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ABSTRACT

A family of high-precision voltage-to-frequency converters ( VFCs ) based on the
charge balance principle is presented in this thesis. VFCs serve as an important build-
ing block in instrumentation circuits and are particulaﬂy useful in anglog—to-digital
conversion. A basic free-running VFC is presented as an illustration of the charge bal-
ance principle and the techniques of providing voltage gain, linearization, dual-supply
operation, and instantaneous voltage-to-frequency conversion from the basic circuit
structure. A clock-synchronized version of the basic VFC and a clock-controlled VFC
are then presented. High-precision analog-to-digital conversion utilizing the inverse-
counting technique are also described. These two VFCs are implemented with discrete
components and tested. They are found to provide analog-to-digital conversion with
resolution of 0.1 ppm ( part per-million ) of full scale, maximum nonlinearity of 2

ppm of full scale, and temperature drift of 0.1 ppm per degree Celsius.

The steps for implementing the VFCs in integrated circuits are also outlined. An
integrated amplifier suitable for VFC applications is designed and tested. The tech-

nique of fully integrating a high-precision VFC system using the commutating auto-

zeroing scheme is also described.
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CHAPTER 1

INTRODUCTION

1.1 Functions of Voltage-to-Frequency Converters

A voltage-to-frequency converter ( VFC ) is a device which produces an output
waveform with characteristics dependent on its input voltage. Dépending on applica-
tions, there are several kinds of VFCs with very subtle differences among their output

characteristics.

The most basic function of a VFC is depicted in Fig.1.1(a), in which a dc voltage
input is converted into an output pulse train in which the instan:taneous frequency is
linearly proportional to the input voltage. This VFC is in effect an analog-to-digital (

“A/D ) converter that produces a serial digital output which can be transmitted over
cables, optical fibers, and radio channels. Direct counting of the output with frequency
counters will then provide a direct digital read-out [1]. One typical application of this
VFC is in temperature and pressure sensing in oil or gas reservoirs, where non-linear
transducer outputs are measured and transmitted over a long distance for processing or
direct reading [2]. A free-running VFC with some form of signal linearization capabil-
ity and which can be operated from a single-ended supply is best suited for this pur-

pose.

A free-running VFC can be designed to produce an output waveform with pulse-

width-to-period ratio proportional to its input voltage, as depicted in Fig.1.1(b). Since



D ital
Input %_ VFC O:Jgt'p?:t _ﬂ n ﬂ ﬂ ﬂ

fro< Vin h—>|

%
(a)

Tp ( Pulsewidth)

| Rect lar
Af?gﬁ? B&— VFC > vc\l/g?,g | L
Y Output
in o utp <o
To < Vin (Period)
(b)
clock "~ II1I L{ L N
Analog,.
Input "y, VFC = Output | —;;—l | I n
Clock —
N o<V oupaLO-lIIL QM
or % o<V . L Conversion

Time

(c)
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such a VFC can also be designed to produce an output frequency proportional to its
input voltage, it can always be used in the application described above. The additional
advantage of this VFC is that it can now transmit two variables via a single output

since both the pulse-width and the period can now individually convey information.

The third type and perhaps the most important type of VFCs are those with aver-
age output pulse-width-to-period ratio proportional to the input voltage over a certain
conversion time, as described in Fig.1.1(c). Such a VFC is often synchronized with a
high-frequency crystal clock so that the pulse-width and period can be measured to
within one clock cycle. As a result, high resolution A/D conversion can be achieved if
a long enough conversion time is allowed. In fact, the VFC approach has been shown

to be superior ( over dual-slope integration and successive approximation ) in realizing
| A/D converters with relai:ively slow conversion speed [3]. Although their instantane-
ous output frequency may not be exactly proportional to the input voltage, the averag-
ing nature of these VFCs makes them relatively immune to noise at only a slight cost
in conversion speed. This type of VFC is best suited for digital metering and data-

acquisition systems such as temperature and pressure sensing.

1.2 VFC Structures

VECs can be implemented in a variety of ways; however, they can all be general- |
ized to be composed of two distinctive parts: an integrator and a reset circuit. The
reset circuit triggers the integrator to charge and diécharge around a threshold level

such that a charge balance is maintained across the integrating capacitor. A typical



implementation is shown in Fig.1.2(a) where a reset circuit is used to switch a current
source onto the inverting terminal of an integrator [4]. The input voltage of this cir-
cuit, however, must be negative. A more useful version of the same circuit is shown
in Fig.1.2(b), where the current source is in opposite direction of the one in Fig.1.2(a)
[5,6]. In this case, the input can be positive with positive or dual supply. The same
idea can be realized without 'using a current source by putting a switch across the
integrating capacitor as shown in Fig.1.2(c) [7]. This circuit, however, is inherently

non-linear due to the non-linear characteristic of the switch resistance.

All three circuité described so far use the inverting terminal of the amplifier as
the input. This technique has the advantage of leaving the non-inverting terminal of
the amplifier for offset trimming and avoiding the common-mode rejection problem of
the amplifier. However, with the availability of chopper—stabilizéd operational
amplifiers, the offset and CMRR problems are no longer significant. Hence integrators
utilizing a non-inverting amplifier input can be used, as shown in Fig.1.2(d) [8,9]. In
this way, the capacitor is charged and disgharged through only one resistor and so the
output frequency is independent of circuit component values. This alleviates the need
for a high-precision resistor with low temperature drift which are critical for all other

three cases.

The reset circuit also comes in a variety of forms. Different designs of the reset
circuit lead to VFCs with different properties. Most early VEC designs use op-amp
comparators to define threshold levels for the integrator output and to reset the integra-
tor. One sﬁch design has already been sﬁown in Fig.1.2(b). Commercial models such

as the YFC651 [5] and VFC100 [6] both employ the comparator technique with only
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slight variations. This method has the advantage of using the analog ground as the
comparator reference and hence is relatively noise-insensitive. However, the compara-
tor output is slew-rate limited and digital gates are often required to control and imple-
ment the switch. If CMOS logic is used to implement the reset circuit, the comparator
is really a redundant element since CMOS gates have high enough noise immunities to

reject the normal amount of power-supply induced noise.

Consequently, it is apparent that a useful VFC may simply consist of a non-
inverting integrator realized using a chopper-stabilized amplifier and a reset circuit
constructed with CMOS logic as shown in Fig.1.2(d). This VFC structure is used

throughout this thesis.

1.3 Design Objectives

High-precision integrated VFCs have been available for a long time [4,7,10] and
recent monolithic VFCs such as the AD651 have achieved linearity error as low as
0.005% of full scale at frequencies as high as 100kHz. However, the possibilities of
realizing a VFC with still higher performance have yet to be exhausted, especially with

recent development in design techniques [9,11] and advancement in IC technologies.

In the quest for a VFC with high performance and simple structure, this thesis
examines a few new VFC designs that are competitive with other existing designs in

terms of

(1) simplicity,



(2) high resolution,

(3) high accuracy,

(4) high linearity,

(5) wide input range,

(6) wide operating-frequency range,

(7) low cost,

(8) low temperature drift,

(9) low power dissipation,

(10) capability of elementary signal handling, and

(11) provision for single or dual power-supply operations.

These design objectives serve as a guide-line in developing the new VFC circuits.

14 Scope of the Thesis

This thesis is organized from a designer’s perspective; that is, the basic circuit
principles are introduced first, more complex circuits and ideas are then discussed, and
this is followed by practical considerations for implementing the circuits. Following
the introduction of Chapter 1, Chapter 2 describes a basic free-running VFC cirf:uit
and its modifications, thus introducing the charge-balance principle and the one-shot
resetting technique on which the more elaborate VECs that follow are based. Also
described are the techniques of providing gain and linearization and arranging for

dual-supply operations for the VFCs. Chapter 3 foﬁows the logical step of describing



a modified VFC - a clock-synchronous version - for high-resolution A/D conversion.
Chapter 4 then goes on to describe the most versatile member of the VEC family - the
clock-controlled VFC, which can provide almost all the functions of the other circuits
plus other useful features. Chapter 5 then steps back to discuss the design considera-
tions of all the VFCs and present some experimental measurements on the high-
precision VFCs implemented with commercial components. As an important step in
customizing these VFCs, Chapter 6 describes the aspects that must be considered in

integrating these circuits. Finally, Chapter 7 provides a summary and conclusions.



CHAPTER 2

RC-CONTROLLED VFC

2.1 Introduction

All the VFCs to be described in this thesis employ the well known
charge balance principle [3,4]. In this chapter, the charge balance principle will be
illustrated by a basic VFC circuit [8]. This basic VFC consists of an integrator and a
one;shot circuit whose pulse width is determined by a resistor-capacitor time constant.
Modifications of this basic VFC to provide gain, linearization, and dual supply opera-

tion will be described. A scheme to improve the linearity of this basic VFC will also

be presented.

2.2 The Basic VFC

A simple free-running VFC with an RC controlled pulse width can be constructed
as shown in Fig.2.1 [8]. For single-supply operations, all components of this circuit are
powered from a single reference Voltage Vier- If Ry is large, the high level of Vi, is

equal to V,,r and the low level of V,,, is equal to zero.

This circuit operates as shown in Fig.2.2. When V,,, is high, the output of the
operational amplifier, V,, is ramping down towards ground. If V4 at this moment is

high, V, will be low and V3 will be charging towards Vier- When V3 reaches the
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threshold of inverter 2, V 4 will go low and will turn V, high. Therefore, Vour will turn
low, which will cause V' to ramp up. At this switching point, V3 will jump to a level
of one diode drop above V,,¢ if inverter 2 is a CMOS inverter with input protection
diodes. As V3 is discharging quickly towards Vier» V1 is ramping up. When V,
reaches the threshold of the NOR-gate, it will turn V, low and V,,, high; V3 will then

be pulled to ground and will start charging towards Vyer - Hence the cycle repeats.

The pulse width of V,,, T,, is controlled by the one-shot circuit formed by R

and C in accordance with

1
T, = RC In—— 2.1)

1-m
where NV, is the threshold voltage of the inverters.

The output period T,, on the other hand, is governed by the input V,. A charge

balance equation for capacitor C 4 is given by

Vt ‘Vref
- —T + T, =0 2
so that
1 Vi
f, === . (2.3)
°TT, VT,

Hence the output frequency, f,, is directly proportional to the input voltage V,. Furth-

ermore, Eq.(2.3) can be re-arranged to

T, V,

T, V.’

re

2.4)

which states that the output pulse width-to-period ratio is equal to the input-to-
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reference voltage ratio, independent of circuit component values.

2.3 VFC with Gain and Linearization

Voltage gain can be provided easily if a resistor R, is connected to the inverting

input of the operational amplifier of the basic VFC, as shown in Fig.2.3. The charge

balance for capacitor C, is then given by

Vt Vt Vref
- =T, 6 - —T + T = .
gl g Tt T =0 2.5)
so that
1 Vi R4
f, === 1+ —). (2.6)
° T, V,epr R,

Gain can thus be provided at the expense of making f, dependent on the resistance

. Ry
ratio —.
Ry

In applications where the input voltage to the VFC is a temperature transducer
output, V; is often a nonlinear function of the temperature . For example, the tem-
perature characteristics for an ice-point referenced copper-constantan thermocouple is

given by

Vi &
Vieg 1+0bt

Q.7

where @ and b are constants. In such cases, the VFC can be modified to give a direct
indication of V, as shown in Fig.2.4, where the output V,,, is used to switch a resistor

R, between the inverting input of the operational amplifier and ground.
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If the switch is in place when V,,, is high, the charge balance for C, must be

modified to
Vt Vt ref Vt
—— —— —L T T = .
RlTo R4T° R, 3 Rsz (2.8)
so that
4
1+—=)
£ = 1 Vi R, 2.9)
0 TO Vrepr 51 Vt ) )
R2 Vref

On the other hand, if the switch is in place when V,,, is low, the charge balance

for C 4 is given by

t t
-—T7, - —T, - —T, +——T, + —T, =0 2.10
R1°R20R4° Ry P R, ? ( )
so that '
Ry R,
Q+—+—)
Foo L £ Ry Ry @.11)
o To Vrepr (1 Ei t ) N
R2 Vref

Consequently, if, for example, a and b are both positive and the switch is in

place when V,,, is high, Eq.(2.9) will become

1 at Ry
fo=g =g Uy (2.12)
with _1-21 = —g—. Similarly, if a is positive while b is negative and the switch is in
2

place when V,_,, is low, Eq.(2.11) will become
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1 at Ry Ry
= = 1+ + 2.
fo=q =g A+ g+ 1) 2.13)
with R—4 = %. In either case, linearization is achieved, and the choice of closing the
2

switch during whether V,,,, is high or low depends on the form of V; to be linearized.

2.4 Dual-Power-Supply Operation

The VFC can be modified for bipolar operation if the circuit is powered from
1V,¢r as shown in Fig.2.5. The input V, can now be either positive or negative. Also,
a high gate output level is now Vies while a low gate output level is —Viefr - The

charge balance equation must then be modified to

2V,
iy (2.14)

so that

f - 1 - Vref (2.15)
° T, 2T,

Here, a zero input voltage will produce a square wave output.

The gain and linearization features can be provided in bipolar operation in a
straight-forward Way. With a resistor R; connected from ground to the inverting termi-
nal of the operational amplifier in Fig.2.5, the charge balance equation for C 4 will be

given by
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Vout - Vref
R, I {
VW~
G
I
i One-Shot
Vref Circuit

~Vref

~Vref

Fig.2.5 VFC with Dual-Supply Operation
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Vt Vt Vref 2V}ef
- T, — T, - T,+——T, =0 2.16
so that
v, R,
1+ (1+—=)
f - 1 - Vref Rl (2.17)
°T T, 2T, '

In addition to Ry, if a resistor R, is connected to the inverting terminal of the

operational amplifier from ground while V,,, is high, the charge balance equation for

C, is given by

Vt Vt Vref Vt 2Vf€f
- —T - T — ——T 4 —T + T, =0 2.1
Ry Ry° Ry ° RyP? Ry 7 @19
so that
V, R
W 1+Vu+#)
f, == ref —. (2.19)
T, ) Ry V,
2T, — —— )
2RZ Vref

Similarly, if R, is connected when V, . is low, the charge balance equation is

given by
Vi Vi Ve Y 2W,er
- —T ——T - T, + T,-T,)+ ——T, =0 2
so that
R
I+ ——(1+ ==+ ==) .
1 V,ef Rl R2
fO = -7'!_- = . R V < (2'21)
o 2T (1 + ——t)
P 2R2 Vref
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V,
With dual power supplies, d

of the form —2¢
1%

can be linearized by switch-
ref bt

ing R, properly. For example, if both a and b are positive, f » can be arranged info a

linear function of ¢ by connmecting R, while V,,, is high. In this case, substituting

v R
V,:f =~ :’ — into Bq.(2.19) and choosing -é = 27:- will lead to

1+ ar(l R4 R“)

at(l+ — + ——

= 1 Ry 2R, (2.22)
(2]

T, 2T, ’

in which f, is a linear function of .

2.5 VFC with Improved Frequency Linearity

The basic VFC discussed in Section 2.2 pfoduces an output frequency directly
proportional to the input volﬁge only if the one-shot pulse width, T,, is independent
of the input voltage. Héwever, as shown in Fig.2.2, the input at inverter 2 ( V3 ) actu-
ally goes up to one diode drop above V,er at the end of T,, and if the next pulse is
required before V3 can discharge back to V’ef’ the next pulse will be shortened. There-
fore, as V, increases, the output pulses will become narrower. This gives rise to a’bout

one percent of non-linearity in the output frequency over the input range.

This frequency non-linearity will not affect the output pulse-width-to-period ratio
but is undesirable in applications where direct frequency counting is required. The
pulse width variation, however, can be reduced significantly by modifying the basic

VFC with an additional one-shot circuit, as shown in Fig.2.6. This additional one-shot
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Fig.2.6 VFC with Improved Frequency Linearity
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circuit is triggered when the original one-shot is off and has a time constant of about
three times larger than the original one-shot, as shown in Fig.2.7. The two one-shot

circuits produce a combined pulse of duration Tp to. drive the integrator. That is,

Tp = Tpx + pr (2.23)
with
.
Tpx =R,C, ln—l_—n (2.24)
and
T,  =R,C, lh——
=Ry Gy I (2.25)

where NV, is the threshold level of the inverters.

Here, the input of inverter x ( 'V, ) is allowed to discharge to Vyer with at least a
time | of T,, before it drops to ground. Therefore, it always starts charging from
ground irrespective of the input voltage and so T, is :constant On the other hand,
since the input of inverter y ( Vy ) is always allowed a time of T,. to discharge to
Vyer before it drops towards ground, it always starts charging up from the same level
although this level may not be ground. Therefore, T,, is also independent of V,. Con-
sequently, T, is independent of V, and so the output frequency is directly proportional

to the input voltage.

A typical non-linearity curve for the improved VFC is shown in Fig.2.8 for a
maximum output frequency of 1 kHz. The ICL7650 chopper-stablized amplifier is

used so that the offset voltage and the CMRR of the amplifier do not give rise to

significant problems. Also, an input range from ground to -§—V,ef can be obtained
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Fig.2.7 Voltage Wavefofms for the Improved VFC
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with this amplifier. Non-linearity is then determined by dra\‘;vin'g a straight line
between the origin and the frequency measurement at a reference voltage ( 0.65V,,; in
this case ) and finding the deviations of the intermediate data points from this line.
This method of determining linearity can be implemented easily with a micro-computer
by calibrating the VFC against a reference voltage. The maximum deviations for vari-
ou; maximum operating frequencies are plotted in Fig.2.9 in comparison with those of
the basic VFC. The improvenient over the single one-shot circuit is shown to be over

an order of magnitude at moderate frequencies.
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CHAPTER 3

SYNCHRONIZED VFC

3.1 Introduction

As mentioned in Chapter 1, WCS with average output pulse-width-to-period ratio
proportional to the input voltage are useful in high-precision analog-to-digital conver-
sion. In order to accurately measure the pulse width and period, however, a high-
frequency clock pulse must be employed to perform the digital counting as depicted in
Fig.1.1(c). The one-shot pulse widths of the VFCs discussed so far in Chapter 2 are
all determined by some resistor-capacitor combination and are not related to any ﬁigh-
frequency clock. Therefore, high-resolution measurement is possible only if the VEC
pulse width is much larger than the measuring clock period. This limits the RC-
controlled VFC to only low-speed A/D Conversion. High-resolution A/D conversion
at high frequency is made possible by synchronizing the rising and falling edges of the
VEC output pulses by a clock. The technique for implementing such a synchronized
VFC will be described in this chapter. A simple analog-to-digital conversion system

based on the synchronized VFC will also be described.

3.2 The Synchronized VFC

A clock-synchronized VFC with an RC-controlled one-shot circuit is shown in

Fig.3.1 and its voltage waveforms are shown in Fig.3.2. This circuit operates in nearly

27
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the same way as the unsynchronized VFC ( of Fig.2.1 ); the only difference is that
Voue now goes high or low only on rising clock edges. Aithough the op-amp output (
V1) may now ramp up to a level above the threshold of the NOR-gate before ramping
down, the higher V; goes above the threshold, the less time it will take to reach the
threshold on the next cycle. Therefore, over any conversion time longer than one out-
put period T,, the charge balance for capacitor C, is maintained to within one clock
period T,,. That is, if there are N clock cycles within a certain conversion time and M

clock cycles for which V,,, is high within the same time, the charge balance equation

for C4 will be given by

NT\V, MTV,,
- + =

R, R, 3.1
, . T.V: , Ve
with a maximum error-of . So, the input-to-reference voltage ratio, , i sim-
' 4 ref
ply given by
V; M
= =, : (3.2)
Vg N

It should be noted that the second term of Eq.(3.1) is not subject to any error due to
the fact that if the value of M varies among different conversion times, the value of N
will also change to maintain the charge balance. Therefore, for every measurement, M

is exact while N is subject to a maximum error of 1.

The average output frequency, f,_, is given by

M v
NT,. VT,

J Ome (3.3)
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where T, _ is the average output pulse width. For a sufficiently long conversion time,

a large number of output pulses will be measured, and so any high-frequency noise on
the power-supply rail or the op-amp input will be averaged out in the M measure-

ment.

3.3 Synchronized VFC with Gain, Linearization, and Dual-Supply Operation

The features of gaip, linearization, and dual-supply operation for the basic VFC in
Chapter 2 can all be applied to the synchronized VFC in a straight-forward manner.
The additional components are connected in the same way as in the basic VFC. The
charge balance equations, however, must now be modified to approximate equations
involving the total number of clock pulses ( N ) and the number of clock pulses When
Vour is high ( M ) within a certain conversion time. For example, for the synchron-

ized VFC with gain, the approximate charge balance equation for capacitor C, is given

by
_ NT,V, _ NT.,V, N M TCV,ef - 3.4)
R, R, Ry
so that
M V Ry
—_—= 1+ =) , (3.5)
N Vo R

For the cases of gain with linearization and dual-supply operation, similar

modifications apply to Eq.(2.8) to Eq.(2.22).
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3.4 Analog to Digital Conversion

The synchronized VFC is particularly suitable for applications in high-resolution
analog-to-digital conversion. Since the VFC output pulse width is an integral multiple
of the synchronizing clock period, pulse-width measurements can be made precisely by
using the same clock in the counting circuit. Furthermore, sincé the charge balance is
maintained to within one clock period over a long conversion time, the resolution of
the corresponding A/D conversion process will depend only on the product of the

conversion time and the clock frequency, as will be shown shortly.

Analog-to-digital conversion can be achieved easilyr with the synchronized VFC
by measuring its pulse width and period simultaneously. A simple measuring scheme
is shown in Fig.3.3, in which a convert—signal ( indicated as a switch ) and two event
counters are required. As the Gate is opened, Counter 1 counts the number of clock
pulses when V,,,, is high ( M ) and Counter 2 counts the total number of clock pulses

( N ) within the conversion time. It should be noted that the conversion time T,

can be as long as T, + T, and that T, the length of the convert signal, must

1
fom

be greater than T, , where T, =

If M and N counts are registered by the two counters over a number of output

pulses, the average VFC output pulse width-to-period ratio will be given by

~

Pave

- M
= (3.6)

i

ave

and so,
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Fig.3.3 Pulse Width and Period Measurement Scheme: (a) Circuit
Diagram and (b) Timing Diagram
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Vi
Vre f

-
-~

M
— 3.7)
N’ (

a digital representation of the input voltage is obtained with a maximum error of %1

count in N,
. » TCO?IVETI . . .
Since M is exact and N = — the resolution is governed only by the ratio
c
TCOYIV&I‘I , that iS,
T,
Vi
resolution in ( Y=%1part in (T, pnvers fc) (3.8)
ref :

where f, = —7—}- is the clock frequency. For example, if the clock frequency is 4 MHz

c
and the conversion time is 0.25 second, the resolution will be +1 part per-million. In
other words, 16-bit resolution with a 16-millisecond conversion time can be achieved

with a 4MHz clock.

Practical implementations of the synchronized VFC and the counting system will

. be discussed in detail in Chapter 5.



CHAPTER 4

CLOCK-CONTROLLED VFC

4.1 Introduction

The VFCs described so far all use some form of one-shot circuit in which the
pulse duration is controlled by a resistor-capacitor combination. The VFC pulse width -
thus produced is stable to only about 0.1 percent. Although the pulse edges may be
synchronized by a high-frequency clock, as described in Chapter 3, the pulse width
may vary with respect to the clock period and éo pulse width measurement is neces-

sary. As a result, at least two counting processes must be performed to obtain the aver-

age pulse width and the average period.

An alternate approach to implementing a high resolution VEC is to fix the pulse
width with respect to the clock period. This can be done by controlling the VFC pulse
width with a clock-driven counter and synchronizing the output period with the high-
frequency clock. The pulse width is then an exact multiple of the clock period and the
pulse width-to-period ratio can then be determined to within one clock period over a
sufficiently long conversion time to give a prescribed. resolution. This technique
enables the use of a single counter in the A/D conversion process since pulse-width
measurement is no longer necessary. One such clock-controlled VFC and its
corresponding A/D conversion system will be described in this chapter. Some useful -

features and modifications of this VFC will also be discussed.
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4.2 The Clock-Controlled VFC

The clock-controlled VFC is shown in Fig.4.1. and its operation is illustrated by
the voltage waveforms’ shown in Fig.4.2. For single-ended operation, all of the circuit
in Fig.4.1 is powered from V,,r so that a highr gate level is equal to V,,r and a low
gate level is equal to zero. Then, when V,,, is at a low level, the output of the opera-
tional amplifier, Vy, is also low and is ramping up. When V, reaches the set' threshold
of D flip flop 2,V, will go low; and on the next rising clock edge, V,,, will go
high and V; will start to ramp down. Meanwhile, thé Q output of D flip flop 1, Vs,
will go low and this high-to-low transition will trigger the counter to count a preset
multiple of falling clock edges. When fhe counter finishes counting, the output of the
counter, V,, will go .high and reset D flip flop 2, which will cause V, to go high.
Then, on the next rising éloék edge, V,,, will go low and V; will start to ramp up

again. At the same time, the counter will be reset and hence the cycle will repeat.

The pulse width T, here is a multiple of the clock period T, so that

T, =mT, (4.1)

where the options of m = 1,2,4,...,211 are available on an MC 14040 12-bit binary
counter. For instance, m = 4 is used in Fig.4.1, Fig.4.2, and all subsequent examples in

this chapter.

If, for a sufficiently long conversion time, there are N clock pulses with a

corresponding number of n VFC output pulses, then an approximate charge balance

equation for the capacitor C4 can be written as



Vout

Clock
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R
<

Fig.4.1 The Clock-Controlled VFC
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Fig.4.2 Voltage Waveforms for the Clock-Controlled VFC
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- + —L =0 (4.2)

TV,

where the maximum error for this charge balance is due to the fact that the

4

charge balance is maintained to within one clock period. Therefore,

= n = Vt
NT, VT’

fou 43)

the average output frequency f,_ is directly proportional to the ratio of V; to Vier
with a maximum error given by
W
max. error in f, = —————— (4.4)

CNT, V'

Hence the maximum relative error in the average output frequency is equal to %{-

4.3 Clock-Controlled VFC with Gain, Linearization, and Dual-Supply Operation

As in the cases for the synchronized VFC, the features of gain, lineaﬂz“ation, and
dual-power-supply operation for the basic VFC discussed in Chapter 2 can also be
applied directly to the clock-controlled VFC. The charge balance equations, however,
must now all be modified to approximate charge balance equations involving the aver-
age output frequency f, , the number of clock pulses N, a_nd'the number of output
pulses # within a certain conversion time. For example, the charge balance equation

for the clock-controlled VFC with gain is given by

NT,V, NTV, nT, V.
- - +
R, R, R,

=0 (4.5)
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so that

n Vt R 4

= = 1+""—, .
fo =W =TT U T (4.6)

as compared to Eq.(2.5) and Eq.(2.6). Similar modifications apply to Eq.(2.8) to

Eq.(2.22) for the cases of linearization and dual-supply operation.

4.4.Inverse Counting and A/D Conversion

The clock-controlled :VFC can be used in the inverse-counting analog-to-digital
conversion scheme. The inverse counting scheme requires two counters with one of
them counting the number of clock pulses ( N ) within a certain conversion time (
Teonvers ) and the other counting the number of VFC output pulses ( # ) within the
same conversion time, as shown in Fig.4.3. As in the conversion scheme used by the
synchronized VFC, the conversion time T, here can be as long as T, + Topicn

and T, the time when the switch is closed, must be greater than T, , where

T, 1

ave fom y

As shown in Fig.4.3(b), N. and »n are related to T

convert by
Tconvert =N Tc =n Tom , (47)
while from Eq.(4.1),

T,=mT, (4.8)
So,
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Vt _ Tp ~ mn
Vier T, N’

4.9)

the input voltage is directly proportional to the rafio of n to N with a maximum error

Tconver t

T,

of £1 count in N for n large. Since N = , resolution of this counting scheme

is governed by the length of the convert-command gate and the clock frequency. That

is,

Vi

ref

resolution in ( )= %1 part in (Topmer fe)s (4.10)

where f, = -;— is the clock frequency.
c

4.5 Single-Counter Inverse Counting Scheme

The possibility of using a single counter in the conversion process is a major
advantage of this clock-controlled VFC over the synchronized VFC of the last chapter.
The inverse counting method can be carried out by using a single counter as shown in
Fig.4.4. In this scheme, the number of output pﬁlses, n, to be considered is preset

with a binary ripple counter in the circuit while the number of clock jaulses, N, is to

V
be counted by an external event counter. Then the ratio v L s still given by
ref
vV, mn
= — (4.11)
Vief N

and the resolution is still &1 part in N. However, the conversion time will be given by
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Teomvere =0 T, 4.12)

and the time required for the switch to stay closed can be as large as (n+1)T,_ .. Since

the conversion time and the value of N now depend on the input voltage, the resolu-

v,
tion of —— will vary with V; so that
Vref
. Vi ., mn Vref
resolution in ( ) =1 part in (————=), (4.13)
ref Vt

which will be a minimum at full scale.

The practical implementations of the clock-controlled VFC and its counting cir-
cuits will be discussed in detail in Chapter 5. Meanwhile, two other useful features of

the clock-controlled VFC will be outlined in the remaining sections of this chapter.

4.6 Direct Frequency Conversion

Accurate instantaneous frequency conversion can be provided by the clock-

controlled VFC without circuit modification. Instantaneous ( or direct ) frequency
conversion means that the VFC output frequency is instantaneously proportional to the
input voltage as in the improved VFC of Chapter 2. Direct frequency conversion is
very useful because direct counting over a fixed period of time can be performed at the
VFC output so that a numerical division is not neces;sary as in the case of inverse

counting {1,9].

An instantaneous frequency output can be obtained from the clock-controlled
VEC of Fig.4.1 by taking the Q output from D flip flop 2 ( Vs. ) The waveform of

V5 is shown in Fig.4.5 together with other related waveforms of the circuit. It can be
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shown that the instantaneous frequency of Vs, denoted by f;,, is directly proportional

to V,: Consider the instantaneous period ¢,, where ¢, =
inst

t9, as defined in Fig.4.5. Since

1% Vi
V.=V
V,+V = ’;{4(:4 LT,
and
1% Vi
= t ,
\g R+Ca 2

t, is given by

t, =t1+T, +1;

v
=R,Cyq (V) +V)) ref

Vt (Vref - Vt) .

From Eq.(4.15), it can be seen that

T —R.C V, +V;
P - Vref - Vt
so that,
1 Vi
f. = e—= .
"ty Ve T,

——, to be sum of ¢, Tp, and

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)

(4.‘.19)

Hence, an output frequency which is directly proportional to the input voltage and

phase-independent of the system clock is obtained. This VFC is much more accurate

than the improved VFC of Chapter 2 due to the fact that a clock-controlled pulse

width is much more stable than its RC-controlled counterpart. A VFC with similar
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characteristics can also be found in a recent pafent [9]. However, the VFC described
in [9] has a maximum input range from ground to —;-V,ef only, which makes it
inherently inferior to the VFC described here.

The accuracy of this VFC can be evaluated by measuring the output frequency
with a frequency counter. The conversion error is found to be less than 0.001% of full

scale and is basically limited by the stability of the crystal clock frequency.

4.7 Frequency-to-Voltage Converter

A frequency-to-voltag‘e converter is useful when an analog output is required in a
long-distant digital transmission system. The clock-controlled VFC can be configured
as a frequency-to-voltage converter easily as shown in Fig.4.6. This circuit uses the
same circuit topology as the VFC with the operational amplifier working as an output

buffer. Fig.4.7 shows the voltage waveforms at different points of of the circuit.

Consider D flip flop 2 of the circuit in Fig.4.6. When its resth input (V4 ) is
low and its O output ( V, ) is high, a low-to-high transition at its clock input will
cause V; to go low. Then, on the next rising clock edge, V,,, will go high and V3 will
go low, and this high-to-low transition will initiate the counter to count a preset multi-
ple of falling clock edges. When the counter finishes counting, its output will go high
and reset D flip flop 2. V, will then go high, and on the next rising clock edge, Vou
will go Jow. The cycle will thus repeat on the next rising edge of the input. Since the
frequency input of this circuit is edge-triggered, the input waveform need not be sym-

metrical as long as its pulse width is greater than one clock period.
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Fig.4.6 The Frequency-to-Voltage Converter
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If R, and C, are large, the average output, V., can be determined by writing
the charge balance equation for C, as

V

ref Loave
—_ P
7T 7T =0 (4.20)
so that

Voave - Tp f in

= 421
Vref Tin f max ( )

where V. is the supply voltage, T, =

max

is the output pulse width, and f;, 1

in
is the input frequency.

The maximum ( or full-scale ) input frequency, f m.x, can be adjusted easily by
altering T, since

T,=mT,

(4.22)

where T, ,is the clock period and the values m = 1,24,.21! are available on the

MC 14040 counter. Since the input period has to be at least one clock period larger

than T,, the input frequency range is given by

fin

1
o <(1- T m), : (4.23)

0<

Since fewer clock pulses will be included in each input cycle, the conversion

error will increase as

increases. The error is also a function of the maximum
max

input frequency due to the increasing effect of the output pulse shape on V,,,, as fre-
quency increases. Fig.4.8 shows the error in the average output at half-scale input
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versus the maximum frequency. The error analysis of this frequency-to-voltage con-

verter is similar to that of the clock-controlled VFC and will be discussed in Chapter
5.



CHAPTER 5

PRACTICAL CONSIDERATIONS

5.1 Introduction

As stated in Chapter 1, the synchronized and clock-controlled VFCs have to
satisfy several performance criteria to be competitive with existing VFCs on the
market. The circuit structures of the synchronized and clock-controlled VFCs are such
that these circuits are simple, are capable of elementary signal linearization, and can be
operated from either a single or a dual power supply. Furthermore, by using the
ICL7650 chopper-stabilized amplifier, a useful input range from the negative supply to
two-third of full scale is obtained, a reasonable 2mA operating current can be used,
and a low component cost of about ten dollars is achieved. Thus, resolution, accuracy,
linearity, operating-frequency range, and temperature stability are left to be examined.
These factors will be investigated in this chapter and a summary of the VFC perfor-

mance characteristics will be presented.

5.2 VFC Implementation and Testing

The practical implementations of the synchronized VFC and the clock-controlled
VEC with commonly available commercial components are shown in Fig.5.1 and

Fig.5.2 respectively. Notice that extra circuit components are added to the original

designs in both circuits:

53



Vout

A Vref
R {
A
WAA 2 L
1" vcuoeaus ||
MC1
] —<1 System Clock
C, ®  mwex °M s
{} —8 INVERTER 9}
110 " Vref
L2 ;B T
: v ] 14
Vrefj’ R 3. 1
——A\—
MC14013
; %
g DUAL
MCIOO! 6 -Lc D FLIP FLOP
QUAD
2-INPUT 3-;[——{, 5 A 76
NOR GATE ?2 l._._.l
4
7

i

Fig.5.1 Practical Implementation for the Synchronized VFC



——<1 System Clock

Vref
!
10 :

I— 0
MC74HC4040 2 QI)
12-8IT 4 =
BINARY 13— 3
COUNTER 1 o
n 1? o

8

<

55

Vout
A Vret
; ,1
—/\W— 2 1
4 3
MQE069UB
G ¢ mex S
{} —{8 INVERTER 9
412 7 13
<
T Vref
14
8 1
MC14013 3
DUAL 5
D FUP FLOP
12
10
7

<

Fig.5.2 Practical Implementation for the Clock-Controlled VEC



)

@

€)

@

56

Six parallel inverters are added between the flip-flop output and R, in each cir-
cuit. This reduces the effect of the difference between the high and low output

resistances of the CMOS gates on the VFC output waveform, as will be noted in

a later section of this chapter.
Switches are used to select the suitable output tap from the counter to reset the

flip-flop in the clock-controlled VFC circuit. This enables the changing of operat-

ing frequency without altering the system-clock frequency.

The MC 14040 CMOS counter is replaced by an MC 74HC4040 high-speed CMOS
counter. When a 4MHz system clock is used, the propagation delay from the
reset input to some of the outputs of a low-speed CMOS counter is longer than
one clock cycle. This leads to a serious error in output counting for any clock

frequency greater than 1 MHz. The high-speed version does not have this prob-

lem.

An external clock is used for the chopper-stablized amplifier. Thus, the effect of

changing the chopping-clock frequency can be examined easily.

A useful counting circuit for both the synchronized VFC and the clock-controlled

VEFC ( with either single or double counter conversion scheme ) can be implemented

as shown in Fig.5.3. Three counter outputs are provided and the selection of the

appropriate one depends on the counting scheme.

Since the VFC circuits are expected to be very accurate, testing must be carried

out with extreme care. A system that can produce and measure a voltage ratio (

Vi/Vyer ) to within *1 ppm ( part-per-million ) of full scale is shown in Fig.5.4. The
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Power Designs 2005A precision power supply provides a stable reference to within
1mV. However, the stability of the supply voltage is not critical with this set-up since
the voltage ratio V,/V,,, is obtained with a voltage divider. The
Julie Research Lab. VD —106 voltage divider is accurate to within 1 ppm of the sup-
ply voltage under all settings [12]. It should be noted that a separate pair of power-
supply rails is used to power the output inverters of the‘VFC under test. If only a sin-
gle pair of supply rails was used, the relatively large amount of current ( 2mA ) drawn
by the amplifier would have lead to a significant voltage drop along the supply rails so
that the high and low levels of V,_,, would not correspond to those across the voltage
divider. When this system is carefully set up ( with short and thick wires and care-

fully laid out and by-passed power supplies ), reliable measurements can then be made

on the VFCs.

5.3 Performance Evaluation

In this section, some of the important properties of the VECs - resolution, accu-
racy, linearity, and temperature stability - are examined. Although all experimental
results presented here are based on measurements on the clock-controlled VFC because
of its simplicity of single-counter conversion, all results and analyses apply equally

well to the ‘synchronized VEC.

Resolution

Theoretically, the resolution of the inverse-counting A/D conversion scheme is £1

part in the number of counts within the conversion time.



60

Practically, the resolution is affected by (1) input and power-supply noise, (2)
temperature drift of the amplifier offset voltage and bias current, and (3) inconsistent
leakage across the integrating capacitor due to moisture, etc.. Although the VFCs are
inherently immune to noise, large voltage spikes induced by the high-frequency system
clock may appear at the input and the supply rails causing noticeable fluctuations.
This high-frequency noise can be significantly reduced by capacitive decoupling. With
decoupling, the conversion resolution is measured to be of the order of 0.1 ppm at low
operating frequencies ( < 10kHz ) and close to 1 ppm at frequencies as high as 1 .
MHz. Furthermore, with careful circuit handling, the combined instability due to mild
temperature drift ( < 1°C ), moisture, pick-up, etc. is of the order of 0.1 ppm, which

is beyond the accuracy of the circuits.

Accuracy

The accuracy of the VFCs is affected by three major factors: (1) op-amp non-
idealities, (2) output resistances of the CMOS inverters driving the integrator, and (3)

imperfect output pulse shape.

The effects of the first two factors can be considered by re-writing the instantane-

ous charge balance equation for capacitor C 4 as follows [13]:

Vref - Vt’T _ Vt,
R4+rh p R4+7‘l

T, -T,)~-IyT,=0 (5.1)

with

5.2)

where
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ry = combined output resistance of six parallel inverters at the high state,
r; = combined output resistance of six parallel inverters at the low state,
Ig = amplifier negative—input bias current,
V,s = amplifier of fset voltage, and

CMRR = amplifier common—mode rejection ratio.

From Eq.(5.1), it can be shown that

,
’

V' - r CRy+1y) )
v R
1+ ref 4t7 -V
T, Vref Vt, (rh - )

1+
Vref R4+ 1)

(1-

(5.3)

-

so that the error due to r,—r; ( defined as r; ) is given by

v
(1- )(—) (54

error, fraction of full scale =
ref Vref 4

while the error due to amplifier non-idealities is given by

& -
V 2V, Ig R 55
. f B K4 (5.5)
error, fraction of full scale = —— + = 4 .
Vier CMRR Vier

The effect of pulse shape can be considered by defining the rise and fall times (
t, and #r ) of the output inverters as illustrated in Fig.5.5(a). With other non-idealities

neglected, the instantaneous charge balance equation can be written as

t, T, T+t
v, V 4 4 T,+tp~t
-tr, L j—dt + j dt + j —fd =0 (5.6)
R, ? TR, >

so that
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I, Vv _ 4t

= )
T, Ve 2T,
Thus the error due to pulse shape is given by
Zi
error, fraction of full scale = — T
Vi 1
=- - (5.8)
Vier Ty
V, f
= - t,
Vref dJ max
t.—t
f 1
where t; = rT and f max =—1:p-.

Since these errors are independent of each other, they can be summed up as fol-

lows:

G-—t
‘ 14 2V Iz R
total error, fraction of full scale = ——— + ref B4
Vrgf CMR.R Vref
(5.9)
Vi V, rq Vv
+ = = =—)=) ~ =—14f max.

Vref Vre f R 4 Vre

With the ICL7650 chopper-stablized amplifier, V,, is less than 5 uV and CMRR is
over 120dB. The combined error is thus less than 0.5 ppm for V,,r = 10V. The value

of ry for six MC 14069 inverters in parallel is measured to be 12Q. Thus the max-

v ,
imum error due to r, is 30 at — =i, which will be 1 ppm of full scale if R, is
R 4 Vref

set to 3M Q. Furthermore, 7; is estimated to be about 3nS, which will lead to a max-

imum error of -1.5 ppm at full scale if f ., is kept at 500Hz. Thus, the total enof



due to V,;, CMRR, r; and t; can be kept to within £1.5 ppm of full scale with the

proper choices of R4 and f .

The bias current of the amplifier also affects the accuracy of the circuit. The
specified value for Iz for the ICL 7650 is 1.5pA ( typical ), which should give rise to
an error of about 0.5 ppm of full scale with R4 =3MQ and V,,r = 10V. However,
preliminary testing shows convincingly that a current which is much higher than the
specified value of Iz actually flows out from the negative terminal of the amplifier.
This current appears to be caused by charge pumping between the two input terminals
due to the auto-zeroing feature of the amplifier. This current flowing out of the nega-
tive terminal due to charge pumping ( symbolized hereafter by /5 ) and the current
flowing into the positive terminal due to charge pumping ( IQ+ ) can be as high as a
few hundred pico-amps and are found to be functions of V,.¢, V;, and the external
chopping-clock frequency f,. Currents of this magnitude are not detectable by
measuring the voltage drop across a resistor with a normal voltmeter and hence a sen-
sitive ammeter has to be used. A highly-sensative Keithley Instruments 610B elec-
trometer was available to the author. Unfortunately, in low current measurements, the
negative input terminal of this electrometer is automatically tied to the system ground.
As a result, it is impossible to directly measure I; when the VFC is operating. How-
ever, by measuring IQ* as shown in Fig.5.5(b), an indication of the behavior of I; can
be obtained. Fig.5.6 shows I as functions of f, and VilVir (With V,r = 10V. ) It
shows that I is less than £2pA at V,/V,,r = 0.5 regardless of f, but increases linearly
as f, increases or as V,/V,,r moves away from 0.5. It is then logical to predict that

Ig behaves similarly.
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The effect of I5 can be isolated by subtracting the known effects of R4 and ¢,
from the measurements. Fig.5.7 shows the measured errors as f, is varied. The cir-
cuit is operating at f .., = 500Hz with R, = 3M Q so that the errors are maihly due to
I5. By comparing Fig.5.6 and Fig.5.7, it can be seen that /5 and I show similar
functional dependencies on V;/V,,r and f, although their magnitudes are different. For
example, for f, ;100Hz and V,;/V,,r = 0.1, the 19 ppm of full scale error shown in

Fig.5.7 must have been caused by an /5 of about 63pA, which is 26% higher than the

50pA measured for /.

With the effect of I closely determined for a number of chopping frequencies,

the total error for the VFCs can be predicted by the following equation:

RN I/ P
total error, fraction 0]"‘ full scale = Vos + 2 Vi + ¢ Vier i
’ " Vo CMRR

v
sl (5.10)

b1y -

Vref Vref R 4 Vref

tdfmax

where I is a function of V,/V,,r and f, as described in Fig.5.7. The effect of chang-
ing f, has already been shown in Fig.5.7, while the effects of changing R4 and f .,
are shown in Fig.5.8 and Fig.5.9 respectively. The close fit between the measured and
predicted errors in these figures shows that the total error of the VFCs can be fully
described by Eq.(5.10) and can be easily minimized with proper choices of parameters.
As shown in all three figures, the total error can be kept to within 2 ppm of full scale

with f, = 10Hz, R4 = 3M L, f s = S00Hz, and V,,; = 10V.
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Temperature Stability

As the ambient temperature changes, the accuracy of the VFCs is affected while
the resolution remains the same as long as the temperature is stable when measure-
ments are taken. The conversion errors as the ambient temperature varies from 0 to
70°C ( the temperature range of the amplifier ) are shown in Fig.5.10. The tempera-
ture drift of error is mainly due to the fluctuation of I and is less than 0.1 ppm/°C

over the temperature range tested.

Linearity and Operating-Frequency Range
In a data acquisition system, a micro-computer is often employed to count the

VEFC output and perform the division ( Lnﬁn_ or,—%— ) to obtain a direct indication of the

input [14,15]. Thus, simple calibration schemes can be carried out to extend the useful
operating-frequency range of the system. As observed in Fig.5.9, as f ., increases,
the conversion errors start to in‘crease due to the effect of pulse shape; however, the
errors over the input range increase in a linear fashion. If f,, is increased while
keeping R4 = 3MQ and f, = 10Hz, Eq.(5.10) becomes

Vi

ref

total error, fraction of full scale = —

24 maxs (5.11)

which is a linear function of V,/V,,. at a fixed maximum frequency. Thus, a simple
single—point calibration scheme as described in Fig.5.11 can be used: A half-scale
reference point can be pre-determined for a particular maximum operating frequency
f max by inputing the value of ¢; into the computer. Next, a §1Iaight-line function is

defined from V;/V, ;s = 0 to V;/V,,r = 0.5 and stored in the computer. An error term
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can then be subtracted from any measured data point to obtain the true input value.
With this calibration scheme, non-linearity is only due to the terms I5R 4 and r4/R 4 in
Eq.(5.10), which are independent of the operating frequency and can be kept to within
*2 ppm of full scale with the proper choice of R,. Fig.5.12 shows the measured max-
imum deviation from linearity as a function of the maximum frequency. For fmax >
10kHz, linearity starts to degrade for two reasons: first, the slew rate of the amplifier
starts to introduce errors and, second, the effect of output pulse shape can no longer be

simply described by ¢; alone. However, linearity is still within a reasonable 0.01% of

full scale at frequency as high as 1IMHz.,

5.4 Summary of YFC Characteristics

The performance characteristics of the synchronized VFC and the clock-controlled

VFEC are summarized as follows:

(1) High Resolution : Resolution is within *1 part in N ( number of clock pulses

within the conversion time ) and can be as high as

+0.1 ppm of full scale for f ., < 10kHz and
1 ppm of full scale for 10kHz < f ., < 1MHz.

(2) High Accuracy : Conversion error ( without calibration ) is not higher than

2 ppm of full scale for f .. < S00Hz.

(3) Low Temperature Drift: The temperature coefficient for conversion error is
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0.1 ppm /°C of full scale for 0°C < temperature <70°C.

(4) High Linearity : Maximum non-linearities ( with half-scale calibration ) are
Iia

2 ppm (or 0.0002% ) of full scale for f .« < 10kHz,
0.001% of full scale for f ;,, =100kHz, and
0.01% of full scale for f .« = 1MHz.

It should be noted that with the above performance characteristics, A/D converters
of 19-bit accuracy, 22-bit resolution, and 0.1-ppm/°C temperature coefficient can be

realized easily with the synchronized VFC and the clock-controlled VFC.



CHAPTER 6

INTEGRATED VFC

6.1 Introduction

The VFCs designed in this thesis can be easily implemented with commercial
components. However, in applications where the size of the circuit is critical, small-
size integrated VFCs are preferred over those on large printed-circuit boards. Further-
more, integrated VFCs also serve as important building blocks of a variety of com-
munication ICs. Thus, there is a need for high-performance fully integrated VFCs.
This chapter outlines the major steps required to integrate a high-precision VFC sys-
tem. The most important step of integrating the amplifier will be discussed in detail.
The difficulties of fully integrating a high-precision system and some practical solu-

tions will also be presented.

6.2 Requirements for an Integrated VFC System

All of the VFCs described in the previous chapters can be integrated on single
chips with any analog CMOS technology. There can be two approaches to integrating
the VFCs and the associated A/D conversion systems. The easier approach is to
integrate the digital parts of the circuits and leave the analog parts ( the operational
amplifiers, the resistors, and the capacitors ) as external components. The more com-

plete approach is to integrate the amplifiers and the digital circuits together and leave

76
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only the resistors and capacitors external. Since the second approach is a very impor-
tant step to customizing these VFCs and the associated A/D converters, it will be dis-

cussed in detail in this chapter.

The block diagram of an integrated inverse-counting A/D conversion system con-
structed with a clock-controlled VFC with gain and linearization is shown in Fig.6.1. If
the RC elements and the crystal-clock input are made external, the only critical com-
ponents that affect the performance of the system are the operational amplifier and the
output buffer. Although the resolution of the A/D converter is independent of all cir-
cuit components including the amplifier, a high-performance integrated amplifier is
necessary to get a high conversion accuracy so that calibration can be avoided. The
output buffer must be designed in a way such that z; and r; are minimized. This can
be easily done by cascading inverter stages and méking the final output transistors as
large as possible. Thus, the more important step in building the VFC system is to

design an integrated amplifier that satisfies the necessary performance criteria.

For an amplifier used in any of the VFC configurations, the major performance
characteristics that must be considered include the common-mode input range, the
common-mode rejection ratio ( CMRR ), the power-supply rejection ratio ( PSRR ),
the input offset and drift, and the input bias current.

The common-mode input range of the amplifier is particularly important when the
VEC is operated from a single-ended supply. Ideally, the operational amplifier in this
applicatioﬁ should have an input range of from ground to the supply rail so that low
input signals can be detected. In practice, the amplifier should be able to.detect inputs

ranging from ground plus the offset voltage to as close to the supply voltage as
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possible. Integrated CMOS operational amplifiers with extented common-mode input
range using the folded-cascode technique are well known [16,17,18]. However, such
op-amp circuits extend the input range towards only one supply rail and they are often
very complicated. Therefore, an op-amp circuit that provides a common-mode input

range including both supply rails and is also easy to design is proposed in this chapter.

Op-amp non-idealities - offset voltage, CMRR, PSRR, and bias current - all have
critical effects on the system. The input offset has two components: the systematic
offset and the random offset. While systematic offset can be avoided by proper circuit
design, random offset due to process variations cannot be eliminated [19]. However,
more than one amplifier can be arranged together in such a way such that the overall
offset of the system is significantly reduced. Chopper Stablization and,
Commutating Auto—Zeroing (CAZ) are examples of such techniques [20,21,22]. As
these offset reduction techniques can be applied regardless of the op-amp input or sup-
ply voltage, they can also improve the CMRR and PSRR of the op-amp system
significantly. Normally, the input bias current is not a major concern in CMOS cir-
cuits since it is usually of the order of picoamperes. However, care must be taken
when applying any chopper-stablizing or auto-zeroing scheme to the integrated
amplifiers; otherwise, current due to charge pumping, as observed for the ICL 7650,
will effectivel& give rise to a large bias current. The provision of applying the CAZ

techniques to the wide-range amplifier will be discussed at the end of this chapter.

6.3 An Experimental Integrated Amplifier with Wide Common-Mode Input Range
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An operational amplifier with wide common-mode input range is useful not only
in VFC circuits but also in other circuits such as voltage followers. A special op-amp
design technique to extend the input range to including both supply rails is presented
here. Similar to most op-amp designs, this wide-range amplifier consists of an input
stage, a level-shifting stage, an output stage, and an internal frequency-compensation

network. Each stage will be described in details as follows:

The Input Stage

The simplest implementation of a differential input stage is shown in Fig.6.2(a)
which consists of a source-coupled pair, an active load pair, and a cumrent source
[17,19]. This configuration provides a common-mode input range from the negative
supply plus the threshold voltage of the n-channel transistors to the positive supply (
that 1s, Vi +V,, to V ;. ) Although this structure suffers from poor p§sitive power-
supply rejection and low gain as compared to a cascoded structure [16], it has the
advantage of simplicity, input range up to the positive supply rail, and ease of internal
compensation. An alternative implementation of a simple input stage with p-channel
input transistors is shown in Fig.6.2(b). Its characteristics are similar to that of the n-
input structure except that its input range goes from the negative rail to the positive

rail minus the threshold voltage of the p-channel transistor ( V, to V, Vi)

Considering the fact that each of the above input stage circuits has an input range
to either supply rail, it is natural to think that if these two circuits are combined in a
proper way, an input range to both supply rails should be possible. The most logical

way to combine them is to tie their respective positive and negative inputs together as
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shown in Fig.6.3. Now if the common-mode input V,, is lower than V+V,,, V| will
saturate at one diode drop ( of M, ) from V,,;; however, V, will be able to track the
input. Similarly, if the common-mode input is higher than V-V, although V, will
saturate at one diode drop ( of M4 ) above V., V; will still be able to track the input.
Therefore, the objective of the next stage will be to manipulate V, and V, to get a
single-ended voltage that will vary between Vi +V;, and V-V, in order to track a

full-range common-mode input. This is done by the level-shifting stage.

The Level-Shifting Stage

The level-shifting network is shown in Fig.6.4, in which M ¢ and M5 track V;
and V, respectively and their drains drive M3 and M9 respectively. In this way,
when V,, is between V and Vi +V,,, Mg is cut off, Mz is turned heavily on, and
M is able to track V,. Similarly, when V,,, is between V;;,—V,, and V4, M5 is cut
off, M9 is turned on, and Mg is able to track V;. Now, since V5 does not go beyond

one threshold voltage to either supply, it can be used to drive a simple source-follower

output stage with full output swing.

The Output Stage

The design of an amplifier output stage varies with load requirements. In applica-
tions where the output buffer is required to sink or source no more than the output bias
current ( most part of the quiescent operating current ), a simple class A output as
shown in Fig.6.5 can be used [19]. M,; is biased and sized to provide the necessary

maximum current sink. M,g, on the other hand, must be biased and sized to give the
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maximum source current as well as the bias current drawn by M ;.

The Compensation Network

Frequency compensation in a conventional two-stage operational amplifier is nor-
mally done by connecting a pole-splitting capacitor between the two high-impedance
nodes of the two stages [17,19]. A similar idea can be used for this three-stage
amplifier. The compensation network is shown in Fig.6.6 together with the complete
op-amp circuit diagram. In this f:ircuit, capacitor C'; serves as the pole-splitting capaci-
tor between the n-input stage and the output stage; C, provides phase compensation
for the p-input stage; C5 gives the extra pole that compensates the zero appearing near
the unity-gain frequency; and finally, R, avoids any high-frequency feed-through

between the input and the output stages.

The Complete Circuit

A éomplete circuit diagram for the amplifier is shown in Fig.6.6. Transistors M
to My, constitute the complementary input stages, M; to M3 form a simple bias
chain, M4 to Mg perform the level-shifting function, M,, and M,; form a class A

output stage, and the capacitors and resistor make up the compensation network.

This circuit was analyzed by level-two SPICE with Northern Telecom CMOS-1B
( 5 micron ) process parameters [23]. The simulated characteristics are listed in Table
I and are compared with the specified characteristics of the ICL 7612 amplifier [21]
which also has a relatively wide common-mode input range. The simulated open-loop

- frequency response is also shown in Fig.6.7.
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Table I Comparison of Performances between the Integrated Op Amp
and the ICL7612 Op Amp

ELECTRICAL CHARACTERISTICS ( Vsupp=15.0V, Temp.=25° )

88

SPICE-

PARAMETER SIMULATED ICL7612 UNIT
Common-Mode - 5.1

Input Range * 5.0 + 5.3 v
Output Swing : ﬁ:gg + 4.8 v
Offset Voltage 0.008 5 mV
Supply Current 0.58 0.1 mA
DC Gain 80 80 dB
Unity-Gain

Bandwidth 2 0.48 VHz
Phase Margin 35 60 deg.
Slew Rate 3.5 0.16 V/uS
Common-Mode

Re jection Ratio 87 1 dB
Power-Supply ol 86 4B

Re jection Ratio
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Fig.6.7 Simulated Open-loop Frequency Response



90

6.4 Test Results

The experimental wide-input-range amplifier together with the basic and improved
RC-controlled VFC were fabricated through the Canadian Micro-electronics Corpora-
tion with the Northern Telecom CMOS-1B process; The iﬁtegratcd circuits were then
tested and the results for the amplifier are shown in Table II in comparison with the
simulated values. Since the amplifier is the most critical component in both the basic
and the improved VFC structures, these VFCs are tested only functionally and their

performance characteristics are directly related to the op-amp performance.

Some measured parameters agree with simulated results but some do not. As
shown in Table II, a common-mode input range up to both supply rails is indeed
achieved. Moreover, the output swing, supply current, dc gain, slew rate, and unity-
gain bandwidth all agree with simulated values. On the other hand, the measured
input offset voltage, CMRR, and PSRR are much worse than their simulated values.
These discrepancies are due to either transistor mismatching during fabrication or inac-
curate process parameter values used during simulation or because of both reasons. In
order for this amplifier to be useful in the VFC circuits, the offset and CMRR must be
improved. ( The technique for improving these parameters will be discussed in the

next section. )

Finally, the frequency response with a gain of ten is shown in Fig.6.8. It can been
seen that the phase margin is about zero degrees, which will cause the amplifier to
oscillate in the open-lcop configuration. This instability, however, can be overcome

easily when the amplifier is used in the VFC circuits: a stabilizing capacitor can be



Table I Comparison of Simulated and Measured Characteristics
for the Integrated Op Amp

ELECTRICAL CHARACTERISTICS ( Vsupp=t5.0V, Temp.=25°C )

SPICE-

PARAMETER SIMULATED MEASURED | UNIT
Common-Mode +5.0 +5.0 V'
Input Range

Output Swing : ﬁgg R tgg v
0ffset Voltage’ 0.008 mV
Supply Current 0.58" 0.6 mA
DC Gain 80 80 dB
ity caln : 2| e
Phase Margin 35 . 0 deg.
Slew Rate 3.5 2.5 V/uS
S atio e E
Power-Supply ol 6l 4B

Rejection Ratio
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connected to the inverting terminal of the amplifier without affecting the circuit opera-

tion.

6.5 A Recommended Integrated VFC System

A useful op-amp design to be used for integrating the VFCs has been proposed in
this chapter. It is apparent that in order to successfully.integrate a high-performance
VFC system, there is a need to reduce the offset and increase the CMRR and PSRR of
the proposed amplifier. The easiest way to achiévg this is to use the

Commutating Auto—-Zeroing ( CAZ ) scheme [21,22].

In a CAZ scheme, two amplifiers are switched betweeh two operating modes by a
two-phase non-overlapping clock, as shown in Fig.6.9. When op ~amp 1 is in
mode A, op—amp 2 is in mode B and vice versa. When either amplifier is in
mode A, the input offset of the amplifier is stored in the capacitor and this offset
value is subtracted from the non-inverting terminal when the amplifier is switched to
mode B. Thus, normal op-amp operation is maintained since the amplifiers are
switched into the normal operating mode alternately.

Two limitations of the CAZ scheme will becéme critical when it is applied to the
VFCé:

(1) If the normal output V,, of the op-amp system is different from the zero-
reference V,, each amplifier has to slew between V,,, and V, when it switches
from mode A to mode B. Hence, due to the finite slew rate of the amplifiers,

transient voltage spikes that go between Vour and V, will appear at the output of
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the system [21,22]. V, is normally set to V;} in the CAZ scheme. However, in
order to avoid accidental switching caused by a transient spike; V, must be set to
a level below the threshold of a CMOS NOR-gate in the VFC circuits. As a
result, transient noise at the op-amp output is inevitable and its effect must be

avoided by proper circuit design.

(2) Since the op-amp inputs ( V; and V;; ) are connected by switches, a
charge —pumping current similar to that observed for the ICL 7650 in Chapter 5
will flow between the two terminals. This current, however, can be reduced to a

negligible level by decreasing the auto-zeroing frequency, for example, to 10Hz.

A system that can take care of both problems mentioned above can be con-
structed as shown in Fig.6.10. The first problem is avoided by using a negative-edge
triggered counting circuit ( similar to that of the MC 14040 ) to Vobtain an auto-zeroing
clock which is synchronized with the falling edges of the system clock. In this way,
transient voltage spikes due to auto-zeroing will never occur at the critical ci’rcuit
switching points, as illustrated in Fig.6.10(b). The second problem of charge-pumping
can be minimized by using a large number of frequency divisions to obtain the auto-
zeroing clock from the system clock. As long as a few auto-zeroing cycles are main-
tained within the conversion period, the CAZ scheme will provide the necessary offset

reduction without giving rise to significant bias-current problems.

Consequently, a high-performance integrated VFC system can be realized by the
proposed wide-range amplifier with the CAZ scheme and the circuit configuration of

Fig.6.10. This integrated VFC system will provide high resolution, high accuracy, and
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in particular a useful full-scale input range which has never been achieved by other

commercial models.



CHAPTER 7

CONCLUSIONS AND FUTURE CONSIDERATIONS

In this thesis, a number of charge-balance voltage-to-frequency converters were

designed and four basic members in this VFC family were discussed in details. They

are summarized as follows:

(D

@)

3)

(4)

The basic RC-controlled VFC produces an output pulse train which width-to-
period ratio is proportional to the input voltage and independent of circuit com-
ponent values. It can also be modified to provide voltage gain, linearization, and

dual-supply operations.

The Improved RC-controlled VFC has all the useful characteristics of the basic

RC-controlled VFC. In addition, it provides instantaneous frequency conversion

with less than 0.05% of full scale error.

The synchronized VFC is the clock-synchronized version of the basic RC-
controlled VFC. Besides all the functions of the RC-controlled VFC, this syn-
chronized version can be applied for inverse-counting analog-to-digital conversion
with resolution in the order of 0.1 ppm of full scale and maximum nonlinearity of

2 ppm of full scale.

The clock-controlled VFC can provide all the functions and high performance of
the synchronized VFC with the additional features of single-counter inverse

counting, instantaneous frequency conversion, and frequency-to-voltage
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conversion.

The synchronized and clock-controlled VFCs have been implemented with
discrete components and tested. A/D conversion with 22-bit resolution, 19-bit linear-

ity, and 0.1 ppm/°C temperature coefficient was successfully achieved using these

VECs with proper choices of circuit parameters.

In complement with the VFCs constructed with discrete components, an
integrated VFC system based on the clock-controlled VFC structure was proposed. A
useful building block for analog CMOS integrated circuits - the integrated amplifier
with wide common-mode input range - was also presented. Test results for the
integrated amplifier proved to be encouraging. With the use of offset reduction

schemes such as the commutating auto-zeroing scheme, the wide-range amplifier is

suitable for integrated VFC applications.
Possible future research in this area includes the followings:

(1) Since the circuits are useful in temperature and pressure sensing, they are likely
to be used in high temperature environment such as oil and gas reservoirs. Thus,
the operating temperature range may be wider than the commercial range of 0°C
to 70°C already tested. More complete temperature analysis and testing should

be carried out before using these circuits in any high-temperature work.

(2) When the VFCs are applied in A/D conversion, high resolution is achieved by the
inverse counting technique. It is then necessary to either perform a numerical
division of two output readings or to take the reciprocal of an output reading.

These numerical manipulations can be easily handled by a low cost microcon-



€)

100

troller which also provides synchronization for the system and any necessary cali-
bration [14,15]. Interfacing the VFCs with microcontrollers is therefore an

important step in implementing a complete data acquisition system.

A fully integrated VFC with synchronized digital outputs ready for processing
was recommended in Chapter 6. It appears that, in order to realize the recom-
mended VFC system, more effort will have to be spent on irnprovirig the stability
of the amplifier and perfecting the offset reduction scheme. The work presented
by Wong [22] on integrated amplifier design and offset reduction schemes serves

as a good source of reference for any further research in this area.
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