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INTRODUCTION analog components provide a solution for the analog 1/0

The design of RC operational amplifier oscillators interface circuits that are required for emerging low voltage
requireghe use of a formal design procedure. In general, theDSP and microcontroller ICs.
design equations for these oscillators are not available; There are a number of advantages that result from
therefore, it is necessary to derive the design equationdowering the power supply voltage such as lower power
symbolically to select the RC components and to determineconsumption and the reduction of multiple power supplies.
the influence of each component on the frequency of Low voltage analog design also results in new challenges for
oscillation. A design procedure will be shown for two state the designer and care must be taken to transfer existing
variable oscillator circuits that can be used in precision higher voltage circuits to the lower voltage levels. For
capacitive sensor applications. These two oscillators haveexampledevice parameters such as the bandwidth and slew
an output frequency proportional to the product of two rate decrease as the voltage is reduced and are modest in
capacitors (¢*C») and the ratio of two capacitorsy(C»). comparison to traditional devices operating at voltages such

The state variable oscillators have been built using ONas +10 V. Also, there is a limited voltage swing range
Semiconductor’s new family of sub—1 volt operational available at low voltages; however, this problem is
amplifiers and comparators. The MC33501, MC33503, and minimized by the rail-to—rail single voltage range of both
NCS2001 operational amplifiers, and the NCS2200 the input and output signals of the ON Semiconductor
comparator are the industry’s first and only commercially devices.
available analog components that are specified at a voltage The MC33501 and MC33503 are designed with a
of 0.9 volts. These components can be powered from a singldBiCMOS process, while the NCS2001 and NCS2200 are
NiCd, NiMH or alkaline battery cell. The wide operating implementedvith a full CMOS process. The main attributes
temperatureange of —40C to +105C makes these devices of these devices are their low voltage operation and a full
suitable for a wide range of applications. rail-to—rail input and output range. The rail-to—rail

ON Semiconductor’s family of low voltage operational operation is provided by using a unigue input stage that is
amplifiersand comparators help solve the analog limitations formed by a folded cascade N—channel depletion mode
that have resulted from the industry’'s movement to low differential amplifier. A simplified schematic of the
power supply voltages. The ON Semiconductor family of MC33501 and MC33503 is shown in Figure 1.
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Figure 1. Simplified Schematic of the MC33501/MC33503
ON Semiconductor’s Family of Low Voltage Operational Amplifiers and Comparators
Part
Number Component Process Features Package Availability
MC33501 Operational BiCMOS @ Single Supply Operation of 1.0 V TSOP-5 | Available NOW
MC33503 Amplifier * Gain Bandwidth Product = 3 MHz (typ.) Production Release 4Q2000
® Open Loop Voltage Gain = 90 dB (typ.)
NCS2001 Operational CMOSs @ Single Supply Operation of 0.9 V TSOP-5 | Available NOW
Amplifier * Gain Bandwidth Product = 1.1 MHz (typ.) Production Release 1Q2001
® Open Loop Voltage Gain = 90 dB (typ.)
NCS2200 Comparator CMOS @ Single Supply Operation of 1.0 V TSOP-5 | Product Preview

® Propagation Delay 1.1 us (typ.)

® Complementary or Open Drain Output
Configuration

Production Release 3Q2001
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TRANSDUCER SYSTEM accomplished by implementing a curve fitting routine with

A wide variety of different circuits can be used to data obtained by calibrating the sensor over the operating
accurately measure capacitive sensors. The design choiceamnge. Aranalog IC sensor can be used to monitor the sensor
include switched capacitor circuits, analog multivibrators, temperature or for very precise applications a second
AC bridges, digital logic ICs and RC operational amplifier oscillator could be built with a platinum resistive
oscillators. The requirements for a precision sensor circuittemperature device (RTD) sensor.
include high accuracy, reliable start—up, good long—term In addition, it is often important for the sensor system to
stability, low sensitivity to stray capacitance and a minimal compute the ratio of two capacitors. Calculating the ratio of
component count. State variable RC operational amplifierthe capacitors reduces the transducer’'s sensitivity to
oscillators meet all of the requirements listed above; thus,dielectric errors from factors such as temperature. In other
they form the basis for this study. cases, such as in an air data quARzpressure sensors, the

A block diagram of a capacitive sensor system is showndesired measurement is equal to the ratio of two
in Figure 2. The oscillation frequency is found by counting capacitances (@eas/ Crep. Furthermore, dual sensors are
the number of clock pulses (i.e. MHz) in a time window that typically designed to double theygas in capacitance,
is formed by the square wave oscillator output (i.e. kHz) of while Crer may vary less than one percent. Thus, the
a comparator circuit. The counter circuit can be transducer’s accuracy is increased if a circuit such as the
implemented with a digital logic counter circuit or by using ratio state variable oscillator can directly detect thg£s
the Time Processing Unit (TPU) channel of a to Crggratio.
microprocessor. If necessary, temperature correction can be

CmEAs Crer
! ! D Clock
RC Op—-Amp /\/\ m Counter
Oscillator Comparator Circuit
Temperature
. Sensor Micro—Processor
Algorithm:

Count the number of clock pulses in a time window set by oscillator pulses.

w | L LU U LU L] e

Signal

))
(
Oscillator

Signal

Compensation
r Coefficients

~

Figure 2. Block Diagram of Capacitive Sensor Application

SENSOR APPLICATIONS attributes are shown in Table 1. The absolute and dual
RC operational amplifier oscillators can be used to capacitive sensors will be used with the absolute and ratio
accurately detect both resistive and capacitive sensorspscillator circuits, respectively. Differential capacitive
however, this paper will only analyze capacitive applications. sensors typically are not used in precision applications;
The three basic configurations of capacitive sensors and theitherefore, they will not be analyzed in this paper.
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Table 1. Summary of Capacitive Sensors

Sensor Configuration Absolute Dual Differential

——o0

CMEAS

r E_Q
T—O CREF —‘——O ? .

Schematic Representation CMEAS

Sensor Applications

® Absolute Pressure ® Acceleration ® Displacement
® Humidity ¢ Oil Level ® Proximity
® Oil Quality
¢ Differential Pressure
Circuit Absolute Oscillator Ratio Oscillator Typical Circuit — Multivibrator
Oscillation Frequency freq. « CMEAS CMEAS freq. « C1 — C2
freq. « ——=
CREF
OSCILLATOR THEORY exponentially decaying. loontrast, if T(s) has one pole that

An oscillator is a positive feedback control system which lies within the right half plane, the system is unstable
does not have an external input signal, but will generate arbecause the corresponding term exponentially increases in
output signal if certain conditions are met. In practice, a smallamplitude. An oscillator is on the borderline between a
input is applied to the feedback system from factors such asstable and an unstable system and is formed when a pair of
noise pick—up or power supply transients, and this initiates thepoles is on the imaginary axis, as shown in Figure 4.
feedback process to produce a sustained oscillation. A block If the magnitude of the loop gain is greater than one and
diagram of an oscillator is shown in Figure 3. the phase is zero, the amplitude of oscillation will increase

The poles of the denominator of the transfer equation T(s),exponentially until a factor in the system such as the supply
or equivalently the zeroes of the characteristic equation,voltage restricts the growth. In contrast, if the magnitude of
determine the time domain behavior of the system. If T(s) the loop gain is less than one, the amplitude of oscillation
has all of its poles located within the left plane, the systemwill exponentially decrease to zero.
is stable because the corresponding terms are all

ViN A = Amplifier Gain > VouTt VN 1-Af 1-LG As %
- where A x B = LG = loop gain
As = characteristic equation

+ T(s) = YOUT _ _ A A A_A

IfVIN = 0, then T(s) = owhenAs =0

p = Feedback Factor [«

At the oscillation condition of As = 0, referred
to as the Barkhausen stability criterion,
|LG| = 1 (magnitude) and < LG = 0 (phase).

Figure 3. Block Diagram of an Oscillator

Imaginary (jw) Imaginary (jw)

Real (w) » Real (w)

2nd Order Oscillator 3rd Order Oscillator

Figure 4. Pole Locations for a 2nd and 3rd Order Oscillator
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CIRCUIT DESCRIPTIONS oscillation. The first integrator stage consists of amplifier

Absolute State Variable Oscillator A4, resistor R and sensor capacitancg.Jhe second

The absolute state variable oscillator is used when theintegrator consists of amplifiersAresistor R and sensor
measurement is proportional to either one or two capacitorscapacitance £ Resistor—capacitor combinations &d G,
(i.e.freg.a C;*Cp). The block diagram and schematic of the and R and G, set the gain of each integrator stage, in
absolute circuit are shown in Figures 5 and 6. This circuit addition to setting the oscillation frequency. The inverter
consists of two integrators and an inverter circuit. Each stage consists of amplifier sAresistors B and R and
integratorhas a phase shift of 90while the inverter adds an  capacitor G. Capacitor G is not essential for normal
additional 180 phase shift; thus, a total phase shift of 360 operation; however, it ensures oscillator startup under
is fed into the input of the first integrator to produce the extreme ambient temperature conditions.

Vi Vo \%]
Integrator Integrator Inverter

1 Limit Circuit
I
I
!

T
1

£06=90° £0 =90° Z0 =180°

Figure 5. Absolute Oscillator Block Diagram

C4
|— Limit Circuit —l :_ N _-I I__ N —:
Cc1 | c2 | | R4 |

The absolute sensor capacitances C1 and C2 are used by the integration amplifiers.

Figure 6. Absolute Oscillator Schematic
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Ratio State Variable Oscillator Rs, and the sensor capacitors3 @nd G form the

The ratio state variable oscillator [6.] is used for dual differentiator stage which provides a 86hase shift. The
capacitive sensors when the oscillation frequency isvalues of resistorsfRR4 and R are selected to set the break
proportional to the ratio of sensor capacitanegand G (.e. frequencies of the differentiator stage, so that the gain of the
freq.a Cz/ C4). The block diagram and schematic of the ratio stage is equal to <C4. Resistor B provides a DC current
circuit are shown in Figures 7 and 8. This circuit consists of path through capacitorsGdn order to initiate oscillation at
two integrators and a differentiator circuit. The integrators power—up. BecausesRs relatively large (MD), it can be
formed by amplifier A and A are identical to the integrators  replaced with a three resistor “Tee” network in order to use
used in the absolute circuit. AmplifiegAesistors B Rq and readily available resistors, as shown in Figure 9.

1 Limit Circuit 7

(2 |V, V3

Integrator Integrator

£8=90° £08=90°

Differentiator £ 8= 180°

Figure 7. Ratio Oscillator Block Diagram

C4
{1
Limit Circuit
M 1
C1 | c2 | R4
| | c3
R1
Al R2
A2 R3 R5
R AN A3
L + ' '
= v L v, — '
- L V3
The differentiator amplifier is formed by the dual sensor capacitances C3 and CA4.
Figure 8. Ratio Oscillator Schematic
c4
| |
11
C1 Cc2 c3
|| | | 11 R4
11 11 1|
R1 Al
R2 A2 R3 R5a R5b A3
+
i A + y A% A% X
= L 2 ——
= R5¢c L V3

A Tee network provides a method to replace a large resistor (i.e. MQ) with three small resistors (i.e. kQ).

R5a R5b R5_equivalent

—A\N— R5aR5h

R5_equivalent = R5a + Rsp +
R5c - €4 Rsc

Figure 9. Ratio Oscillator Schematic with R5 Tee Network
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OSCILLATOR DESIGN PROCEDURE Method II: Solve N(j wg)real = N(jog)imacinary =0
Listed below is a procedure to design RC active The oscillation equation sometimes can be determined
oscillators: directly from the characteristic equation by substituting
Step 1: Find LG ands S = Wy into N(s) and arranging Ng) into its real and
Step 2: Solvés = 0 for s =gy, using methods |, 1l or IlI imaginaryparts. This method is usually not feasible for fifth
i . : N(s) _ order and higher oscillators. This procedure is essentially a
Method I: Solve remainder s2 + w% =0 subset of the Routh test, because the first two rows of the
Methodll: Solve N(jwg)rear = N(iwg)ivac = 0 Routh array will correspond to Nép)rear and
Method III: Routh’s stability test N(wo)imagiNarY- If N(S) = juo = 0, the poles of the
Step 3: Form sub—circuit design equations characterlsn_(quatlon will be on the imaginary axistgto,
Step 4: Verify LG> 1 with an oscillation frequency af,. A summary of the
oscillation equations for ™ and 39 order oscillators
Step 1: Find LG and As obtainedusing Method 1l [13.] is shown in Appendix Il. The

The oscillation frequency is determined by finding the application of Method Il is shown for th&®rder absolute
poles of the denominator of the transfer equation T(s), oroscillator with the inverter capacitoyC
equivalently the zeroes of the numerator N(s) of the

characteristic equatioAs. Mason’s Reduction Theorem, Method Ill: Routh Stability Test .
shown in Appendix I, provides a method of determining the The Routh stability criterion [12.] provides a method that
transfer equation from a signal flow diagram. Mason’s determines the zeroes of the characteristic equation directly

Theorem, listed below, shows that it is not necessary toffom the characteristic polynomial coefficients, without the

obtainthe complete T(s) equation. The oscillation frequency Ne€cessity of factoring the equation. The Routh test, shown
can be determined by analyzing the numerator N(s) of thel Appendix lll, is the preferred method to use for fourth
As. As is found by obtaining the open loop gain (LG) by orderand higher order oscillators. The Routh test consists of

breakingthe feedback loop and applying a test voltage to the forming a coefficient array. Next, the procedure substitutes
circuit. S = jwp for s, and the summation of the row is set to zero. If

the row equation produces a nontrivial solutiondgy the
procedure is complete and the frequency of oscillation is
equal towy. If the row equation does not yield an equation
that can be solved fab,, the procedure continues with the

St?r‘;]z Solve dAS nth dure d s th crl}ext row in the Routh array. Usually, it is necessary only to
e second step in the procedure determines the Zeroes gy mjete the first two or three rows of the Routh array to

N(s). Several different control theory techniques such as theproduce an equation that can be solveddgrMethod Il

Bode or Nyquist stability t‘?StS can be used, or one of theWiII be demonstrated by analyzing the ratio oscillator.
three methods that are listed below. Examples of the

application of the three different methods listed below will Step 3: Sub—circuit Design Equations

A A A

T(s) =

be provided. The third step in the design procedure is to form the design
equations for the sub—circuits formed by each operational
Method I: _N(s) amplifier. The oscillation equation can be simplified by
$? + of selectinghe R’s and C’s with the assumptions shown in the

An equation is established for the oscillation frequengy  “Design Equation” section. The amplifier gain and
pole/zero locations for the absolute and ratio oscillator are
also shown.

remainder is solved to be equal to zero. Method | is easy to _

implement for second and third order systems, but with Step 4: Verify LG =1 B ,
higherorder systems the algebra can be tedious. Method I is 1he final step in the procedure verifies that the loop gain

described if12.] and is based dactoring the characteristic 'S €dual to or greater than one after the R's and C's
equation tdave a 3+ w2 term. For example, when a third componentalues have been chosen. This step is required to

order system can be factored in the form E(& + w2), vgrif)_/ th{:\t the Iocatiqn and clamping voltage of the. limit
the pole locations are at gy, and s = 8. Method | will CII‘CUI.I.WI” not result in aLG <1 or that the operatpngl
be demonstrated by analyzing the absolute oscillatora_mpl_'f'ers will reach their saturation voltage. The' 'I|m|t
without the inverter capacitor,CAlthough the analysis of circuit can be located across any of the three amplifiers as
this second order system is trivial because N(s) is already i{°nd @s the LG 1.

the form of $+ w2, this method can be used for higher order

circuits such as théMorder ratio oscillator.

when N(s) is divided by?s+ w2 (i.e. —E)y and the
s? + w?

http://onsemi.com
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ABSOLUTE OSCILLATOR DESIGN EQUATIONS

ca

| |

[

c1 c2 R4

(] {1 AW

R1
Al R2 A2 =3
A3
+ Vl .
= =+ V2 -l
= L 5
Without C, With C,

_ 1 _Rg _ 1 - _ (&)(#)_
A2 =~ R R3 A2 =~ RoCs [ R3/\sR4Cq + 1/ |
\%1 Va V3 Vi Va

- __1 - __1
AL = sR1C1 Al sR1C1 /

Figure 10. Absolute Oscillator Signal Flow Diagrams

Absolute Oscillator (without C  4)
Step 1: Find LG and As

The loop gain is found by breaking the loop and inserting a “test” voltage into the input.

_ 1 _ 1 _ R4
Al = sR1C1 A2 sRoC» R3
VTEST A > Vout
Vi Vs
Vout
= = A1 X A2 X A
VTEST 1 2 3

Vs

R4

_Ra o R4
s2R1R2R3C1C2

" R1R2R3C1C2

2= 5 =118 =1~ (~sriey)sraca) ) = 1

_ s2R1R2R3C1C2 + R4
s2R1R2R3C1C2

N(s)

s2R1R2R3C1C2 + R4

http://onsemi.com
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Absolute Oscillator (with C  4)

Step 1: Find LG and As
The loop gain is found by breaking the loop and inserting a “test” voltage into the input.

-1 -1 — | (Ra)(__1
Al = sR1C1 A2 sR2C»o A3 [(Rg)(sR4C4 + l)]
VTEST o A > Vour
Vi Va \%]
:VOUT:AlezxAs A3:—Z4:R4IIC4
VTEST Z3 R3

= (st F )] - s
sR1C1/\ sR2C2 R3/\sR4C4 + 1 s3R1R2R3R4C1C2C4 + s2R1R2R3C1C2

As=NO 1 lg-14 R4
D(s) s3R1R2R3R4C1C2C4 + s2R1R2R3C1C2

_ s3R1R2R3R4C1C2C4 + s2R1R2R3C1C2 + R4
s3R1R2R3R4C1C2C4 + s2R1R2R3C1C2

N(s) = s3BR1R2R3R4C1C2C4 + s2R1R2R3C1C2 + R4

Absolute Oscillator (without C  4)
Step 2: Solve N(s) using Method |

Solve Method I: Solve the remainder of: NG

s? + w?
N(s) = s2R1R2R3C1C2 + R4
R1R2R3C1C2

R1R2R3C1C2s2 + R4
s2 + o2
° — R1R2R3C1C2s2 + w?R1R2R3C1C2

R4 — w2R1R2R3C1C2

Set the remainder to equal zero and solve for wy: R4 — ®2R1R2R3C1C2 = 0 Wo = /ﬁgclcz

http://onsemi.com
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Step 2: Solve N(s) using Method Il shown in Appendix II: wo = /:—i = /Z—é

N(s) = apgs3 + a1s2 + azs + a3 = s3R1R2R3R4C1C2C4 + s2R1R2R3C1C2 + Rg

ag = R1R2R3R4C1C2Cy

a] = R1R2R3C1C2

a2 =0
a3 =Rg

a
oo = [2-

Absolute Oscillator

R4
R1R2R3C1C2

Step 3a: Subcircuit Oscillation Design Equations

Absolute Oscillator

Without C 4

With C 4

N(s)

R1R2R3C1C2s2 + R4

R1R2R3R4C1C2C4s83 + R1R2R3C1C2s2 + R4

Wo

R4
R1R2R3C1C2

R4
R1R2R3C1C2

Oscillation Period

_ 2r
P= 0

P = 2rR/C1C2

IfRi{=Ry;=Rand Rz3=Ry4

P = 2rR/C1C2

IfR1=R2=RandR3=R4

http://onsemi.com
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Absolute Oscillator
Step 3b: Subcircuit Amplifier Design Equations

Absolute Oscillator Without C 4 With C4
Integrator A; Gain Al = Vi =1 =_ -1 Al = Vi =__1 =_ =1
V3 sR1C1 2afR1C3 V3 sR1C1 2xfR1C1
) 1 1
Pole Location fnr] = ———— fn1 = —————
pl 2n R1Cq1 pl 2n R1C1
Integrator A, Gain A = V2 =1 =_=1 Ao = v2 =_1 =_ -1
V1 sR2C2  2nfR2C2 V1 sR2C2  2nfR2C2
Pole Location fop = — L -1
P2 = 27 R.Co 2 = 37 Roc5
i V3 R4 V3 R4( 1 )
Inverter Az Gain A = =2 =__= A= 2= _F[— =
3TV, "R3 37 Vs T "R3\sR4Cq + 1
Pole Location N/A fp3 = m
T S = o
RC Sensitivities*
Su)o — Su)o - _ l S(DO — S(DO — _ l
c, ¢ 2 c, o, 2

AY
*Sensitivity is defined as: S;(( - (Y) _ din(Y)

Absolute Oscillator
Step 4: Verify LG =1

Step 4 will be demonstrating using the dual power supply
limit circuit shown in Figure 25. The design equations are
listed below.

Assume:
1.) Vpos_Limit = VNeg_Limit = VLimit
2.) V2 =Viimit (i.e.|A2] = VLimit)

3) IA3l =R4/R3 =1

Check:
1) Is|LG| = A1 X A2 X A3 = VLimit

(1 ~v(Ra -
<2ﬁR1C1) (VLimit) (Rg) = VLimit

2.) Using the values shown in Figure 25,

<2n(16.6 kHZz)(39 K Q) (240 pF)) (VLimit) (1) = Vi imit
1.02 VLimit = VLimit

thus the oscillation will be sustained.

http://onsemi.com
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RATIO OSCILLATOR DESIGN EQUATIONS

ca
||
1
C1 Cc2 R4
I} I} C3 AN
{1
R1 AL - N
. AAN R3 RS A3
L \%1 |_—+
— = V2 _L—+ V3
Ay — 1 A — — R4(sR5C3 + 1)
2 = TSRoCy 3 = T(sR3R5C3 + R3 + Rg)(SRaCa + 1)
V]_ V2 V3
_ 1
AL = sR1C1
Figure 11. Ratio Oscillator Signal Flow Diagrams
Ratio Oscillator
Step 1: Find LG and As
The loop gain is found by breaking the loop and inserting a “test” voltage into the input.
R4(SR5C3 + 1
Al = - 1 Ap = - 1 Az = - (sRsC3 )
sR1C1 sR2C2 (sR3R5C3 + R3 + Ri5)(sR4C4 + 1)
VTEST A ® > Vour
Vq Vo V3
_ R4 || Cq
LG = YOUT _ A1 x Ay x A3 Ag = 24 |

VTEST Z3  R3 + (C3|Rs)

LG = (_ 1 )(_ 1 ) i R4(sR5C3 + 1)
| sR1C1/\ sR2C2/\ (sR3R5C3 + R3 + R5)(SR4C4 + 1)

LG = — sR4R5C3 + R4
s4R1R2R3R4R5C1C2C3C4 + s3[(R3R5C3 + R3R4C4 + R4R5C4)R1R2C1C2] + s2(R3 + Rs)(R1R2C1C2)
s4R1R2R3R4R5C1C2C3C4 + s3[(R3R5C3 + R3R4C4 + R4R5C4)R1R2C1C2]
Ao NS) + s2(R3 + R5)(R1R2C1C2) + sR4R5C3 + Ra

- D(s) ~ s4R1R2R3R4R5C1C2C3Ca + s3[(R3R5C3 + R3R4C4 + R4R5C4)R1R2C1Co]

+ s2(R3 + R5)(R1R2C1C2)

N(s) = s4R1R2R3R4R5C1C2C3C4 + s3[(R3R5C3 + R3R4C4 + R4R5C4)R1R2C1C2]
+ s2(R3 + R5)(R1R2C1C2) + sR4R5C3 + R4

http://onsemi.com
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Ratio Oscillator
Step 2: Solve N(s) using Method Il (Routh’s Stability Test) shown in Appendix Il

N(s) = s4R1R2R3R4R5C1C2C3C4 + s3[(R3R5C3 + R3R4C4 + R4R5C4)R1R2C1C2]
+ s2(R3 + R5)(R1R2C1C2) + sR4R5C3 + R4

As= aps? + a1s3 + a2 + a3zs + as

ag = R1R2R3R4R5C1C2C3Cy a1 = [(R3R5C3 + R3R4C4 + R4R5C4)R1R2C1C2]
a2 = (R3 + Rp)(R1R2C1CY) a3 = R4R5C3

ag = Ry

Routh’s Stability Test Array

Rows4 ag+ a2 + a4 < R1R2R3R4R5C1C2C3Cyg (R3 + R5)R1R2C1C2 R4
Rows3 a1 + a3 = (R3R5C3 + R3R4C4 + R4R5C4)R1R2C1C2 R4R5C3

Determine when the rov# quation is equal to zero. a1s3 + a3s = s(a1s2 + ag) = 0
Lets = jog:
2 _ 83 _ R4R5C3
° a1 (R1R2C1C2)(R3R5C3 + R3R4C4 + R4R5C4)

—jw3a; + jw.a; = — jwe(a,03 — az) = 0 ()

Ratio Oscillator
Step 3a: Subcircuit Oscillation Design Equations

s4R1R2R3R4R5C1C2C3C4 + s3[(R3R5C3) + (R3R4C4) + (R4R5C4)|(R1R2C1C2)

N(s)
+ s2(R3 + R5)(R1R2C1C2) + sR4R5C3 + Rg

© R4R5C3
© R1R2C1C2(R3R5C3 + R3R4C4 + R4R5C4)

. i IfRl=Rzp2=Rand C1 =C2 =C If R5 > R3 and R4 > R3then
Oscillation Period

_ 2n R3C4 C4 R C
p =2t _ 3C4  C4 3 _ /Cq
0o P = 27RC \/ (—R5C3 + C3 + —R4) P = 2zRC Ca

Ratio Oscillator
Step 3b: Subcircuit Amplifier Design Equations

Integrator A; Al — Vi_ 1 _ -1 f1 = 1
Gain/Pole Location 1= V3  sRiC1 2afR1Cq pl = 27R1C1
Integrator A, Ay — Vo2 1 _ -1 fro — 1
Gain/Pole Location 2 = V1 sRpCy 2xfR2C2 p2 = 27R2C2

A R4(sR5C3 + 1)
3 = (R3 + R5)(SR3C3 + 1)(SRaCa + 1)
Differentiator Az Gain
. R . o —C3
DC Gain = R3 + Rs Gain at Oscillation = Ca
Pole/Zero Locations fo1 = 1 fp2 = 1 fz1 = 1
PL ™ 27R4Cs P¢ ~ 27R3C3 27R5C3
u)_u)_m_(u__u)_u)_—_l
RC Sensitivities SR(; = SRZ = Sc‘i = SC; = Sc; = SCZ =3

http://onsemi.com
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Gain (dB)
Assumptions
C3 1.C3>Cy
20xlo (—) _______
910 Ca | | 2.C3=Cy
| | 3.R3 < R4 <Rsp
Fz1 = _ 1 | Oscillation | 4.R3 << RgandRg =
z 2nR5C3 : Range :
! |
| |
0 Frequency (Hz)
[
/S /
I -1 __ 1
| Fp1 2nR4C4y Fp2 2nR3C3
I

R
20x log 1O(R3 +4R5)

Figure 12. Bode Plot of Differentiator Amplifier A 3

Ratio Oscillator

Step 4: Verify LG =1
Step 4 will be demonstrating using the single power supply limit circuit shown in Figure 26.
The design equations are listed below.

Assume:

1) V2 = Vyiay Limit (-€-1A2l = VMax_Limit

C
2. A =_3
) A3 Ca

Check:
1) Is|LG| = A1 X A2 X A3 = VMax_Limit
C
= (ZnR—llcl) (VMax_Limit) (C—Z) = VMax_Limit
2.) Using the values shown in Figure 26,

1 - (C3) -
(2n(16.5 kHz)(39 K Q) (240 pF)) (VMax_Limit) (c_4) = VMax_Limit

C
(1.03) (VMax_Limi) (C—j) > ViMax_Limit

3.) Oscillation will be sustained if

C3 . (L)
Ca - \103

http://onsemi.com
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COMPONENT SELECTION .
If the integrator offset errors are referenced to the output,

Operation Amplifiers as shown below,
The selection of an appropriate operational amplifier in a
precision oscillator application is based on analyzing the
errorscaused by the amplifiers. Operational amplifier errors
includeinput offset voltage (\b) and input bias currentg),
open loop gain (&), and a finite bandwidth and slew rate
(SR).The error contribution of the operational amplifier can
be minimized if a low bias current, wide bandwidth
amplifier is chosen. Also, selecting a low oscillation
frequency minimizes the DC gain and bandwidth errors. In
sensor applications, only the frequency of the signal is

monitored; therefore, the DC amplifier errors as/los The error due to the operational amplifier’s finite open

and a finite gain will result in output signal distortion, but 50p gain and bandwidth, as shown below:
will not have a significant effect on the oscillation

frequency. The open loop gain of almost all amplifiers will v 1(s) 1 1
be several orders of magnitude larger than the closed Ioopm [_ SRC] 1+ (1+T05)(1 N
gain of an oscillator, which typically is 1 to 2 at each
amplifier. The AC amplifier errors resulting from a finite

dvout® vio 18
d¢ ~ RC ' C
the following observations can be made:
1. Use small R, large C.
2.Vosl1 /RC andd)SD 1/C.
3. Use a low leakage current capacitor.
4. Ig can be reduced if a resistor equal to the parallel
combination of R and C is connected to the
non—inverting input of the ampilifier.

SR C)

slew rate and bandwidth has a minimal effect if the = ideal x (gain +bandwidth error)
oscillation frequency is relatively low (i.e. 10 kHz to where:
20 kHz). R. _ _RdR
Integrators PT"Rq+R
ﬁ Rq = open loop impedance
H To =-3 dB frequency
R = the unity gain bandwidth Ay / T,
Vin v w y g ol lo
If Ag>> 1, the transfer equation can be simplified to:
Figure 13. Ideal Integrator Amplifier VouTt(s) _ [_ 1 ] 1
. . . . \% RC 1. T 1 T
Listed below are the equations for the ideal integrator INGS) s Tt —Aogs + AoRpCs + A—OROp—C
circuit formed by a single resistor and a capacitor as shown B
in Figure 13. }
~ 1 1
- [_SRC s 1
VouTt®) = - 5 J VIN(Ddt | T o1 * AgRpCs
Vout(s) _ 1 - .
VING) ~ SRC Also, there will be an error due to the amplifier slew rate

and output current limitation. The slew rate error is defined
The ideal integrator equations do not consider the effectas:
of the amplifiers voltage and current offset errors. Trecef dVouT(®)
of the offset errors is shown below [3.][11.]. d—|max = 2nfpEo = SR

where: b = full power response

1 1 1
Vout( = CIV'N(t)dt * RCJ’V'OOIt *c I lgdt £ Vio E, = rated output voltage

= ideal4- offset error terms The output current §) of the amplifier charges the
Where o and k are defined as: integrator feedback capacitor; thus, the integrator may have
AV a slew rate that is less than the specified amplifier SR. The
Vio = Vio + A'TO AT(Temp) maximum rate of change of output voltage is equal/t@.|

AV A
+ WOAVS(POWGI’SUpply) + At(Tlme)
Al
Ig = Ig + A—_?AT(Temp)
L A Alg
AVS = AVs(PowerSupply) + =+ A'[(Tlme)

http://onsemi.com
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Differentiator

(@]

Vour
Figure 14. Ideal Differentiator

Listed below are the equations for the ideal differentiator
circuit shown in Figure 14.

dvin(t)
Vout(®) = - RC—
VouT(s)
DY~ _ sRC
VIN(S)

However, the ideal differentiator does not consider the
effect of the amplifier’s voltage and current offset errors, as
shown below [3.].

VIN(Y)
VouT() = — RC at + IBR £ V|0

If the output offset errors are referenced to the input, as
shown below,

dVvIN()

B , VIO
at *

C  RC

error

the following observations can be made:
1. Use small R, large C.
2.VioOl/RCandgO1/C.

Gain (dB)

Ao

Gain Error

54/D

A practical differentiator circuit is shown in Figure 15. For
simplicity, this circuit will neglect the effect of resistog.R
There will be an error due to the operational amplifier’s
finite open loop gain as shown below:

s_Ao 1
VouT(s) 1-Ao R3C4
VING) 1 1 1
se+ S[R4C4 + R3C3 + R3R4C3C4

If Ap>> 1, the transfer equation can be simplified to:

- s(7;)

1

VouT(s) _ R3C4 _ — SR4C3
VINGS) 1 1)
(s + —R3C3)(s + —R4C4) (SR3C3 + 1) (sR4C4 + 1)
C4
Il
]
RS R4
——A\/ N\ —4
I I
R3 C3
ViN L v
+ — Vourt

Figure 15. Practical Differentiator (Neglect R5)

The error due to the operational amplifier’s finite open
loop gain and bandwidth is shown graphically in Figure 16.
The oscillator’s amplifier error and bandwidth error terms
are reduced if a higher gain and increased operational
amplifier isselected. The oscillation error can be minimized
by selecting an oscillation frequency that is as low as
practical (i.e. §scillation 1 10 KHz).

The Slew Rate (SR) error of a differentiator is identical to
the equation listed for an integrator.

dvouT(®)

dt !

= ZJT,prO = SR
max

» Frequency (Hz)

C3
20x Iog(_) I R | Bandwidth
C
81 | / | ]:IBY Error
I A
To
|
F =
20x |Og<R Ry_ ) PL = 27R4Ca .
3 5 ==
v 1 Fp2 2mR3C3
Fz1 = 2nR4C3

Figure 16. Graphical Error Analysis of Ideal Differentiator

http://onsemi.com
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Voltage Limit Circuits Vee
Automatic Gain Control (AGC) circuits and voltage limit

or bounding circuits are used in oscillators to prevent the Ul

operational amplifiers from saturating and to avoid

amplifier slew rate limitations. Bipolar transistors are

inherently slow in coming out of saturation; therefore, a R1

limit circuit should be used to prevent a frequency error VEE

when using amplifiers such as the BICMOS MC33501 or

MC33503. FET transistors do not have the slow recovery

time problem coming out of saturation; however, a limit R2

circuit should also be used with CMOS operational

amplifiers. The gain of the transistors in a CMOS ot

operational amplifier such as the NCS2001 will change :F l_ AGC  |—

Vout

when the transistors saturate; thus, a limit circuit is
necessary to prevent an oscillation error.

Limit circuits will also decrease the required time for the
oscillation signal to stabilize at start—-up. When an
oscillator’s poles are located exactly on the imaginary axis, . .
the resulting waveform will be a perfect sinusoidal signal. S™Mt Circuits

To ensure oscillation startup the poles are adjusted to "earrl;thIL dcér(t:cl)“fvirlfa ng?g::ﬁ{h;![r?sugs’svmgr? tﬁlear;?] tlri]f(iaer
slightly in the right half s—plane causing the signal to grow P 9 p

exponentially until it is limited by some type of power supply voltage. This clamping function will produce

non-linearitysuch as the saturation voltage of the amplifier. d|stort|on_ n th_e o_scn_lator signal. The selection Of. the
AGC Circuit voltage limit circuits is based on the allowable signal
IrCUIts

) . | o ide al distortion and the simplicity of the circuit. The distortion
Automatic Gain C_:qntro ,(AGC) circuits provide a linear 1o o1 for most sensor oscillator circuits is relatively
control of the amplifier gain to produce a constant output unimportant because only the frequency of the signal is

voltage regardless of the level of the input signal. AGC

o I qi licati h he level fmonitored. Also, limit circuits are preferable to AGC
c!rcuns are usually used in app_lc_atl_onsw ere t. € 1evel Ol tircuits because they require fewer components. Limit
signal distortion needs to be minimized. AGC circuits are

LT X circuits typically consist of a combination of zener diodes,
more complex than limit circuits and usually consist of an yi14as and transistors

operational amplifier and/or FET that are used as a variable
resistor. Arexample of an AGC circuit is shown in Figure 17.

Figure 17. FET AGC Circuit

http://onsemi.com
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Dual Power Supply Limit Circuits available in voltages of about 1.8 volts, while their forward
Figure 18shows the clamping function of the limit circuit  voltage drop is typically 0.7; therefore, this circuit is not
for a dual power supply application. A simple dual supply useful for voltage limiting applications below 2.5 volts.
voltage limit circuit can be created by using two  The minimum voltage range of the back—to—back zener
back-to—back zeners as shown in Figure 19. There arediode limit circuit can be reduced by adding two resistors to
several performance limitations with this circuit that result the limit circuit as shown in Figure 20 [4.]. The clamping
from the relative large junction capacitance, leakage currentvalue of this circuit is a function of the zener diode
and temperature coefficient of a zener diode. Thesebreakdown voltage multiplied by the ratio of the resistors.
limitations result in a distortion of the output signal and an This circuit is solves the low voltage limitation of the
error in the oscillation frequency. In addition, this circuit's back—to—back zener limit circuit; howevthis circuit is not
low voltage operation is limited to the value of the zener suitable for the integrator amplifiers of the oscillator when
diode’s clamping voltage Qéne) plus the forward voltage  resistor R2 is replaced by a capacitor.
drop (V) of the second zener diode. Zener diodes are

D1 D2

N

Vin and Vout

R2
/ VIN
v - Al Vout A Vee
Pos_Limit ——
\ R1
V|N o—A\V\V—¢
——— Vour
VNeg_Limit —— \—/ VEe
\ /
V8imit = £ (VZener + V¥
Figure 18. Dual Power Supply Clamping Figure 19. Back-to—Back Zener Diode Limit Circuit
D1 D2
Rla R1b R2
Viy O— VW ’
Vee
—Vour
Vee
R2
V0imit = + (Vzener + V¥ *m

Figure 20. Back—to—Back Zener Diode Limit Circuit
with Voltage Ratio Resistors

http://onsemi.com
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The voltage limit circuit shown in Figure 21 is useful in Single Power Supply Circuits
dual power supply designs when the integrator capacitance Figure 22shows the clamping function of the limit circuit
is relatively small. A combination of two transistors and two for a single power supply application [3.] [4.]. The limit
diodes are used to make up the circuit, which limits the circuit for low voltage single supply circuits can be formed
signal afpositive and negative voltages. The diodes are usedby a single NPN or PNP transistor. The PNP circuit shown
to reduce the effective capacitance of the bipolar transistordn Figure 23 is used to create the maximum voltage limit,
and they can be removed for low voltage applications. while the NPN circuit shown in Figure 24 is used to form the

The operation of the limit circuits formed by the NPN minimum voltage limit. Note that in single supply
and/or PNP transistors can be understood by using theapplications it isiot necessary to use both the PNP and NPN
Ebers—Moll transistor model, where a transistor is modeledlimit circuits. Only one of the limit circuits is required to
as a base—-to—emitter and a base—to—collector diode. Th@revent the amplifiers from saturating in the state variable
circuit functions by setting the fixed voltage at the oscillator.
base—to—collector junction to be less than the diode’s

turn—on voltage; therefore, this diode is always “OFF”. Vin and Vour

Next, the emitter of the transistor is connected to the sine

wave output of the amplifier; thus, the base—to—emitter Vin

voltage (\sg) can be either greater than or less than a diode’s / —
turn—onvoltage. When the pt voltage is above the diode’s VRN 7N
turn—on voltage, the diode is “ON” and the transistor is in Viyay (imit —— Vout

the forward—active mode of operation and the circuit clamps
at a level set by the base voltage. However, when gae V

voltage is below the diode turn—on voltage, the junction is
“OFF” and the transistor is in the cut—off mode of operation

and the clamping network is effectively an open circuit. ~ /Min_timit N
t
VQl_Base (T i ) )
\ D1 Figure 22. Single Power Supply Clamping
Q1 <
VQ2_Base ?
\ D2 v
92 > | Q1_Base T
Q1
C
| |
11
C
Vce ||
ViN R Vee
> Vour
a R
VIN —AN— vV
Vee Veol2 — Vour
= Vee
VQ1_Base > 0V VQ2 Base <0V —
VPos_Limit = VQ1_base + VQ1_base—to—emitter + Vf VMax_Limit = VQ1_base + VQ1_base—to—emitter
= VQ1_base + (2*0.7) = VQ1_base + 1.4V = VQ1_base + 0.7V
VNeg_Limit = VQ2_base — VQ2_base—to—emitter — Vf Figure 23. Single Supply Maximum Limit Circuit

= VQ2_base — (2*0.7) = VQ2 base — 1.4V

Figure 21. Dual Power Supply Limit Circuit
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VQ1_pase T specification o200 ppm ot 0.02 pF, whichever is greater,

for a 2000 hour life test at 200% WVDC and a temperature

A of 125°C. The major error term of capacitors is due to

temperature hysteresis and is specified as the retrace error.
Precision sensors use temperature compensation, thus a
c change of capacitance with temperature can be corrected,;
|| however, it is difficult to correct for hysteresis errors. Other
error sources are a result of the piezoelectric effeCtys.

Vee voltage and pressure), the quality factor (Q), and the
R terminal resistance. These errors are relatively small
ViN — AW — — Vour because. the capacitors“are designed for microwave
Veel2 frequencies and are specified at a WVDC well beyond the
\%=5 normal operating voltage of an op—amp circuit.

- APPLICATION ISSUES
VMin_Limit = VQ1_base — VQ1_base—to—emitter Remote Sensing
Often, it is necessary to remotely locate the detection
=V - 0.7V e L
Q1_base circuit from the sensor, and connect the sensor to the circuit

Figure 24. Single Supply Minimum Limit Circuit with a shielded cable. For example, an oil level sensor for a
gas turbine engine must operate at a temperature 8400
Resistors and Capacitors which is well beyond the operating capability of standard
It is critical that the oscillator circuits use precision electroniccomponents. In addition, a shielded cable is often
resistoraand capacitors with a small temperature ficieht required to limit the noise sensitivity of the measurement.

(TC) and low drift rate to minimize temperature and aging The capacitance of shielded wire is typically 30 to 50 pF per
errors. Long term stability is typically specified for resistors foot, while the sensor capacitance is usually less than 100 pF.
and capacitors by a life test of 2000 hours at the maximumThus, the electronic circuit must be insensitive to the cable
rated power and ambient temperature. In general theseapacitance which will be much larger than the sensor
componentfave an exponential change in value for the first capacitance.
500 hours of the test and are essentially stable for the One approach to minimize the cable capacitance error is
remainder of the test. Thus, a burn—in, or temperatureto use a shielded cable and the virtual ground feature of an
cycling procedure will significantly lower the drift error of  operational amplifier when the non-inverting input is
the resistors and capacitors. grounded. This feature is inherent in the integrator and

Three types of precision resistors are available: metalinverter/differentiator circuits used in the state variable
film, wirewound, and foil. Metal film and wirewound oscillator. Because an operational amplifier has a high open
resistors are available with a TCx#0 to+25 ppm?C and loop gain and input impedance, the differential voltage
a drift specification of approximately 0.1 to 0.5%. Foil between the inverting and non-inverting inputs is
resistors are availablgith a TC of+0.3 ppm?C and a drift essentially zero. Thus, the voltage potential at the inverting
specification of less than 20 ppm. Errors with resistors areinput is equal to the ground potential at the non—inverting
caused by both environmental and manufacturing factors.terminal. The virtual ground approach forces a constant
The major environmental factors causing changes involtage toappear across the cable capacitance; therefore, the
resistance are the operating power and the ambienicable capacitance doest have to be charged or discharged
temperature. Other environmental factors such as humidity,by the circuit and the oscillation frequency is not effected.
the voltage coefficientAR vs. voltage), the thermal EMF A constant DC level at the non—inverting input in the single
(due tothetemperature difference between the leads and selfpower supply configuration iEquivalent to a virtual ground
heating), and storage will cause relatively small errors. because the AC level of the input terminals is equal to zero
Manufacturing induced errors from factors such as volts. The remote sensing ability of the state variable
soldering can cause a small change in resistance; howevengscillator will be analyzed in detail in a future application
this error will not effect the component’s long term stability. note.

Two of the leading technologies of stable capacitors are
RF/Microwave multilayer porcelain and NPO (COG) Reference Design _ .
ceramic capacitors. The TC of porcelain capacitors is_ Th_e reference desgn f_or the absolutg oscillator is shown
specified at +90+ 20 ppmfC, while NPO ceramic I Flggre 25. The circuit uses the BiICMOS MC33501
capacitorsre available with a TC of-930 ppm?C. The TC ~ Operationabmplifiers operated at a power supply-d.5V.
is specified over a temperature range of —55 to°C25 In addl_tlon the circuit uses thg du_al supply limit circuit. The
however, the specification is skewed by the relatively large OP€rating voltage of the circuit could be lowered by
changes in capacitance at the extreme hot and cold®movingdiodes 3 and B, and adjusting the base voltages
temperatures. Both types of capacitors have a drift Of transistors @ (Vpos_Limid and @ (VNeg_Limid- In the
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typical application, capacitorsiGand G would be the The NCS2200 comparator is used by the ratio oscillator

sensor capacitances. design to convert the oscillator’s sine wave output to a
The reference design for the ratio circuit is shown in squarewvare digital signal. The NCS2200 is available in both

Figure 26. This circuit uses the CMOS NCS2001 a complementary and an open drain output configuration.

operational amplifiers operated at the single power supplyThe reference design used the open drain configuration to

of 0.9V. In addition the circuit uses the single supply limit form a zero crossing detector.

circuit. In the typical application, Capacitog @inctions as Table 2 lists the calculated and measured oscillation

the Gueas sensor while gserves as theggr sensor. frequency for the reference designs. The calculated
The single supply Vcc/2 reference voltage was obtainedfrequency was obtained by measuring the R’s and C'’s and

by using a resistor divider network. The values of the using these values with the oscillation equations.

resistors B and R were obtained by finding the input The measured frequency of the absolute and ratio

impedances of the integrator circuits formed at amplifiers oscillators was approximately1% different than the

A1 (R1]|C1) and A (R2 || Co). The input bias current of the  calculated frequency. This error between the measure and

CMOS amplifier is specified at only 10 pA; therefore, it is predicated oscillation frequency is probably due to the

not necessary to balance the impedances at thecapacitance dhe limit circuits, which is not included in the

non-inverting and inverting terminals of the amplifiers. In frequency equations. The reference designs used standard

most applications, the non—inverting terminal can be NPN, PNP transistors and diodes; selecting high frequency

connectedlirectly to the reference voltage. Figure 27 shows or RF devices would minimize the oscillation error of the

a voltage follower circuit that could be used to provide a limiting circuit.

more stable reference voltage with the additional benefit of

a low output impedance.

D1
MPS2907A  1N4001

Q1 <
Vo1 Base =05V

V2 Base =—0.5V

D2
1N4001
2 ’

Q c4
MPS2222A 22 pF
| |
Cc2 I
c1l
240 pF
240 pF ‘ ‘p R4
R1 /] I 10k
39k R2 R3
S AL 89k A2 10k
. A3 AVA
I + .
=  MC33501 L — 1
= M 1
3350 = MC33501
NOTES:

1. Power Supply Voltages for amplifiers A1, A2, and A3 are Vcc =25V, Vgg =25V
2. Vpos_Limit = 1.9V and Veg | imit=-1.9V

Figure 25. Reference Design — Absolute Circuit

Table 2. Reference Designs Oscillation Frequency

Circuit Calculated Oscillation Frequency Measured Oscillation Frequency
Absolute Oscillator 16.6 kHz 16.4 kHz
Ratio Oscillator 16.5 kHz 16.3 kHz
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MPS2907A
01

KIéi Yo
RO
39 k
V. =01V
Q1_Base VCC/Z
R10
39 k
ca B v
47 pF e
c3 n
c1 C2 47 pF il
240 pF 240 pF R4 RS
| '} I 3 Meg R7 5k
R1 ! R2 100 k
39k Al 39k R3 R5 q
= N A2 5k 20 Meg A3 fava\ i‘ﬁ
Veel2 —* Vet _I+ AN — : % A4
CcC
Veel2 —+ —
NCS2001 NCS2001 cc N CS2001 Veel2
NCS2200

AND8054/D

NOTES:

1. Power Supply Voltages for amplifiers A1, A2, A3, and AdisVcc =09V, Vgg =0V
2. Capacitors C3 and C4 are typically the sensor capacitance; however, for test purposes two 47 pF capacitors were used to verify the

circuit.

3. VMax_Limit = 0.8V

Figure 26. Reference Design — Ratio Circuit

—— Vecol2

Figure 27. Low Output Impedance Reference Voltage
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Appendix I: Mason’s Reduction Theorem is relatively easy because the path(Pquivalent to the
The oscillation frequency is determined by finding the amplifier gain A) is defined as the voltage gain from node
poles of the denominator of the transfer equation T(s) orVi; to V3 and will be equal to the loop gain LGn order to
equivalently the zeroes of the numerator N(s) of the calculate the transfer equation, the intermediate voltage
characteristic equatiofi(s). Mason’s Reduction Theorem node of {1 is created by adding a “small” resistofyn
should be used to determine the transfer equation if theseries with resistor Ro the absolute and ratio circuits as
oscillatorhas more than one feedback loop, such as the casghown in Figures 29 and 30. AddingiRand W41 is not
for the circuit shown in Figure 28. Obtaining T(s) also mathematically necessary; howevegri¢atly simplifies the
provides the additional information required to complete a algebra in the transfer equations. Note, the numerator of the
Bode plot of the oscillator. In contrast, Step 1 of the designtransfer equation depends on the definition of the input and
procedure only provides the denominator of T(s) and will outputs; however, the denominator (i.e. the oscillation
not provide the numerator of the transfer equation. Mason’sequation) is independent of the definition of T(s). {f>®

equation can be rewritten in the form listed below: R11, then the gain of amplifier Ais a function only of Rand
Ci.
T6) = 7506 = a9 ~ o7
(%) A = ( 1 ) = 1
. . . 1=\- == C
The absolute and ratio oscillators only have a single s(R1 + R11)C1 sR1C1
feedback loop, therefore, the calculation of | isied below are the calculation of T(s) for the absolute
T(s) = V3 oscillator with and without capacitorsCand the ratio
Vi1 oscillator.
C1 Cc2 R4
| 1
R1 Al Vi  R2
: ~ A2 R3 A3
‘[: :]_— 2 V2 —k V3
R5 =

Figure 28. Mason’s Theorem Provides a Method to Determine the Transfer Equation T(s) of an
Oscillator when there are Multiple Feedback Loops, as with the Modified Absolute Circuit
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c4
I
il
C1 c2 R4
I I
17 11
R11 R1 Al R2 a2
V11l _ AW + R3 > A3
L Vq =
= v
= : I
Figure 29. Schematic of the Absolute Oscillator with RIl that is Used to Obtain T(s),
using Mason’s Reduction Theorem
Absolute Oscillator (without C  4)
Assume R>>Ryq, thenR + Ry = Rg
— - —(__1 __1 _Ra
P1= 161 = A1 x A2 x A3 = (i) (s
2R1R2R3C1C2 + R
As=1—L(31=1_(_ 1 )<_ 1 )(_&)=1+ R4 _ S“R1R2R3C1C2 + R4
sR1C1/\ sR2C2/\ R3 s2R1R2R3C1C2 s2R1R2R3C1C2
(szramanscics)
T(s) = Va3 _P1_ s2R1R2R3C1C2 _ - R4
Vi1 As  (s2R1R2R3C1C2+R4) S2R1R2R3C1C2 + R4
s2R1R2R3C1C2
Absolute Oscillator (with C )
Assume R>> Ry, thenR + Ry = Ry
P1 = LG = A1 X A2 X A3
mv0 =l st B -
sR1C1 sR2C2 R3/\sR4Cq4 + 1 s3R1R2R3R4C1C2C4 + s2R1R2R3C1C2
AS—1-1G =1+ R4 _ s3R1R2R3R4C1C2C4 + s2R1R2R3C1C2 + R4
s3R1R2R3R4C1C2C4 + s2R1R2R3C1C2 s3R1R2R3R4C1C2C4 + s2R1R2R3C1C2

As (s3R1R2R3R4C10204+sZR1R2R30102+R4) ~ s3R1R2R3R4C1C2C4 + s2R1R2R3C1C2 + R4
s3R1R2R3R4C1C2C4 +s2R1R2R3C1C2
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Ratio Oscillator

C
Il
il
c1 c2 R4
{1 {1 c3
Il
[
R11 R1 Al R2 Ao
V11l AW + R3 R5 T A3
L 2 — 1> \
- — V2 ,_— = V3
Figure 30. Schematic of the Ratio Oscillator with Rl that is Used to Obtain T(s),
using Mason’s Reduction Theorem.
Ratio Circuit

Assume R>> Ry, then R+ Ryq =

P1 =LG = A1 X A2 X A3 =(

P1 = LGy =

As =1-LGq] =

Ry

‘sRiq)(‘sRQCz)(‘(

R4(sR5C3 + 1)

— (sR4R5C3 + R4)

SR3R5C3 + R3 + R5)(sR4C4 + 1)

s4R1R2R3R4R5C1C2C3Cy + 53[(R3R5C3 + R3R4C4 + R4R5C4)R1R201C2} + s2(R3 + R5)(R1R2C1C2)

s4R1R2R3R4R5C1C2C3Cy + 53[(R3R503 + R3R4Cyq + R4R5C4)R1R2C1C2] + s2(R3 + R5)R1R2C1C2) + sSR4R5C3 + R4

vz P
T(s) = o> =L =

_V11_As_(

s4R1R2R3R4R5C1C2C3C4 + s3[(R3R5C3 + R3R4Cy + R4R5C4R1R2C1C2] + s2(R3 + Rs)(R1R2C1C2)

—(sR4R5C3+R4)

s4R1R2R3R4R5C1C2C3C4 + 53[(R3R5C3 +R3R4C4+ R4R5C4)R1R20102} +52(R3+R5)(R1R2C1C2)

s4R1R2R3R4R5C1C2C3C4 +53[(R3R5C3 + R3R4C4 + R4R5C4)R1R2C1 C2] +52(R3+ R5)(R1R2C1C2) + SRAR5C3 + R4

— (sR4RsC3 + R4)

s4R1R2R3R4R5C1C2C3C4 + 33[(R3R503 +R3R4C4+ R4R5C4)R1R201C2} +52(R3+R5)(R1R2C1C2)

B s4R1R2R3R4R5C1C2C3Cy + s3] (R3R5C3 + R3R4C4 + R4R5C4) R1R2C1C2] + s2(R3 + R5)(R1R2C1C2) + SR4R5C3 + Rg
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Appendix 11: Method II: Let s = joy be the frequency at whichy¢) = 0. The

Solve N(j wo)reaL = N(jWo)imaciNARY = 0 condition for oscillation is meet when thetarm is set to
The oscillation equation sometimes can be determinedzero, and the s—term is removed. The frequency of

directly from the characteristic equation by substituting gscillation is found from:
S = [y into As and arranging the N}) into its real and

imaginary parts. However, this method is usually not Wy = a2

feasible for circuits which are fifth order and higher a0

oscillators. This procedure is essentially a subset of the_, . L

Routhtest, because the first two rows of the Routh array will Third Order Circuits

correspond to N@o)reaL and N(io)iMaciNaRy. If the N3(s) = aps3 + a1s2 + aps + a3

characteristic equation N(s) wd = 0, the poles of the Let s =i, be the frequency at whichs{$) = 0, and arrange
characteristi@quation will be on the imaginary axistjto, the equation into its real and imaginary parts:

with an oscillation frequency oty,. The Method I ] , . ,
procedure is shown below for second and third order ~ N3(®o) = (-a1w + a3) + joo(-agws; + a2) = 0

oscillators [13.]. Thus, the real and imaginary parts equal zero when:
Second-Order Circuits —a1w2 + az = 0 and —agw? + a2 =0
a a . . .
N2(s) = aps2 + a1s + a2 = ao(52 + a—és + %) Solving the above equations fog? gives:
w2 =28_22
alr ag

Summary of Method Il Equations

Oscillator Oscillation
Order N(s) Condition o
a; =0 - j22
ond N2(s) = aps2 + a1s + a2 1= “o = /30
— o = [B_ /A2
3rd N3(s) = aps3 + a1s2 + aos + a3 ajaz = apaa S e
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Appendix IlI: Routh’s Stability Test where the coefficientsib by, bz, etc., are evaluated as
Routh’s Stability Test [12.] can be used to test the follows:

charactgristi@quation to determine Whethe_r any of roots lie b, 3182 — 2083 _ ajaq — agas

on the imaginary axis. Routh’s test consists of forming a P1 = a1 by = a1

coefficient array. Next, the procedure substitutesws,#qgr

s, and the summation of the row is set to zero. If the row by = 2186 — 2037

equatiorproduces a nontrivial solution fax, the procedure a1

is complete and the frequency of oscillation is equaigo The evaluation of the b’s is continued until the remaining

If the row equation does not yield an equation that can beterms are equal to zero. The same pattern of cross
solved forwy, the procedure continues with the next row in multiplying the coefficients of the two previous rows is
the Routh array. This technique arranges the numerator ofollowed in evaluating the c's, d’s, etc...

the characteristic equation (i.e. denominator of the transfer

equation) into the array listed below. 61 = bjaz — bzag
b
Te) = A _ AA __A 1
1-LG (s) N(As) _ bjas — bzaz
D(As) ="y
N(As) = apsn + apsh = 1 + apsh = 2 + agsh — 3 This process is continued until tieth row has been
+..+ap— 1S+ an completed. The Routh stability criterion states:
1. A necessary and sufficient condition for stability is
sh ag ap aq an that the first column of the array does not contain
sn-1 a1 a3 as5 an-1 sign changes.

2. The number of sign changes in the entries of the
first column of the array is equal to the number of
sh-3 c1 c2 c3 cn-3 roots in the right half s—plane.
: : : : 3. If the first element in a row is zero, it is replaced by
€, and the sign changes when. 0 are counted
after completing the array.
S0 f1 4. The poles are located in the right half plane or on
the imaginary axis if all the elements in a row are
zero.

sh-2 b1 b2 b3 bn-2
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