A balanced CMOS OTA

Fig. 1 shows a balanced single-output CMOS OTA, which
is formed by MOS coupled pair and current mirrors, where
Vin is the differential input voltage (Vin =V — V2), i, is the
output current and Ipp is the bias current. Let us assume that
M) and M are perfectly matched and the current mirrors

+
OTA

Fig. 1. Schematic diagram of a balanced CMOS OTA.

have unity current gain. By using Eq. (1), the differential
output current of the circuit in Fig. 1 can be given by [12]

/ KVZ
=+/2Igg K Vi, 2on for
IBB BB
—<Vn< 2)

The transconductance gain (g,) of the fully differential
OTA can be derived by taking the derivative of Eq. (2) with
respect to Vj,, yielding
diy
dVin Via=0

=2IgpK for

I I
—,/%gwng/—}—’}. 3)

From Egq. (2), the current i, can written as

io == gmVin =v2I88K Via. (€]

Eg. (3) shows that the transconductance gain (gn) of the
OTA can be varied by the bias current Igp, but in the form of
square root function. In addition, in order to operate in the
low distortion range, where all the transistors are operated
in saturation, the input voltage Vj, should be in the range
of [13]

Vin< |m| . ®)

2.2. The proposed electronically and linearly
tunable CMOS OTA

8m =

Through the use of three balanced single-output CMOS
OTAs, a CMOS-based electronically and linearly tunable
OTA, called as an EOTA, can be realized by the circuit
diagram shown in Fig. 2. The OTA, converts a differential
input signal voltage v;, = v) — v, into a signal current i to
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Fig. 2. The proposed EOTA.

flow into an active resistor Ry, formed by the OTA,, where
Z1=1/gmz2 and gm2 represents the transconductance gain of
the OTA2. Since the current signal i, = gm1vin, the voltage
drop across the active resistor (OTA2) becomes
1
vL =iLZL = gm1Vin —. (6)
Em2

The OTA3 will convert the voltage vp,, with the transcon-

ductance gain of g3, into the output current ioy as

1
iout = gm3VL = &mlVin —. Q)
8m2

From Egs. (6) and (7), the current iy, can be rewritten as

fout = = Ujn. ®
8m2
Since gm = +2IB1K1, gm2 = +2Ipp2K>

and gn3 = +/2Ipp3K3, if we set Igg; = Ipp3 = Ipg, then
from Eq. (8), we obtain

o VB
out m n mT Vin,

where g, represents the transconductance gain of the pro-
posed EOTA and can be expressed as

8mT = 2Ige KT (10)

and Kt = /K1 K3/213p2K>2, which can usually be kept at
constant. Eq. (10) clearly indicted that the transconductance

gain of the proposed EOTA can be electronically and linearly
tuned by the bias current Igg. This linear relationship is in
the form that similar to the transconductance gain of the
bi-polar-based OTA that found useful in many applications
[14]. Since the balanced CMOS OTA is formed by MOS
coupled pair and current mirrors, therefore, the proposed
EOTA is very suitable for fabricating in CMOS integrated
form.

®

3. Performance of the EOTA

It is well accepted that the prediction of Eq. (10) will be
valid only for a small value of Vj,. From Eq. (5), since OTA;
and OTAj3 are formed by MOS coupled pairs, to maintain
in the linear range and low total harmonic distortion, the
voltages Vi, and Vj, should, respectively, be restricted to the

ranges of [13]
[VLlmax =0.4/v2K Z,,

and

{VinlMax =0.4y/Ig/K, (11)

where it should be noted from Eq. (11) that the maximum us-
able voltage range is limited by | Vi.Imax if gm1/8m2 > 1 and
it is limited by |Vinlmax if gmi1/gm2 < 1. For example, for
Igg = 1 mA and Iggs =700 pA, the maximum usable range
is determined by | VL|max and |VLImax is about 0.94V, for
K=p,CoxW/2L=1.2Tx107*A/V?, t,Cox=5.08x 1073 V
and W/2L =2.5.

The transconductance gain error that results from in the in-
accuracy of the EOTA can be determined from a large signal
analysis. Consider the balanced CMOS OTA, the transcon-
ductance gain G,, of the Eq. (2) can be written as

- fout
""" Vin
). 4%
=2IgpK /1 - — fi
BB s

I I
—‘/—iﬁswns,/—}’—}. (12)

If we set the transconductance error of the balanced
CMOS OTA of Fig. 1 as E = KV2 /2Igp, then Eq. (12)
can be rewritten as

Gm = 'T‘;EE =2IgsK V1—E. (13)
m

We found that the G,,, will equal to the g,, of Eq. (3) in
the condition that K Vizn /2Igp < 1. This can be achieved by
keeping the input voltage signal Vi, small or set the DC bias
current Ipp to a large value.

By applying the G, of Eq. (13) to the circuit of Fig. 2,
we obtain the transconductance gain of the proposed EOTA
for large signal as

~/1—E|«/1—53—~/1—Ez)

Gmt =2IgBKT (1 + ioE

(14)

where the errors E| = K Viﬁl/ZIBm, E; = K2Vi§2/211332
and E3=K3 V,ﬁ3 /2Ipp3 are the transconductance errors due
to the OTA|, OTA2 and OTA3;, respectively. Given that ET
is the transconductance error of the EOTA from the linear

transconductance gain, we can write

_ J1—=E|J1 —-E3 -1 —-E;

B J-E '

Thus, we have the percent of the conversion error as

V1-EJ1—E3—/1—
V1 —E>

Er 15)

E
% Er= 2 x100%.  (16)
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For example, if Vi1 =0.5V, Vin2 = Vi3 =0.751V, Igg;=
Igg3=Igg=1 mA, Igp2=700 pA and K} =K2=K3=1.27x
1074 A/ V2, the resulting transconductance error (% Et) is
equal to 0.54%.

4. A current multiplier circuit

In order to demonstrate the applications and the useful-
ness of the proposed EOTA, an application example will be
outlined in this section. It outlines the use of the EOTA to
realize the current-mode multiplier which employs only ac-
tive circuit elements.

The current multiplier circuit is shown in Fig. 3. This ap-
plication is adapted from the bipolar-based OTA-based cir-
cuits by replacing the bipolar-based OTA with the proposed
EOTA [15]. From the figure, the input signal current i;,; is
injected into the EOTA,, which is connected as a current-
controlled grounded resistor. The voltage across the EOTA;
is then used as the input voltage for the EOTA; and EOTA;.
The input signal current ijn2 is added with the bias current
Igs of the EOTA;. Let gT1, &mT2 a0d gnT3 be the transcon-
ductance gains of the EOTA;, EOTA, and EOTA3, respec-
tively. Then from Eq. (9) and from routine circuit analysis
the output currents ig2 and iy3 of the EOTA; and EOTA3,
respectively, can be written as

gmr2, _ (pe2+ iinZ)i

fog = lin) ini an
8mTl Iggj
and
. T3, Iggs ,
fo3 = —gm—linl = ——ij|, (18)
8mT1 Igg)

where Ipg;, Igg2 and Igg3 represent the DC bias current
of the EOTA;, EOTA; and EOTA3, respectively, and the
transconductance gains gn,T1 = 2I8g1 K115 8m12 =2(IgE2 +
iin2) K12 and gmt3 = 2I8E3 K13. If we set fpgs = Igg3 = I,

it
—>

EOTA,

_ID__+

= g

Fig. 3. The multiplier circuit using ECTA.
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the output current Iy of the circuit that is the summation
of the currents iy2 and i,3 can be expressed as
, . finliin2
Iow =io2 + i3 = ——, (19)
IgE)

which is in the form of a current multiplication function.

5. Simulation results

The performance of the proposed EOTA of Fig. 2 and
its applications were verified through the use of PSPICE-
simulation results. All the balanced CMOS OTA was sim-
ulated by using CMOS transistor parameters of the SCN2
level 2 of MOSIS [16]. The dimensions of transistors M)
and M, are W =50 um and L = 10 pm, the dimensions of
the transistor M3 — Mg are W = 100pm and L = 10 pm,
The power supply voltage were set to Vpp =~Vss==+5V.
Fig. 4 shows the simulated transfer characteristic of the
EOTA of Fig. 2. The plots of the output current Iy versus
the input voltage Vi, show that, for the DC bias current (/gg)
in the cases of 1 mA, 800 pA and 400 pA, the EOTA can lin-
early convert the input voltage into output signal current with
nonlinearity of less than 1% for the input voltage (Vi,) in the
ranges of —1 to 1V, —0.86 to 0.86V and —0.66 to 0.66V,
respectively. These results were agreed with the prediction
value from Egq. (9). For example, for the case of the DC bias
current Iyg = 1 mA and for Vi, =0.86V, Iggz = 700 nA,
the transconductance gain gnt = 5.398 x 10~* A/V, where
the conversion error is about 0.5%. The frequency response
of the EOTA was also studied, where the —3 dB bandwidth
of about 120 MHz is achieved.

The plot of the relation between the transconductance gain
gmT and the bias current Igg in Fig. 5 is measured by fixing
Vin = 0.1V and varying Ipg from 10nA to 1 mA. It shows
that the transconductance gain g,,7 can be linearly tuned
by the bias current Igg over the range of 1 pA—1 mA (three
decades), where the simulated conversion error found to be
about 0.68%. The similar relation of gnT versus /gg are
also obtained for the cases of fixing Vi, =0.2V and V;, =
0.5V. But in these cases the linear tunable ranges should
be started at the current Igg that must more than 5 and
32 nA, respectively, since the entire MOS transistors must
be operated in saturation region.

To demonstrate that the circuit of Fig. 3 can be func-
tioned as current multiplier, two sinusoidal current signals
are applied. Fig. 6 shows the response for the case of
fin1 = 0.2sin(271000r) mA, #in2 = 0.2 sin(2720 000¢) mA
and Ig; = 1 mA. This result confirms that the circuit can
accurately modulate two different input signal currents.
The DC transfer characteristics of the multiplier circuit
shown in Fig. 7 were observed by setting the bias currents
Iy =1Ip>=1Ip3=1mA, and the input current iin1 and ij;2 are
varied from —200 pA to 200 pA with 100 pA per step. The
transfer characteristic demonstrated that the simulated and
calculated data are agreed very well over the input range of
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Fig, 6. Simulated transient response of the multiplier circuit.
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Fig. 7. Simulated DC transfer characteristic of the multiplier.

190 pA with the error of less than 1%. The high-frequency
characteristic of the multiplier circuit is also studied. The
simulated —~3dB bandwidth for the case of the input ijy;
to the output Ioy, with ijp; = 0.55in(27100002) mA, ijp =
500 4A and Ig; =1 mA, is about 75 MHz and the simulated
—3 dB bandwidth of the circuit for the input ijp2 to the output
Towt, with iz = 0.5sin(2710 000¢) mA, ijy] = 500 pA and
Ig; = 1 mA, is about 71 MHz.

6. Conclusion

A design of the CMOS-based electronically and linearly
current-tunable OTA has been proposed. The EOTA circuit
composed of three balanced CMOS OTAs which is suitable
for implementing in CMOS integrated form. The achieve
characteristics of the proposed circuit were similar as the
bipolar OTA that the transconductance gain (g,) can be
linearly tuned by the DC bias current. Simulation results
have been employed to demonstrate the performances of
the proposed EOTA. Moreover to confirm that EOTA can
be replacing the bipolar OTA, the current-mode multiplier
circuit is used to display the performances of the proposed
circuit.
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ABSTRACT

A current-mode analog multiplier-divider circuit that realized
through the use of operational transconductance amplifiers (OTAs)
is proposed in this paper. The proposed scheme is realized in such
a way that employs only OTAs as active circuit elements and does
not require external passive circuit elements. The circuit is simple
and can be easily constructed from commercially available IC. The
circuit is temperature compensated and the circuit bandwidth is
approximately close to the bandwidth of pnp current mirrors or
Jrr/2. The performance of the multiplier-divider circuit is discussed
and confirmed by simulation results.

1. INTRODUCTION

Analog multipliers and dividers are important nonlinear building
blocks that have found wuseful in wide range of
applications,particularly,in the fields of control, instrumentation,
measurement, signal processing and telecommunication. At
present, because of the main featuring of wider bandwidth, greater
linearity, wider dynamic range and simple circuitry compared with
their voltage-mode counterparts, current-mode circuits have been
received growing interest in analog signal processing. Many
techniques to design current-mode analog multiplier-divider
circuits have been presented in the literatures. For examples, the
methods that are suitable for CMOS integrated technology [1-3],
and the methods that are implemented through the use of active
circuit elements such as, for examples, current feedback amplifiers
(CFAs) [4] and second-generation current-controlled current-
conveyors (CCCIls) [5].

It is well accepted that an OTA is one of the essential active
building blocks in the design of analog circuits such as, for
example, active filters, active networks and oscillators [6,7). This
is due to the fact that an OTA is a low-cost device that has only a
single high-impedance node and its transcondeuctance gain g,, can
be linearly controlled over more than four decades by means of an
external bias current. The -implementation of analog circuits in
such a way that employs only OTA as standard cells will not only
be easily constructed from readily commercial available IC, but
also significantly simplified the design. In addition, the OTA-based
circuit that requires no extemal passive element would facilitate its
integratability and programmability [8]). Although, in the past,
circuit techniques that employ OTAs to implement analog

multiplier have been presented [7,9]. However, they are voltage-
mode circuits, only multiplication functions are realized, and the
circuit bandwidths are only about 2 MHz. In this paper, a current-
mode temperature compensated multiplier-divider circuit using
only OTAs as active circuit elements has been presented. The
realization scheme does not require external passive elements,
PSPICE simulation results will be used to demonstrate the
performance of the proposed realization scheme.

2. BASIC PRINCIPLE

In this work, a bipolar-based OTA will be employed as an active
circuit element, where its schematic diagram is shown in the Fig.1.
The commercially available OTAs of this type are such as
LM13600 and CA3280. By assuming that the OTAs are operated
in the linear range, the OTA transconductance gain
is gm=I,/2V, , which can be tuned by the DC bias current (/,).

The circuit diagram of the proposed cumrent multiplier-divider
circuit using OTAs is shows in Fig. 2. The input signal current ij,;
is injected into the operational transconductance amplifier OTAL,
which is connected as a current-controlled grounded resistor. The
voltage across the OTALI is then used as the input voltage for the
OTA2 and OTA3. The input signal current iy, is added with the
bias current Iz, of the OTA2. Let g.;, g2 and g.; be the
transconductance gains of the OTAl, OTA2 and OTA3,
respectively. Then, from routine circuit analysis, the output
currents Jp; and Jp; of the OTA2 and OTA3, respectively, can be
written as

In= 'ng"m = _—(1,2 * bes) b 4)]
L 1“
and
I,= -.gLJ,'M = Uys) i, @
-l ]

where g = Ip//2Vy, 82 = (Ip2ting 12Vr and g,s = Ips/2Vy and Vy
is the usual thermal voltage. If we set the bias current such that /5,
= Jp; = Iy, the output current /,, of the circuit, that is the
summation of the currents /p; and /p;, can be expressed as

1-349
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Figure 1. The schematic diagram of the OTA.
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Figure 2. The proposed current-mode multiplier-divider cuicuit
using OTAs.
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which is in the form of a current-mode analog multiplication-
division function. The circuit is performed as a four-quadrant
multiplier if i,; and iy are the input current signals. On the other
hand, the circuit is performed as a divider circuit if i,/ (or iinz) and
I, are the input signal currents. It should be noted from the eqns.
(1)-(3) that, since the output current /,, is in the form of the ratio
of OTAs transconductance gains, therefore, the thermal voltages
Vr's of the OTAs are compensated. This means that the output
current I, is less sensitive to temperature.

3. CIRCUIT PERFORMANCE

The major factors that contribute to the error and non-linearity in
the circuit can be identified as follows. The first factor is due to the
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offset current at the output port of the OTAL. From eqn. (3), if /,
is the offset current at the output port of the OTAI, the output
current /,,, can be rewritten as

I = (ilnl T lu)ilnz (4)

out IBI

We can see that, apart from the multiplication-division result, this
offset current produces a signal current that is proportional to the
signal current Jj, to leak through the output. This effect can be
reduced if [im/]| >> I and the bias current Ip, >> I,. While the
offset currents at the output ports of the OTA2 and OTA3 are not
contribute to the multiplication error, but will produce a DC
current at the output of the circuit.

The second factor that causes the non-linearity at the output of the
circuit is due to the limited linear range of the input stages of the
OTA2 and OTA3, where their input stages are conventional
differential pairs. For linear operation, the input differential voltage
of the bipolar-based OTA is restricted to be less than 26 mV.
Therefore, to minimize this error, the voltage swing across the
OTATI should be kept to be less than 26 mV. On the other hand, it
is means that the signal current i),; should be limited to [in| < Ip;.

For the high frequency response, consider the schematic diagram
shown in the Fig.1. The OTA is comprised of three major building
blocks, the common-base differential pairs (Q; and Q), the n-p-n
current mirror (CM3) and the pnp current mirrors (CM1 and CM2).
The bandwidth of the differential pair will be equal to f, which is
approximately close to fr of the n-p-n transistor or fzx. For the
current mirror, the bandwidth of Wilson’s current mirror is
approximately equal fr /2. And, usually, the npn transistor fy is
much higher than the lateral pop transistor fzp. Thus, the limitation

. to the high frequency performance of the proposed multiplier-

divider circuit is mainly due to the bandwidth of the current
mirrors CM2 and CM3, which is approximately equal to /2.

4, SIMULATION RESULTS

The performance of the proposed multiplier-divider circuit of Fig.2
was verified through the use of SPICE simulation results. All the
OTA was simulated by using the bipolar transistor parameters of
the 2N3904 and 2N3906 for the npn and pnp tramsistors,
respectively, where 8, =416 and 8,=180. The transistors fpv and

Jr» were 400MHz and 300MHz, respectively. Since the DC offset
current will distort the output signal, a DC current of about SpA
was injected at the output of the OTAI to adjust the offset to be
less than +0.1pA. Noting that this offset can be reduced by using
transistors with high value of beta, specially pnp transistors. The
power supply voltages were set to Vec = 10V and Vg = -10V.

The multiplier function was tested by multiplying two sinusoidal
signals. The results obtained are shown in Fig. 3 for iy =
0.5sin(21t1000t) mA, in2 = 0.5sin(2r30000t) mA and /5, = 1mA. Fig.4
shows the simulated DC transfer characteristics for the multiplier
function, where the bias currents were set to /g; = Ig;= Igs=1mA.
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The figure shows the plot of the output current /,, against the input
signal current iy, from —ImA to 1mA and the input signal current i,
from —lmA to 1mA with 0.5mA per step. The simulation and
calculated data are agreed very well over the £0.8mA input range with
emor of less than 0.1%. We can see large non-linearity for i,y close
ImA this is due to that the voltage across the OTALI is closed to the
limited linear range. Fig.5 shows the simulated transient response of
the circuit that is fimctioned as a divider. In this case, the output
current ,, is an inverting function of a triangular wave signal, where
fim and i, are DC currents, 1.€. iy = S0PA, iy = 900[1A, and Ip, isa
500Hz triangular wave with amplitude of 200pA and with DC
component of equal to 1mA. To demonstrate the error, Fig.6 shows the
comparison of the simulated and the calculated values of the output
current [ The output current I, is ploted against [ with iy, taking
values from -0.9mA to 0.9mA with 0.45mA steps. For iy, is positive, we
found that the relative error is decrease if i, is increase, for examples, for
ImA<lg<2mA, i,z = 0.3, 0.6 and 0.5mA the error are 7.36, 6.17 and
5.0%, respectively. However for iy, is negative, the relative error is high,
such as the error is about 12 % for iy,; = -0.9mA, since the bias current of
the OTA2 in this case is small (Jarind). The linearity of the divider
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function is depend on the value of the input current iy, also, where iy,
should be kept in the linear range of the multiplier function.

For a load resistance R, =100€2, the simulated —3dB bandwidth of the
circuit from the input iy, to the output [,, with iy, = 0.1sin(27c10000t)
mA, iwy= 100pA and Iz, = ImA, is about 155 MHz. The simulate —3dB
bandwidth of the circuit from the input iy to the output L, with i =
0.1sin(2710000t) mA, ip; = 100pA and J5; = ImA, is about 160 MHz.
These responses indicate that the circuit bandwidth is close to the pnp
transistor f7p/2. However, since there exit a capacitance of about Co =
7.5pF at the output terminal of the OTA, the pole due to R, and Co will
limit the high frequency performance if the load resistance is too high.
For example, if R, = 1k, the pole due to Cy is located at 21.2 MHz. The
total harmonic distortion (THD) against input currents, for the case that
the input signal i, is a dc crrent of 100pA and the input signal current
iy = 0.258in(2110000t) mA, is about 0.22%. On the other hand, when
- the input signal current Jy,; is dc current of 100pA and the signal current
iz = 025sin(2n10000f) mA, the THD is about 0.25%. It should be
noted that the THD for the case of iy to /. is lower than the case of iy
to Iy This is due to that the harmonics distortion from of iy, is
straightforwardly appear at the /,,. But the harmonics distortion from
OTALl is firstly amplified by both the OTA2 and OTA3 and then the
amplified harmonic are cancelled at the output terminal.

The dependency of the output current on temperature was studied and
shown in Fig.7. The simulation results for the variation of the output
current (,,) due to the change of temperature are plotted for the
operating temperature variations from 0 °C to 100 °C. We set the input
signal currents iy, and iy; as dc currents, where /5; = Igy= Ips= ImA,
iy = 1mA and im; = 60pA, which corresponds t0 /s = 60pA at 27 °C.
From the results, the output current varies from 59.62pA to 61.38pA,
for the temperature 0 °C to 100 °C, respectively. The relative
sensitivity of /s with respect to temperature of the conventional OTA
and the proposed circuit, which is given by
Sf= =(81,/1)NOTIT), is approximately equal to 0.046 and
6.2x10°, respectively This simulation results demonstrated that, by
this realization, the temperature dependence of the transconductance
£aiNs gny, Znz @ gy; of the bipolar OTAs can also be compensated.

S. CONCLUSIONS

In this paper, we have proposed a current-mode analog multiplier-divider
circuit that realized through the use of OTAs. The circuit is simple and
can be easily constructed from the commercially available OTA. The
realization method does not require any external passive circuit element
and also temperature compensated. The circuit bandwidth is close to the
bandwidth of p-n-p current mirror or /2. Simulation results have been
employed to demonstrate the performances of the multiplier-divider
circuit. Noting that, although in this paper, the bipolar-based OTA has
been used as the active circuit elements, however, the CMOS-based OTA
which its transconductance gain g,, can be linearly tuned by the external DC
bias current [10] can also be used.
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Abstract: An electronically and linearly tunable CMOS OTA
that constructed from a balanced CMOS OTAs is proposed in
this paper. The circuit achieves its linearity by squaring the
nonlinear transconductance of the balanced CMOS OTA. The
proposed circuit can be linearly tune by the bias current for
three decades. The obtained linear input-voltage range is 1V,
with less than 1% nonlinearity. The performance of the
proposed circuit is discussed and confirmed through PSPICE
simulation results.

1. Introduction

It is well accepted that linear transconductors or voltage-to-
current converter circuits are fundamental building blocks of
analog circuit and systems. They are used in interface circuits,
instrumentation amplifiers, and continuous-time-filters. When
the transconductance is electronically variable they can also be
applied in automatic, gain control circuits, and analog
multipliers. Several techniques to improve the linearity
performance of both bipolar and MOS transconductors have
been proposed in the literature. For examples, the methods that
arc design based on.the square-law characteristic of MOS
transistors biased in saturation [1]-[2] and the methods that
compensate the transistor nonlinearity with other transistor of
the same type such as cross-coupling of muitiple differential
pair [2] or [3] adaptive biasing [4]. However, for all these
techniques the reported transconductor linearity are limit to 40-
60dB

Although, in the past, the transconductance gain of
OTAs can be electronically tuned by DC bias current.
However, they are only bipolar OTAs. The main objective
of this paper is, therefore, to present a new circuit design
technique for the synthesis of an electronically and linearly
tunable OTA based on CMOS technology. This includes the
circuit description of the voltage-to-current transducer or
general CMOS OTA that is design based on a linearizing
technique, and we then employ the general CMOS OTA to
construct the electronically and linearly tunable CMOS
OTA, called as EOTA. The completed EOTA requires 3
general OTA's. These circuits generally use MOS transistors
operating in the saturation region, and hence the individual
functions of the circuits are derived from the approximate
square-law characteristic of MOS transistors in saturation.
Despite the non-linearities of the differential pair
architecture due to non-linear drain and source current of
MOSFETs, its transconductance is dependent on the DC
bias current Iz. Thus, tunability of the differential pair
architecture can be implemented by having a variable Ig.

Having access to such an electronically and linearly
tunable CMOS OTA would enable a direct replacement of

the bipolar OTA. Such an approach would then obviate the
need for classical application-specific, the current-mode
multiplier is described and measured results are shown to
demonstrate the design flexibility of the approach. The
circuit performances are studied through PSPICE simulation
results.

2. Circuit Descriptions

For the purpose of the following analysis, we will assume
that all MOS devices operate in the saturation region. This
means that the transistor drain current I, is characterized by
a square-law model as

I, = {K(VGS -V, for V>V, W

0 , Jor Vo <V;

where the transconductance parameter K = u,C,.W/2L,
H,is the mobility of the carrier, C,; is the gate-oxide

capacitance per unit area, I is the effective channel width, L
is the effective channel length, and Vs and Vr are the gate-
to-source and threshold voltages, respectively.

2.1. An balanced CMOS OTA

Figure 1. Schematic diagram of the balanced CMOS OTA

Figure 1 shows a balanced single-output CMOS OTA,
which is formed by single-ended Voltage-to-Current
Transducer (VCT) and current mirrors, where ¥, is the
differential input voltage (V,=V,-¥3), I.. is the output
current and I is the bias current. Assuming M, and M, are
perfectly matched and the current mirrors have a unity
current gain. By using the square law of MOS transistor
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operating in the saturation region, the differential output
current in Figure 1 is given by [5]
bow =h =1y

—ZIKV’ for‘]_<Vle"(2)

The transconductance gain (gm) of the VCT can be derived
by taking the derivative of (2) with respect to V,,, yielding

=G 21K 3)
AN
We can written as
Iy = gV, =21,K -V, G

Equation (3) shows that the transconductance gain (gm) of
the VCT can be varied by the bias current I .

2.2. An electronically and linearly tunable CMOS OTA

Figure 2. The proposed electronically and linearly tunable
CMOS OTA

An electronically and linearly tunable CMOS OTA (EOTA)
can be realized by the circuit diagram shown in figure 2,
which is composed of three balanced single-output CMOS
OTAs. The OTA, converts a differential input signal voltage

Va=V,—V, into a signal current i, to flow into an active
resistor Z;, formed by the OTA,, where Z, =1/gm, and gm;

represents the transconductance gain of the OTA,. Since the
current signali, = gmV,, , the voltage drop across the active

resistor (OTA;) becomes
. 1
Vo=iZ, =gmV, — (%)
gm,

If gmy is the transconductance gain of the OTA;, the OTA;
will convert the voltage ¥ into the output current i, as

Iy =gmV, (6)

From equations (5) and (6), the current i, can be rewritten as
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ioul = gmlg,n: in (7)

gm,
Since the transconductance gains  gm, =2/, K, ,

gm, = J2I,K, and gm; = ,/21,,31(3 , if we set Ig;=Ip~=Ip,
then from equation (7) we obtain

21, JKK,

iou S Vn=
'3 \/ZTBZ—K_Z- i g’nT

where gmr is the transconductance gain of the proposed

Ve ®

EOTA and can be expressed as
gmy =21, K; &)
and K, =K K,/2I;,K, , which can usually keep to

constant. From the equation (9), we can clearly seen that the
transconductance gain of the proposed EOTA can be
electronically and linearly tuned by the bias current I5.

2.3. Large signal analysis

The prediction of the equation 9 will valid only for a small

value of V,,. For a large signal, the transconductance gain
Gm from the equation (2) can be written as

J_sV sJ_ (10)

i, . then equation (10) can be

_k V,}

Gm - —— ,[21 K-

If we set the error E=

rewritten as

m—';’,“’-,/ K-\1-E
in

an

We found that the Gm will equal to the gm of equation
(3) in the condition that KV?/2I,<<l1. This can be

achieved by keep the input voltage signal ¥}, small or set the
DC bias current I to a large value.

As similar to the small signal analysis, we obtain the
transconductance gain of the proposed EOTA in large signal
(Gm) as

1-E 1-E, -\l1-
Gm,=21,,K,.[l+‘l EI-E -y Ez] (12)
V-5
2 2
where the errors F -—% Ez=%- and
2y, 2y,
KV s
E= i are due to the OTA;, OTA, and OTA;
B3
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respectively. Given that Er is the conversion emor from the
linear transconductance gain, where

g, = YmEBNI-5 -

13
= (13)
Thus, we have the percent of the conversion error as
%E, = JI-EN1-5 ~1-F, x100%  (14)

VI-E,

For example, if Viny = 0.5V, Vipz = Vias = 0.751V, Ip; = Ips =
1mA, Ip; = 8802 A and K; = K, = K3 = 1.27x10% the

resulting conversion error (%Ey) is equal to 0.54%

3. Application

In this section, we will propose the use of the EOTA to
realize a current-mode multiplier, which use only active
circuit elements but not require external passive circuit
elements. The proposed current-mode multiplier circuit is
shown in Figure 3 [6]. It should be noted from the equation
(9) that if the EOTA is operated in the linear ranges, the
transconductance is gm, = 2I,K; , which gmy can be tuned

by the DC bias current /p.

llnl

—

EOTA,
+

Figure 3. The current-mode multiplier circuit using the
proposed EOTA.

From the Figure 3, the input signal current iy, is injected
into the EOTA,, which is connected as a current controlled
grounded resistor. The voltage across the EOTA, is then
used as the input voltage for the EOTA; and EOTA;. The
input signal current iy, is added with the bias current I5; of
the EOTA;. Let gmp, gmp and gmpy be the
transconductance gains of the EOTA,, EOTA; and EOTA;,
respectively. Then from the equation (9) and from routine
circuit analysis the output currents I,; and I,; of the EOTA;
and EOTA;, respectively can be written as
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gmy, . I,+i,,),
102 = 2 llnl = ( = : 2)'Inl (15)
8my, Iy
and
103 == 2 ilnl =mﬁiml (16)
8y, Iy

where Iy, , I ; and Ip; represent the DC bias current of the
EOTA,, EOTA, and EOTA,;, respectively, and the trans-
conductance gains gmy, =21, K;,, gmy, =2(1,, +i,,)K;,

and gmy, =2I,,K;,. Noting from the Figure 2 and Figure

3, that the DC bias current of the EOTA (J;) of the multiplier
circuit can be achieved by setting the DC bias currents of the
OTA, and the OTA, to Iy= Ip= Ip;= Ip;. Ifwe set Iy; = I);=
I, the output current I, of the circuit that is the summation
of the currents I,; and I,; can be expressed as

Ioul = 102 + IaJ = ot (17)
Ibl

which is in the form of a current-mode multiplication function.

4, Simulation Results

The performance of the proposed electronically and linearly
tunable CMOS OTA was verified through the use of
PSPICE simulation results. All the VCT was simulated by
using CMOS transistor parameters of the SCN2 level 2 of
MOSIS [7]. The transistor dimensions of the circuit in Figurel
are in micron, where the dimensions of the transistors M1 and
M2 are W=50um and L=10pm, the dimensions of the transistor
M3-M8 are W=100um and L=10um. The power supply
voltage were set to Vpp=-Fge= L 5V.

To demonstrate that the circuit can linearly converted
voltage signal into current signal, Figure 4 shows the DC
characteristic of the I, versus V}, of the proposed circuit in
Figure 3 for the cases of the dc bias current (g) of 1mA,
800uA and 400uA, respectively. The results show that the
transconductance are almost constant and the nonlinearity
are seen to be less than 1% for the input voltage (Vi) range
from -1V to 1V, -0.86V to 0.86V and -0.66V to 0.66V
respectively. These results were agreed with the predicted
transconductance from equation (10).

The relation between the transconductance and the bias
current Ip was measured by fixing Vj, = 0.1V and varying I
from 10nA to ImA. The results are plot in Figure 5. From
this, it can be seen that the transconductance is linearly
dependent upon the bias current I over the range of 1pA to
ImA (three decades). We found that the transconductace can
be tune linearly by Ip, where at Iz=1mA the conversion error
from simulation result is about 0.68%.

The lower limit of the circuit is due to condition in
equation (2) that transistors must be operating in saturation
region. In the cases of V, = 0.1V, 0.2V and 0.5V,
respectively, we found that the DC bias current / must be
more than 1pA, 5pA and 32uA respectively.
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Figure 6. Simulated transient response for the multiplier circuit

Accordingly these limits were agreed very well with the
prediction of CMOS are operating in saturation region from
equation (2). At the DC bias current Iz = ImA, in the case of
Vin = 0.5V, Iz = 880uA, the result shows that the
transconductance gain g,r = 5.398% 10* AV is achieved.
The conversion error from the simulation result is about
0.5%, this results were agree with the conversion error
predicted from eq.(14).

The multiplier circuit of Figure 3 was tested by
multiplying two sinusoidal signals. The results obtained are
shown in Figure 6 for i, =0.2sin(271000f)mA,
i,; = 0.25in(2720000¢) mA and I,;= 1mA. The DC transfer
characteristics of the multiplier circuit were also observed
by setting the bias currents I,/= I,7= I, 1mA, and the input
current iy, and i, are varied from -200sA to 200pA with
100pA per step. The results show that the simulated and
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calculated data are agreed very well over the + 190pA input
range with error of less than 1%.

5. Conclusions

A design of the electronically and linearly tunable CMOS
OTA has been proposed. The conversion circuit composed of
three general CMOS OTAs. The achieve characteristics of the
proposed circuit were similar as the bipolar OTA that the
transconductance gain (Gm) can be linearly tuned by the DC
bias current. Simulation results have been employed to
demonstrate the performances of the proposed EOTA.
Moreover to confirm that EOTA can be replacing the bipolar
OTA, the current-mode multiplier circuit was used to display
the performances of the proposed circuit.
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ABSTRACT: Two CMOS tunable current anplifiers are
proposed in this paper. They arc voltage-controlled current
gain and currentcontrolied current gain. Both circuits are
designed based on C(MOS OTA which amplifiers are linearly
tunable. The circuits achieve their linearity by squaring the
nonlinear transconductance of the balaced CMOS OTA.
The proposed voltage-controlled current amplifier can be
linearly tuned by DC voltage. The amplifier’s nonlinearity is
less than 1% for the vohtage control (V) range from -2V to
2V. The current-controlled current amplifier can ako have
a linearly-tunable current gain by DC bias currentover three
decades (0.1-20) with an error less than 1.5%. The
performences of the proposed circuit sre discussed and
confinmed through PSPICE sinulation.

1. Introduction

Bipolar current amplifier is a uscful circuit building
block. Since it provides wide-band open-loop linear current
gein, it can be used in openJoap amplifiers to achicve very
high gain-bandwidth (GB) products [1]. Although, in the
past, the current amplifier can be clectronically ned by
DC biss current, they can be designed only in bipolar
tecimology. Recently CMOS current gain cells with similar
features have been proposed, however, with the gain is

proportional to VK or/and toJT;, [2}- [4}.

The main objective of this paper is, therefore, to present a
new circuit design technique for the synthesis of CMOS
tunable current amplifiers: a linear voliage-controlled current
amplifier and a linear current-ontrolled current amplifier.
This includes the circujt description of the vohage-to-current
transducer or general CMOS CTA that is design based ona
linearizing technique, which gives the CMOS-Based
Electronically and Linearly Tunable OTA (EOTA) [S] We
then employ the general CMOS OTA and EOTA o
construct the tunable current amplifiers. The gains of the
voltage-controlled current amplifier and currentcontrolled
current amplifier can be Jnearly tune by DC voltage (Vo)
and DC bias current (1) respectively.

The measured resulisdemonstrate the design flexibility
of the approach. The circuit perfosnances are studied
through PSPICE simulation.
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2. Circuit Descriptions

We will assume that all MOS devices operate in the
saturation region. This means that the transistor drain
current Iy is characterized by a square-law model as
_KVe Vo) L for Va >V,

I
° 0 » Jor Vi SV

@

where the transconductance parameter K =pC_W/2L ,
M, is the mobility of the carrier, Cn is the gate-cxide
capaciiance per unit area, W is the effective channe] width, L is
the effective channel lengh, and Ver end Vi are the
gate-to-source and threshold voltages,respectively.

2.1. A balanced CMOS OTA

’~
e e T
= Y OTA
—

v,

Figure 1. Schematic diagram of the balanced CMOS OTA

Figure 1 shows a balanced single-outpu CMOS OTA,
which is formed by single-ended Voltage-to-Current
Transducer (VCT) and current mirrors, where v, is the
differential input voltage (vi=vy-v3), Iae is the output
current and [p is the bias cumrent.  Assuming that My snd
M2 arc perfectly matched and the current mirrors have
unity anrent gain and using the square law of MOS
transistor operaling in the saturation region, the differcntial
output current of the circuit of Figure 1 can be given by [5)

I,=1,-1,

xv! I ij
=27 K-, !1--2—;"-. fur-J—ESv,s& (Vi)
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The transconductance (g.) of the VCT can be derived by
taking the derivative of (2) with respect to w,, yielding

s = \ELK ®

Thus we can oblain the following equation for a small
signal; :

bor ™ BuVia = lelK Vi @
Equation (3) shows that the transconduclance gain (g) of

the VCT can be varied by the bias current I, but in the
form of square root function.

22. CMOS-Based Electronically and Linearly
Tunable OTA (EOTA) [5]

Figure 2. CMOS-Based electronically and linearly tunable
OTA (EOTA)

A CMOS-Based electronically and linearly tunable OTA
(EOTA) can be realized by the circuit diagram shown in
Agre 2, which is composed of three balanced single-ontput
CMOS OTAs. The OTA; converts a differential input

signal voltage v, =¥, —v, into a signal cusrent i, flowing
into an active resistor Z; formed by the OTA,; where
Z, =1/g,., and gm; represents the transconductance of the

OTA,. Since the current signali; = g,,.v,, , the voltage across
the activeresistor (OT/Ay) becomes

, 1
v 22y = GaVia T )

L]

If gy is the transconductance of the OTA,, the OTA,; will
convert the valtage vy, into the output current Ly 28

i-i =8us"t (6)
From equatbns (5) and (6), the current iq, can be rewritten as

8.2
Where (he trasconductances  a&e given by g, é,/ﬂ,lK, ,
8wz '\’ZIHK, and Eus “‘/ 2Ky - I we set Ip=lp=ls,

then fram equation (7), we obtain

_2,JKK,

" K "
where gar is the transconductance gain of the proposed
EOTA and can be expressed as

Eur & IKI‘ (9)

and K, = \/K,K, J20,,K, . The equation () dealy
indicates that the transconductance of he EOTA can be
electronically and linearly tuned by the bias current [, which
is similar 10 the transconductance of the bi-polar based OTA.

3. CMOS Tunable Current Amplifiers
In this section, the realization of the current amplifiers by
using EOTA, which use only active circuit elements, are

described.

3.1 Linearly voltage-controlled current amplifier

The proposed voltage-controiled tunable current amplificr is
constructed as the circuit diagram in figure 3, which consists
of the EOTA in figure 2. Where the input signal current (i;,)
is added to the DC bias current (/5). The control voltage
(Vo) is supplied to the input of EOTA. From the routine
circuit analysis of figure 3, the output cumrent (ias) can be
expressed as

KX 4

Figure 3. A linearly voltage-cantrolled Current Amplifier
iy =2K, V. ('l- +Ia) (10

i = (2K, )i, + (2K V. ), @1

From the equation (11), we found that the output current
consists of the AC signal and DC current (2K7Ve Ip). If we
compensate this DC curmrert, the output cument of the
voltage controlled current amplifier can be rewritten as

i = (2K V) = AL 12
Where A, is the currenml gain of the proposed voltage
controlied current amplifier and can expressed as

A =2K Ve 13

520
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and K,.=.fK,K,/21,;K; . We can sce that the output

current can be tuned linearly by the DC voltage Ve.

i
I, in ;

i
+0 + ”"i” ot
V‘_ EOTA,

- 0= /'7
ll
- 'o-a
EO'I'A1 »

Figure 4. Schematic diagram of the current amplifier with
DC gain compensated

Figure 4. shows the circuit building block to eliminate the
DC current of figure 3. i, and i,.g are given as,
b =(27 Ve )i + (2K )1 19
wnd
by = '(ZKrvc )1 » (1s)
‘The output currenl i, of the circnit, that is the summation of
the curents iny 3nd ixe, can beexpressedas

Show Desktop.scf

b ™ bt F iz —(ZKer ) i,

(16

From equation (16) it is clearly seen that the circuil can
operate a5 a arrent amplifier, the gain of which can be
linearly tuned by control voltage (Ve).

32 Linearly current-oontrolled CMOS current
amplifier

A current amplifier design based on EOTA ta can
electronically and linearly be tunable is proposed i figure 5.

Figure 5. A lincarly current-controlled tunable current amplifier

A linearly current-controlled current amplifier design based
on EOTA is shown in figure 5, which is composed of one
balanced single-output CMOS OTA and one EOTA. The
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input current (&) is injecied into the OTA,, which is aform as
an active resistor (1smy). The vdtage drop across the active
resistor (OTA,) is thenused as an input voltage (w,) for EOTA
and can be expressedas

=da
8.‘

an

Vi

The EOTA will convert fie voltage v, into the output current
Ton 8S
@18

From equations (17) and (18), the current L. of the propose
current-controlled current amplifier canbe written 23

b = &lrvh

(19)

Whete gmy = 888y By = NUnKy ) 8y =2pK, ,

8-:=JZI:K: and 8-‘:4 2K, Hwe st Ky =K, =
Ka-K‘sKMIB‘IIm-I’,Im=In=IFI,,m€nﬁ'Oﬂl
equation (19) we obtain

o = BmiBma @0
8-28-4
Since
Y ,
ot ™ I—"h = Aci, @D

r

where Ac is the current gain of the proposed current
amplifier and can be expressed as

I,
Ac =75 23

4

We can see that the output current can be tuned by the DC bias
current I, and J,. This indicates te gain is proportional to L,
and L.

4. Simulation Results

The performance of the proposed current amplifiers were
verified through the PSPICB simulation. All the balanced
CMOS OTAs were simulated by using CMOS transistor
parameters of the SCN2 level 2 of MOSIS. The dimensions
of transistors M1 and M2 are W=50um and L=10um, the
dimensions of the transistor M3-M8 are W=100um and
L=10um. The power supply voltages were set to Vpp = -Vss
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Figure 6. The current transfer characteristic of the voltage
controlled current amplifier
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Figure 7. The perfomance of gain controllakility of the
voltage controlled currert amplifier

For the lincarly voltage-cortrolled current amplifier in figure
3, we set Ip= 600pA and k=1mA. Figure 6 shows the current
transfer characteristic of the propased valtage controlled
current amplifier. This figire shows the plot of the output
current £, against the input current #, from ~500uA to S00pA
for different V. values; V.= 0.1V, 05V, 1V and 15V. The
simulation and calculated data are agreed very well, for
example &t V= 05V, overthe 1 500sA inpul rang, error
was less than 15%.

Figure 7. represents plots of the variation of current gain A; =
il versus the control voltage V. in the case of 4=10nA. It
is seen that both results of simulation and calclation are in
good agreement. The nonlinearity is seen to be less than 1%
far the control voltage (V) range from -2V 1o 2V.
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Figure 8. The gain controllahility
current-cortrolled currert amplifier

of the linearly
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The gain and the ocontrollability of the proposed
current-controlled current amplifier in figure 5 obtained by
sinmilation and calcuation are shown in figure 8, for L from
101A 10 2mA where I, is keep constant 100pA. It is seen that
both resulls are in good agreement. At L = 2mA the
convesion error is lessthan 1.5%. We found that the current
gain (Ac) can be electronically and lincaly tune from 0.1
10 20 (3 decade).

5. Conclusions

The CMOS tunatle cturent amplifiers have been propaed in
this paper. The achicved characteistics of the proposed
currers-controlled currert amplifier are similar to the bipolar
OTA s the current gain can be linearly tuned by DC bias
current (Ip). In addition, the voliage-controlled current
amplifier can also 1 linearly tuned by the DC voltage (Vo).
The sinwmlation results ensure our propased technique and
demonstratethe performances of the proposedcircuit.
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ABSTRACT

A simple circuit fechnique for the realization of an
integrable current-mode CMOS true rms-to-dc converter
is proposed. The realization scheme is based on the
implicit computation method by makes use of the
characteristic of a CMOS squaring circuit. Since the bias
current of the circuit is provided by the Ipus, the
conversion Circuit consumes very low power. The
performance of the circuit is studied through spectre in
Cadence simulation results and experimental results,

1. INTRODUCTION

A true rms-to-dc converter is an instrument that used for
measuring the average energy coutent in an electrical
signal. This device found useful in the fields of
instrumentation, commmunication and display systems [1].
In the past, many true rms-to-dc converters that based on
bi-polar integrated circuit technology are available [2].
Their conversion schemes are mostly performed through
the use of a full-wave rectifier and a multiplier/divider
circuit that employing a log-antilog principle. Due to the
bandwidth and the slew-rate of the full-wave rectifiers,
the useful frequency range of these converters is limited
to Jess than 5 MHz. New design techniques besed on
bipolar dynamic translinear circuits have been proposed
to implement true mms-to-dc converters [3].
Unfortunately, the characteristics of the mms-to-dc
conversion circuits have not been reported but only
circuit descriptions are outlined. In addition, their
circuits are operated in only one quadrant and require
full-wave rectificrs. Recently, a new design technique
for mms-to-dc converter that design around a dual
translinear-base squarer circuit is proposed [4], where
the input current can be s two-quadrant current. Becanse
the full-wave rectifier is not required by this conversion
scheme, the circuit exhibits a wide bandwidth,
However, the implementation scheme is rather
complicate and suitable for bipolar technology. In this
paper, through the use of 8 MOS transistor square law

0-7803-8660-4/04/520.00 ©2004 IEEE
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characteristic, a design technique for the realization of a
true rms-to-dc converter is proposed. The conversion
circuit performs the implicit computation schems, by
feedback the root-mean square current to be the circuit
bias current. A full-wave rectifier is not required by the
proposed realization scheme. The conversion circuit is
simple, suitable for implementing in monolithic
integrated form, and can be readily integrated s part of 2
larger system. The performance of the conversion
circuit is studied through spectre in Cadence simulation
results and through the experimental results from the
fabricated 0.5 micron CMOS technology chip.

2, CIRCUIT DESCRIPTIONS -
2.1 Squaring Cirenit

Figure 1. A CMOS current squaring circnit.

Let us assume that the operation of the circuit in Fig.1 is
based on the square law characteristic of MOS
transistors bissed in the sirong inversion region [4].
Transistors M, through M; function as a current squarer,
where M, and M ard the cutrent source J, formed as the
current-controlled bias circuit. The input signal current
Jis is injected into point A, If Ip; and Jp; are the drin
currents of M; and M, respectively, the currents I, and
Iz can be respectively written as

I.w (415 "1- !I

=" leT, for |1 |41,

M
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RUAIA)

o, for |1.|s41,

@

Iy

The unity gain positive current mitror CM,, formed by
transistors M; and M,, reflects the current Ip;in order to
add with the current fp;. Then, from eqns. (1) and (2),
the summation of the currents Ip; end JIp; or Igy = Ip/Hp;

becomes
I =de 2
-
“e, Tt

O]

We can seo that /5, consists of the signal current that is
the squaring of the input signal J,, and the DC cument
21, If the DC current 2], can be compensated, the circuit
will be functioned as & squarer/divider circuit, which can
be used as a basic cell to realize rms-to-dc converter by
the implicit computation method.

2.2. The proposed true rms-to-dc converter

vm
____'_______ | | ].
: fir e
I,. _.c_u'_. i oM,
I I, =4
1.
A —
A l
L. ;' yln s ,1“. Re
STH g P % ?T‘
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Figure 2. The proposed true rms-to-dc converter.
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Figure 3. Block diagram representation of the true
rms-to-dc converter.

Fig. 2 shows the proposed truc rms-to-dc converter,
which is composed of the squaring circuit in Fig.l in
combinstion with four current mirrors, CM; through
CM;. The circuit is constructed such that the dmin
current of the transistor Ms of the current mirror CM;
sources the current 2J, from the current Iy, Then from
the eqn.(3) and the Fig2, the curremt Iy can be
expressed as
,}
R
’W 3,

@
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In the figure, the current Isp passes through the
averaging circuit or the first-order current mode
low-pass filter, which is consisting of the current mirror
CM; (M, and M) and the grounded capacitor Cyp
connected parallel to the mirror input. The output current
of the filter Jy; can be written as

7
Iy =——

/R 4 I’:'d’

&)

where 1=C/gw7 is the time constant of the filter and g7
is the transconductance of the transistor M. Due to the
unity gain current mirrors CM; (M, and M;) and CM;
(Mu and Mu), the bias current J, is derived by the
current IM guch that
L=1, ©

At the output, since we set the transistor chanmel widths
of the current mirror CM; 83 Wi3= /8 W);, this means
the output current ’

Inns =8I, m
From equ. (5) and since Iy=Jy,, then by solving for J;, we
can write
gy "-’- fride ®
[} 75' T
From eqns. (7) and (8), by solving for Jug, we get
I =’ [rzae ®
RS r -

The output current Jues is in the form of the
root-mean-square value, It should be noted from the
eqns. (4)<9) that the square root fimction is achicved by
the feedback of the current /; to be the bias current I; of
the circuit. Therefore, the conversion circuit of Fig. 2 can
be represented by the block diagram as shewn in Fig. 3.
The layout and microphotograph, fabricated in & 0.5
microns CMOS Technology AMIS process with Vth=
0.7V, of the proposed true rms-to-dc converter are
shown in Figure 4. The total chip area occupied,
excluding the bonding pads, was 484x442 micronZ.

Figure 4. The True RMS-10-DC Converter: (2) The
layout and (b) Microphotograph.
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In order that the proposed rms-to-dc convester gives a
good performence in the required frequency range, the
value of the capacitor Cy must be chosen such that [5]

(10)

Cuy >> Buruaxy! 4% fsan

where fpuny is the lower end of the frequency range of
interest and
an

g-7m - ZK’I wu”/Ll

W, is chammel width and L, is chamel length, of the
transistor My. From eqn. (4) the gaspy can be expressas
Bnraun ™ JK'IA’I’VY/BIDL‘I (12)
where I, is the peak amplitude of the input signal J,, and J
is the circuit bias cutrent.  For example, for Xp= 7.19x10°
A/V‘llﬂ W/L7=8,ﬁmg.7manbegivmby

Burtscary ™ 00339, [(1,’, 181,) (1'3)
In this case, C,y must be chosen such that
Cor >> (9538310 Y, [T, foranr (14

Noting thst the value of Cyy chosen is much depending
on the ripple error that can be tolerate at the output. As a
rule of thumb, the value of C,y should exceed the
right-hand term of eqn. (14) by the inverse of the
fractional ripple esror, For instance, for a'1 percent ripple
error, C,y should be about 1/0.01 or 100 times as large s
the right-hand term. For example, for a sinusoidal input
signal with [y = | mA, famy = 100 Hz ;and the ripple
error of 5 percent, then the averaging capacitance of
Cuy= 104F must be chosen.

3. SIMULATON AND EXPERIMENTAL RESULTS

The performance of the circuit has been studied through
simnlation and experimental results. The simulation has
been carried out by employing spectre in Cadence
simulstion program and using the transistor parameters
of the 0.5 microns CMOS Technology AMIS process.
The transistor dimensions of the circuit in Figure2 are in
micron, where the dimension of the transistors M5 is
W=80pum and L=5pum, MI13 is W=283um and L=Sum ,
M1-M4, Mb are W=40um end L=Spm and M9-M12 are
W=100pm and L=Sum . The power supply voltage were
setton=5V.

- 735

Figure 5 True rms-to-dc converter measurement setup

Employing the chip of the Fig.4, the measurement setup
is shown in Figure 5. The extemal capacitor C4y is 10
KF. Due to the proposed rms-to-dc converter operates in
current mode, a commercially available current conveyor
CCII0! was used to convert the input voltage Vi, into the
input cument signal 7, The resistor Ry=lkQ is
connected at ports X and the input voltage was applied to
the port Y of the CCIL For example, by setting the input
signal current of /s = IMAgew) , the input voltage equal
to 1V is applied to port Y of the CCII. To measure the
value of the Jng, a resistor of 1kQ was connected at the
output of the rms-to-dc converter and the voltage across

the resistor R, is measured instead.

Vs IL.Z [\’Pl IN FTATTR g/ A_l'u
ANANAEANI AN
P\ VRN RYE)
VYV 0 T
i ;
T
Y i t T
= |£’"‘ ;' il ‘;':'-.!*"I -’.I"—T;—t.—-n

f L ‘ll i
R A
A
© )
Figure 6 Experimental results for the input signals: (a)
sinusoidal; (b) triangular; (c) square wave;

(Vertical scale: 0.5V/div. Horizontal scale: Sus/div) and
(d) sinusoidal. (Vertical scale: 0.5V/div. Horizontal
scale: 200ns/div)

The experimental results in Fig. 6(a), 6(b) and 6(c) show
the Jpes for the input signal of sinusoidal, triangular and
square waveforms, respectively, with the peak amplitude
of ImA and with the frequency of 100 kHz. The Jus
signal with the amplitude close to 0.7mA, 0.5mA, and
1mA, respectively, with the error of less than 10pA,
were schieved, These results demonstrated that the
circuit can be accurately converted the AC signals into
DC signals into the rms values. To demonstrate that the
circuit can operate in a wide frequency range, Fig.6(d)
shows the measured Ing for the cases of the sinuscidal
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input signal with the frequencies of f = 5MHz, and
with the peak amplituds of 1mA. The results show that
the Ims signals with the amplitudo of about 0.7mA are
achieved. The dc error from the simulation results is
about 12%.

We can notice that the ripple at low frequencics, i.e. f=
100Hz, is higher than the high frequency. This is due to
thet, in this case, the capacitor Cyy is selected for Ao =
100Hz. Owing to that the ripple can not accurately be
measwred from the experimental results, therefore, we
will study through the simulation result, the % ripple is
calculated by

% ripple = (lpptappyIoc) X 100% @

whese Ty i3 the peak to peak amplitude of the
output current and Ipc is the DC component of the output
current. From the simulation results at £ = 100 Hz,
100kHz and 5 MHz, the output signal have percent ripple
error of about 3% , 1.35% and 0.0001%, respectively.

The high frequency performance was studied through
cadence simulation. The simulation results for the -3dB
bandwidth with the peak input current ranging from I, =
100pA to 1500pA were summarized in the Table 3.

The experimental results to demonsirate the linearity of the
msto-dc converter are shown in Fig.7. The transfer
characteristic are the plot of the Jgss againat the input signal
current [, with the peak smplitude varied from 300pA to
1.5mA, for the sine, triangular and square waveforms. The
signal frequencies are 1kHz and C4y=10pF. We found that
the maximum conversion nonlincarity of about 2% was
achieved. The lower limit of the circuit is due to the fact
that the Jps is feedback to be the bias J, of the circuit.
Therefore, theough Jy, the Juys should be large enough to
bias all the transistors in their saturation regions,

Table 3. Performance of the rms-to-dc converter.

Parameters Simulated Results
S voltage (rated) 1.5-5V
Input cusrent renge (MAX) LSmA
Power Dissipated OImW
Gain error 2% Max. i
lOOpA‘bl.SrnAnplt
Peak amplitude value -3 dB bandwidth
L= 100 pA 20 MHz
L= 200 pA 40 MHz
L= 50 pA 60 MHz
I = 900 pA 85 Miz
L= 1000pA 90 MEiz
L = 150uA 100 MHz
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Figure 7. DC transfer curves of the rms-to-de converter.
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4. CONCLUSIONS

We have developed a simple CMOS true mus-fodc
emv:rterci:mit.'lbereﬂimionschunoisbmedm&;e
implicit computation method and is suitsble for
implemented in standard CMOS process. The circuit is
suitable for all input wave forms. The circuit has fabricated
in a 0.5 microns CMOS Tectmology AMIS process with
VthS 0.7V. The characteristics of the proposed ae
confirmed by the experimental results and the cadence
simulation results,
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