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This chapter treats a number of crystal oscillator configurations in 
detail. Design information as well as practical schematic diagrams for 
the recommended circuits are presented . In addition, the character­
istics of the various recommended oscillator types are summarized 
and compared in table 7- 1 . 

7. 1 .  PIERCE, COLPITTS, AND CLAPP OSCILLATORS 

The Pierce, Colpitts, and Clapp oscillators are actually the same 
circuit but with the ground point at a different location. Figure 7-1 
shows the basic ac schematic diagram. 

In the Pierce oscillator, the ac ground is at the emitter; in the 
Colpitts, at the collector; and in the Clapp , at the base. In a practical 
circuit, the stray capacitances and biasing resistors shunt different 
elements for each of the three configurations, making the circuits 
perform somewhat differently. Each of the circuits can be made to 
cover a broad range of crystal frequencies. These circuits are among 
the most noncritical of crystal oscillators and the permissible compo­
nent tolerances are generally more than adequate. The output power 
is only moderate, however. Of the three possible configurations, the 
Pierce is the most desirable, electrically . This results from the stray 
capacitances appearing across capacitors C1 and C2 , which generally 
are quite large. In the Clapp and Colpitts configurations, a good deal 
of the stray capacitance appears across the crystal, limiting the 
high-frequency application to about 30 MHz. 

In the Pierce and Clapp oscillators, the base-biasing resistors are 
across large capacitors and thus do not affect the performance of the 
circuit. In the Colpitts configuration, however, the biasing resistors 
are across the crystal and degrade performance at lower frequencies 
(below about 3 MHz). The Colpitts configuration also is more sus­
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Table 7-1. Recommended Crystal Oscillator Types. 
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ceptible to squegging. These problems can be overcome using a field 
effect transistor for lower frequencies, since very large gate-biasing 
resistors then can be used. 

The Clapp oscillator has a unique disadvantage in that free-running 
oscillations can occur if a choke is used to supply the de voltage to 
the collector. The problem is best solved by putting a fairly large 
resistor in series with the choke or by using a resistor alone. The 
resistance must be kept large, however, since it shunts the crystal. 
For this reason, the Clapp oscillator is not desirable for use with low 
supply voltages. 
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CRYST AL 

Figure 7.1. Pierce, Colpitts, and Clapp oscillators: basic ac schematic diagram. 

Of the three possible configurations, the Pierce oscillator is gen­
erally the simplest and the Colpitts the most difficult to design. The 
Pierce oscillator has the disadvantage that one side of the crystal 
cannot be grounded, often making it undesirable for use with crystal 
switches. 

The frequency stability of the Pierce oscillator is generally in the 
range from 0.0002 to 0.0005 percent worse than the stability of 
the crystal alone. The Clapp oscillator is slightly inferior to the Pierce 
and the Colpitts is slightly inferior to the Clapp in this respect. If no 
adjustment is provided to put the crystal exactly on frequency , addi­
tional frequency errors will be present as a result of differences in 
transistors, components, and crystal resistance . 

7.2. PIERCE OSCILLATOR 

7.2.1.  Small-Signal Analysis 

The general oscillator theory presented in Chapter 2 can be applied 
conveniently to the Pierce oscillator. Specifically, the conditions 
of oscillation are fulfilled in the following way .  Referring to Figure 
7-2, the basic phase shift network is composed of C1 , C2 , and the 
crystal , which looks inductive. Capacitors C1 and C2 are normally 
so large that they effectively swamp out the transistor output and 
input impedances. If this is the case, and if the effective resistance of 
the crystal is low, then the following explanation is applicable . The 
crystal looks inductive and is series resonant with capacitors C1 and 
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Figure 7-2. Pierce oscillator circuit: schematic diagram. 

C2• The frequency of oscillation automatically adjusts itself so that 
this is true. Therefore, the combination of the crystal and C1 alone 
has a net inductive reactance at the operating frequency. 

Consequently, current II lags voltage e2 by 90 degrees. Voltage el 

being developed across capacitor C1 lags current II by 90 degrees, 
making it 180 degrees behind collector voltage e2' Since the combi­

nation of C 1 and the crystal is resonant with C2, the collector looks 
into a resistive load. 

The phase shift through the transistor is 180 degrees and the total 
phase shift around the loop is 360 degrees. 

The condition of a loop gain of unity can be found in the following 
manner. It can be shown (see Appendix E) that the ratio of the 
voltages 

(7-1) 

Putting this in terms of reactances gives 

(7-2) 
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For oscillation to take place, the transistor gain A must be such that 

A 
n 1 .  (7-3) 

The transistor voltage gain is approximately given by 

A = -gfe ZL (7-4) 

where gfe is the transconductance of the transistor and ZL is the load 
seen by the collector. It can be shown (see Appendix E) that this 
load is given by 

where 

(7-5) 

Then 

A = (7-6)Re 
and substituting this into equation 7-3 gives 

n I (7-7) 

but since 

= n 1 (7-8)-
or 

(7-9) 

The loop gain is then 

( (7- 1 0) 

and must be greater than unity. To a first approximation we may 
use gfe = 0.04Ie, where gfe is in mhos and Ie is in milliamperes. 
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This explanation is somewhat idealized because of the assumptions 
made. A rigorous analysis of the Pierce oscillator is given in Appendix 
B. The results are . 

g/e XIX2 ÖRe + KI (gain equation) (7- 1  1 )  

X l  + X2 + Xe=0 + K2 (phase shift equation) (7- 1 2) 

where 

g/e=	real part of the forward transfer admittance, sometimes 
referred to as the transconductance. 

Xl=- 1 /wCI, 
X2=-I /wC2, 
Re=effective crystal resistance, and 
Xe=crystal reactance. 

KI and K2 are corrective terms which are negligible if the previous 
assumptions are fulfilled . They are as follows: 

KI= -XI (X2 + Xe ) g;e - X2 (XI + Xe ) goe 

-ReXIX2 [gtegoe + b/ebre ] - breg/eXIX2Xe (7- 13 )  

K2=b/eXIX2 + XIX2Xegtegoe - Re [Xlgie + X2goe] 

+ breXIX2 + breb/eXIX2Xe - breg/eXIX2Re . (7- 1 4) 

For definitions of the Y-parameters, refer to Chapter 6 . The input 
and output short-circuit capacitances of the transistor may be ac­
counted for by including them in C1 and C2, respectively. If the 
oscillator is loaded,  the load must be included in the output admit­
tance of the transistor; that is, goe in the equations should be [goe of 
the transistor + ( l /RL ) ), where RL is the load . 

In the case of field effect transistors at low frequencies, Y/e=gm, 
Yte=0, Yoe= l /ra, Yre = 0, and the equations simplify as follows: 

X2(X1 + Xe ) 

Equations (7-1 1 )  and (7- 1 2) can be used best by successive approx­
imation. The first values of XI and X2 may be calculated assuming 
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that K] = K2 = O. These values of Xl and X2 then are substituted 
into the total equations. It should be obvious then which terms are 
negligible, and they are eliminated. The equations then are rewritten 
using the significant terms. Usually the remaining equation will be 
only moderately complicated. 

In some cases the Y-parameters of the transistor may not be 
known or, from other considerations, the reader may elect to use a 
purely experimental approach in designing a Pierce oscillator. For 
such an approach, the following guidelines can be given. In general, 
CI and C2 should be as large as possible but still allow the circuit to 
oscillate with two to three times the maximum permissible crystal 
resistance.* This usually results in the crystal reactance (Xe) being 
quite small. A trimmer capacitor is then placed in series with the 
crystal to bring it on frequency. (Xe in the equation then represents 
the reactance of the crystal in series with the trimmer.) 

In the higher portion of the frequency range, C. and C2 in series 
may become less than the desired crystal load capacitance for mini­
mum gain requirements. The crystal then may be put on frequency 
by placing a variable inductor in series with it. This may be undesir­
able, however, since it can lead to free-running oscillations. A better 
solution may be to let C1 = C2 = 2CL• This condition leads to a 
maximum X.X2 product for a given load capacitance CL. If this 
does not allow sufficient gain, then a small inductor in series with 
the crystal must be used. 

Regardless of the frequency, it is desirable to make 

I 
-, (7- 1 7) IXII« 
gie 

and 

(7 - 1 8) 

This minimizes the effects of transistor input and output admittances. 
For a highly stable oscillator, the loading should be light. A good 

*This can be determined by adding resistance in 'series with the crystal until oscillation will 
not occUJ. 
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rule to follow is to tap considerably farther down than for optimum 
matching. An example of this is shown in Figure 7-3 , (see section 
7 .2 .3 below), where the ratio of C4/C2 is larger than that required 
for maximum output. 

Best stability occurs if C1 and C2 are as large as possible, because 
they swamp out any change in transistor input or output capacitance. 

To a first approximation, it can be shown that maximum stability 
results if 

C2 [dCoutldT]1/2 
= (7 -19) C1 dCinldT 
where dCoutidT is the change in collector-to-emitter capacity with 
respect to the parameter being studied, and dCinIdT is the variation 
in base-to-emitter capacity with respect to the same parameter. The 
ratio C2/C1 usually is determined by other factors, however, such as 
crystal load capacitance, output voltage, or crystal drive. Since the 
load on the collector is ZL == XVRe, larger outputs usually are ob­
tained if X2 is made large (small C2).

It should be remembered that the equations derived using the 
Y-parameters are based on a linear analysis and predict starting con­

ditions only. They give no indication concerning the final amplitude 
or of the crystal drive level. A method for determining the steady­
state value of drive level as well as the output voltage is discussed in 
the following paragraphs. 

7.2.2. Large-Signal Analysis 

If the starting conditions for oscillation are satisfied, the amplitude 
of oscillation continues to grow until nonlinear effects reduce the 
effective loop gain to unity. If the starting conditions are satisfied 
at more than one frequency, oscillations begin at both frequencies 
and the one reaching the saturation amplitude first causes the other 
to die out. Normally, multiple or spurious oscillation is not a problem 
and will not be considered at this time. 

In a transistor oscillator, the predominant nonlinearity occurs 
because the base-to-emitter junction is cut off during part of the 
cycle. As discussed in section 3 .2  of Chapter 3 ,  under certain con­
ditions of biasing, collector saturation may also occur. Generally 
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collector saturation tends to increase the dependence of the oscil­
lator on the supply voltage and is therefore avoided. 

Assuming that collector saturation does not occur, the amplitude 
of oscillation can be determined by applying the nonlinear results 
of section 6 .4 of Chapter 6 . To accomplish this, the small-signal 
analysis of section 7 .2 . 1 (above) is first completed. 

The small-signal transconductance required for oscillation is found 
from equation (7-1 1 )  and is: 

Re + Kl 
gm = (7-20)

X1X2 
If the actual small-signal transconductance of the transistor is given 
by gmO , then the excess small-signal loop gain is gmo /gm . This value is 
used to enter the graph of Figure 6-6 and determines the value of V 
which will be required to reduce the loop gain to unity. The value 
V is the normalized base-to-emitter voltage. The actual voltage is 

E cos wt where E = VKT /q . As noted earlier KT /q == 26 mV at room 
temperature. Then using equation (7-1) , the approximate collector 
voltage is found to be 

= -el 

dRe
J 

(7-2 1 )  e2 

where e1 = E/Y2 volts rms. 
The crystal drive level is then given by 

= (7-22)Pc 
and should not exceed the manufacturer's specification. 

The graph of Figure 6-6 can also be used to determine the increase 
in the effective input and output impedances of the transistor and 
the reduction in input capacitance: 

The transistor input capacitance was lumped into C1 ; therefore 
it will also decrease with amplitude, causing a slight increase in 
frequency . If desired, the new values of gie' goe , and C1 can be used 
in calculating the Kl used in equation (7-20). 

g. ȶ gieoIe - Rin/Rino 
(7-23) 
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The graphs of Chapter 6 also provide an indication of the bias 

shift resulting from oscillation. This is shown in Figure 6-7 . The value 

of V found earlier is used to determine the reduction in base-to­

emitter voltage. An appropriate adjustment can then be made to the 

bias network to establish the desired steady-state value of emitter 

current. 

Finally, the graph of Figure 6-8 can be used to determine the 

harmonic content of the collector current. Since the collector feeds 

the input of the 11' network containing the crystal and since for 

practical purposes the crystal is an open circuit at the harmonic 
frequencies, the collector voltage waveform can be determined by 

multiplying the appropriate harmonic current by the reactance of 
C2 at that frequency. 

The impedance seen by the collector at the fundamental frequency 
is approximately given by 

X22Z=_ . (7-24) 
Re 

Therefore the ratio of harmonic voltage to fundamental voltage is 

given by 

en in (X2/n)--: (7-25) 
efund irund (X. IRe) 

en inRe--: (7-26)
efund ifundnX2 

Where n is the harmonic number, in and ifund can be read from the 

graph of Figure 6-8 knowing V, or from equation (6-24) by taking 

inlirund as the ratio of hyperbolic Bessel functions In (V)IIl (V). 
If the oscillator is loaded heavily, Z must be appropriately adjusted 

and the fundamental component of the waveform will be reduced, 

compared to the harmonics. 
Since the base voltage of the transistor is established by the crystal 

current through C1 , it has the best waveform. 

In some applications a tank circuit tuned to a harmonic of the 
crystal frequency is inserted in the collector circuit to produce a 
frequency multiplier. This procedure generally works quite well, and 

the graph of Figure 6-8 can be used to estimate the harmonic output 

power. 
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In some applications of frequency standards, it is desirable to use 
emitter degeneration on the transistor , for example to reduce the Ilf 
noise . In these applications the graphs of Figures 6-6 through 6-8 do 
not apply. A piecewise linear analysis has been included , however, 
which gives good results if sufficient feedback is used. 

This analysis assumes that the transistor, with feedback, is linear 
during that part of the cycle when it conducts and is completely shut 
off during the remainder of the cycle. The results are presented in 
Figures 6-1 0, 6- 1 1 ,  and 6- 1 2. These graphs can be used in place of 
Figures 6-6 , 6-7 , and 6-8 in the previous description. The actual 
base-to-emitter voltage is found to be 

(7-27) 

where R f  is the emitter degeneration resistor, Ye is the intrinsic emit­
ter resistance, Ie(mean) is the steady-state emitter current, and E is 
the peak base-to-ground voltage in volts. 

In general the nonlinear analyses are not as accurate as the analyses 
we are accustomed to seeing based on linear models in small-signal 
applications. The results are, however, quite useful in the initial 
design of oscillator circuits and give a reasonable approximation when 
the cutoff frequency of the transistor is more than 1 0  or 20 times 
the operating frequency. 

7.2.3. 1 - to 3-M Hz Pierce Oscillator* 

Typical performance characteristics for the 1- to 3-MHz Pierce 
oscillator shown in Figure 7 -3 are given below. 

a. 	 Crystal : CR- 1  8/U or similar. 
b .  	Load capacitance : 3 2  pF. 
c. 	 Drive level : 1 -6 mW, depending on frequency and crystal 

resistance.  
d .  	Factors affecting frequency stability are as follows: 

l .  Temperature 	 coefficient of crystal : ±O.OOS percent from 
- S SOC to + l 0SoC. 

2 .  	Aging rate of crystal : See section 5 . 7 .  

*A number of typical oscillator circuits are presented in this chapter. The performance 

indicated is that observed on a single circuit and may vary considerably with layout and 

components used. The circuits are listed as starting points only and should not be used 
without optimization and thorough testing in the configuration actually used. (See Chap. 8.) 
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3. 	 Temperature stability of oscillator circuitry: 1.5 parts in 
109 ;OC at 1 MHz, and 1.6 parts in 108;oc at 3 MHz. 

4. 	 Voltage coefficient of oscillator: 3 parts in 107 at 1 MHz, 
and 1 part in 107 at 3 MHz for a lO-percent supply voltage 
change. 

e. 	 Output: For RL = 50 fl, el is approximately 0.25-0.40 V, de­
pending on frequency and crystal resistance. Waveform at 
1 MHz is poor. 

f. 	 Permissible load: 50"'" RL "'" 00. 
g. 	 Power input: 40 mW. 

NOTE. Although the circuit will oscillate with any standard crystal 
in the 1- to-3-MHz range, some adjustment of C6 is necessary 
over the frequency range to put crystals exactly on frequency. 

7.2.4. 1· to 10·MHz Pierce OsciJIator 

Typical performance characteristics for the 1- to 10-MHz Pierce 
oscillator shown in Figure 7-4 are given below. 

a. 	 Crystal: CR-18/U or similar. 
b. 	 Load capacitance: 32 pF. 
c. 	 Drive level: 0.75-4 mW, depending on the frequency and 

crystal resistance. 
d. 	 Factors affecting frequency stability are as follows: 

http:0.25-0.40
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1 .  	Temperature coefficient of crystal : ±O.OOS percent from 
-S SoC to + 1 0SoC. 

2 .  	Aging rate of crystal : See section S .7 .  
3 .  	Temperature stability o f  oscillator circuitry : 3 parts in 

1 08 rC at 1 MHz, 2 .2  parts in 1 08 rC at S MHz, and I .S 
parts in 1 08 rC at 1 0  MHz. 

4. 	Voltage coefficient of oscillator: I .S parts in 1 06 at 1 MHz , 
2.S parts in 1 07 at 3 MHz, and 2.3 parts in 1 07 at 1 0MHz 
for a 1 0-percent change in supply voltage. 

e. 	 Output :  For RL = SO n, el is approximately 0.02 V at 1 0  
MHz, and O.3S V at 3 MHz and 1 MHz. el varies considerably 
with crystal resistance. The waveform below 3 MHz is poor. 
Distortion at 1 MHz is 30 percent; at 5 MHz, it is 6 percent. 

f. 	 Permissible load: 50:s;;;, RL :s;;;, 00. 
g. 	Input power: 3 5  mW. 

NOTE. Although the circuit will oscillate with any standard crystal 
in the 1 - to 1 0-MHz range, some adjustment of C6 is necessary 
over the frequency range to put crystals exactly on frequency. 
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7.2.5. 1 0- to 20-M Hz Pierce Osci l lator 

Typical performance characteristics for the 1 0- to 20-MHz Pierce 
oscillator shown in Figure 7-5 are given below. 

a. 	 Crystal: CR-1 8 !U, CR-66!U, or similar. 
b .  	Load capacitance : 3 2  or 30 pF. 
c. 	 Drive level : 0.3- 1 .0 mW, depending on the frequency and 

crystal resistance. 
d. 	Factors affecting frequency stability are as follows: 

1 .  Temperature 	 coefficient of crystal: ±0.005 percent from 
- 5 5°C to + 1 05°C for CR- 1 8/U, ±0.002 percent for 
CR-66!U. 

2. 	 Aging rate of crystal : See section 5 .7 .  
3 .  	Temperature stability of oscillator circuitry : 2 .6 parts in 

1 08 r C  at 1 0  MHz and 2 parts in 1 08 r C  at 20 MHz. 
4. Voltage coefficient of oscillator: 2 parts in 1 07 at 20 MHz 

and 4 parts in 1 08 at 1 0  MHz for a 1 0-percent supply 
voltage variation. 

e. 	 Output (see Note 1 ): For RL = 1 00 fl, e1 is approximately 
0.05-0. 1 0  V ,  depending on frequency and crystal resistance. 
Voltage e2 is in the range from 1 .5 to 2.0 V. 

f. 	 Permissible load : 1 00 w RL Õ 00. 
g. 	 Input power: 1 5  mW. 

http:0.05-0.10
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NOTE 1. The output power can be increased by a factor of 3-5 by 
making several modifications. Change R 1 to 5.6 kn, R 3 to 
10 kn, R 4  to 47 .uH, C1 to 2 20 pF, and RL to 50 n. However, 
the frequency instability contribution of the oscillator circuitry 
is increased by roughly the same factor. 

NOTE 2. Although the circuit will oscillate with any standard 
crystal in the 10- to 20-MHz range, some adjustment of C2 is 
necessary over the frequency range to put crystals exactly on 
frequency. 

7.2.6. Overtone Pierce Oscillator 

The Pierce oscillator, as shown in Figure 7-2, cannot be used with 
overtone crystals. The circuit can oscillate with less gain on the 
fundamental frequency of the crystal than on an overtone. It is 
therefore necessary to provide some means of preventing the un­
wanted oscillation. If the collector capacitance is replaced by a tank 
circuit, this can be done conveniently. From equation (7-9) it can be 
seen that the reactances X 1 and X2 must be of like sign for oscilla­
tion to take place. If the tank circuit is resonant between the funda­
mental and third overtone (or third and fifth overtones, if fifth­
overtone crystals are to be used), oscillation of the unwanted modes 
will be prevented because the tank is inductive and has a positive 
sign. A capacitive reactance still appears at the desired frequency, 
however, and the desired oscillation can take place. 

Equations (7-11) and (7-12) may be used to analyze the circuit 
provided the reactance of the tank circuit is substituted for X2 in 
the equations. It can be shown that 

X2 = - 2 ' 1 ([/1 ),

and C2 form the tank circuit, XL = 2rr1L, and Ir = 1/where L 
2rr • The effective output conductance of the transistor must 
be modified by adding the shunt conductance of the tank if it is not 
negligible. The tank conductance is given by GL =l/QXL . 

Above about 50 MHz, currently available transistors do not possess 
a sufficiently large Yfe to oscillate with 3 2-pF crystals and still main­
tain adequate reserve gain. If crystals are operated at a 20-pF load 
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capacitance, the upper range can be extended to about 7 5  MHz. The 
reason for this can be seen from equations (7-1 1 )  and (7- 1 2) :  Xe == 
-(Xl + X2), and since Xe for a given load capacitance is decreasing 
as the frequency increases, XI and X2 also must be made to decrease . 
The product XIX 2 for a given value of (X I + X 2) is largest when 
Xl = X2 and is given by X; /4. 

The transconductance required for oscillation then is given by: 

This increases as the square of the frequency. Unfortunately, the 
effective resistance of a crystal increases as the load capacitance is 
made smaller according to the relationship 

and a CL of 20 pF is about the limit for crystals having a Co of 4 pF. 
Thus, the use of a parallel resonant Pierce oscillator is not practical 
above about 7 5  MHz. The use of any parallel resonant oscillator 
above 30 MHz has a serious disadvantage in that standard crystals 
which are ground to be on frequency at series resonance cannot be 
used. The parallel resonant Pierce oscillator has a major advantage, 
however, in that it is practically impossible for free-running oscilla­
tions to take place. Series resonant oscillators have a potential to 
free-run through the Co of the crystal if not designed carefully. 
Figure 7-6 is an example of a Pierce oscillator which can be used 
with overtone crystals. 

7.2.7. 25-M Hz Pierce Oscillator 

Typical performance characteristics for the 25-MHz Pierce oscillator 
shown in Figure 7-6 are given below. 

a. Crystal : Fundamental or overtone . 
b. Maximum resistance : 50 Q .  
c .  Load capacitance: 3 2  pF. 
d.  Drive level : 2 mW. 
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e. Factors affecting frequency stability are as follows: 
1 .  Temperature 	 coefficient of crystal : ±0 .002 to ±O.OOS per­

cent from -ssoe to +I OSoe, depending on crystal type. 
2. 	Aging rate of crystal : See section S.7 .  
3 .  	Temperature stabiHty of oscillator circuitry: 3 parts in 

1 09 te with third-overtone crystal. 
4. 	Voltage coefficient of oscillator: 2.3 parts in 1 07 for a 

1 0-percent supply voltage change with overtone crystal. 
f. 	 Output: If RL = SO n, e1 is approximately 0. 1 V. The voltage 

e2 is approximately 1 .2 V .  The output variation versus tem­
perature is approximately ±6 percent from -ssoe to +I OOoe. 

g. 	 Permissible load : SO:r;;;;, RL :r;;;;, 00. 
h. 	 Input power: 22 mW. 

7.2.8. Impedance-Inverting Pierce Oscil lator 

The Pierce oscillator can be modified to use series resonant crystals. 
This is done by adding an inductor in series with the crystal to bring 
its frequency down to series resonance. Several advantages result 
from such a modification. First, standard, series resonant overtone 
crystals can be used. Also the reactances X1 and X2 can be made 
larger so that the transistor gain requirement is decreased. The power 
output also can be increased substantially . 
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The addition of a series inductor has several disadvantages, the 
most important of which is susceptibility to free running. If the 
inductor is relatively large, free-running oscillations may occur 
through the crystal Co instead of through the motional arm of the 
quartz. This is particularly true if the tank circuit is tuned so that 
the crystal frequency is being pulled high. 

Free running can be alleviated if the crystal Co is resonated out 
by placing an inductor across it. It is then possible, however, for 
the oscillator to free-run below the crystal frequency through the 
Co compensating inductor. This sometimes occurs if the tank cir­
cuit is tuned so that the crystal frequency is being pulled low. 
Both of these free-running problems can be alleviated often by 
de-Q-ing the Co compensating inductor so that a circuit similar 
to that of Figure 7-8 (see section 7 .2.l 0 below) results. Caution 
should be exercised here, since shunting the crystal with low im­
pedances may increase the tendency of the oscillator to jump to a 
crystal spurious response. 

Equations (7- 1  1 )  and (7-1 2) may be used to analyze the series 
resonant Pierce oscillator if it is remembered that the quantity Xe 
includes both the reactance of the crystal and the inductor in series 
with it. 

If a crystal switch with a significant amount of stray capacitance 
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Figure 7-7. 25-MHz impedance-inverting Pierce oscillator : schematic diagram. 
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is to be used, it usually is better to locate the crystals and switch 
on the base side of the series inductor, as the circuit is less susceptible 
to stray capacitance on that side of the inductor. 

In the design of VHF Pierce oscillators, excessive crystal drive is 
often a problem. This usually can be solved by decreasing the tran­
sistor emitter current until an acceptable drive level is obtained. 

The Pierce oscillator family cannot be tuned for maximum output ; 
they must be tuned for on-frequency operation. This may be a con­
siderable disadvantage for field maintenance . 

Figures 7-7 , 7-8 , and 7-9 are examples of impedance-inverting 
Pierce oscillators, and are included as a guide for designing such 
circuits. 

7.2.9. 25-MHz Impedance-Inverting Pierce Oscil lator 

Typical performance characteristics for the 25-MHz impedance­
inverting Pierce oscillator shown in Figure 7-7 are given below. 

a. Crystal : Similar to CR-67 /V. 
b.  Load capacitance : Series resonance. 
c. Drive level :  Nominally 2 mW. 
d. Factors affecting frequency stability are as follows: 

1. Temperature coefficient of crystal : ±O.0025 percent. 

CRYSTAL 
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2. 	 Aging rate of crystal: See section 5 . 7 .  
3.  	Temperature stability of  oscillator circuitry: 1 .6 parts in 

lQStC. 
4. Voltage coefficient of oscillator: 	 1 part in 1 07 for a 1 0­

percent variation in supply voltage . 
e. 	 Output: If RL = 50 n, el is approximately 0. 1 5  V. Distortion 

is about 2 .5 percent. The voltage e2 is on the order of 2.5 V.  
Output voltage variation over the temperature range from 
- 55°C to + 1 05°C is approximately ±8 percent. 

f. 	 Permissible load : 50  w RL < 00. 
g. 	 Input power: 20 mW. 

7.2. 1 0. 50-MHz Impedance-Inverting Pierce Oscillator 

Typical performance characteristics for the SO-MHz impedance­
inverting Pierce oscillator shown in Fig 7-8 are given below. 

a. 	 Crystal: Similar to CR-84/U. 
b. 	 Load capacitance : Series resonance. 
c. 	 Drive level: 1 mW. 
d. Factors affecting frequency stability are as follows: 

1 .  Temperature 	 coefficient of crystal: ±0.002 percent from 
- 55°C to + 1 05°C. 

2.  	Aging rate of crystal: See section 5.7. 
3. Temperature 	 stability of oscillator circuitry: 3 parts in 

1 Q9rc. 
4. Voltage coefficient of oscillator: 	 1 .5 parts in 1 07 for a 1 0­

percent supply voltage variation. 
e.  	Output: For RL = 50 n, ej is approximately 0.3 V, and e2 is 

on the order of 1 .5 V. The output voltage change with tem­
perature is approximately ± 1 0  percent from -5 5°C to + 1  00°C. 

f. 	 Permissible load: sO w RL w oo. 
g. 	 Input power: 40 mW. 

7.2. 1 1 .  75-MHz Impedance-Inverting Pierce Oscillator 

Typical performance characteristics for the 75-MHz impedance­
inverting Pierce oscillator shown in Figure 7-9 are given below. 

a. 	 Crystal: Similar to CR-56/U. 
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b .  	Load capacitance: Series resonance. 
c. 	 Drive level: Approximately 0.6 mW. 
d.  	Factors affecting frequency stability are as follows: 

1 .  Temperature 	 coefficient of crystal: ±0.005 percent from 
- 5 5°C to + 1 05°C. 

2 .  Aging rate of crystal: See section 5 .7 .  
3 .  Temperature 	 stability o f  oscillator circuitry: 4.2 parts in 

1 09;oC. 
4. Voltage coefficient of oscillator: 	 1 ppm for a 1 0-percent 

supply voltage variation. 
e .  	Output: For RL = 50 fl, el is approximately 0.05 V. The out­

put voltage change with temperature is approximately ± 1 5  
percent from - 55°C to + 1 00°C. 

f. 	 Permissible load: 5 0ÉRL Éoo. 
g. 	 Input power: 30 mW. 

7.3. COLPITTS OSCILLATOR 

The Colpitts oscillator is actually a Pierce oscillator with the collec­
tor rather than the emitter at ac ground. If appropriate allowances 
are made for strays, the Pierce oscillator equations can be used for 
this circuit also. It may be desirable, however, to look at the Colpitts 
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RFC 

Figure 7-10. Colpitts crystal oscillator: schematic diagram. 

circuit as a unique circuit analyzed in its own way. This gives a 

better feel for the quantities involved. (See Figure 7-1 0.) The Col­

pitts oscillator behaves quite differently from the Pierce oscillator 

in certain respects. The most important difference is in the biasing 

arrangement, which may present problems for the Colpitts circuit. 

The resistors R 1 and R 2 are not entirely negligible for low fre­

quencies and may have several degrading effects. They may increase 

the effective resistance of the crystal branch of the circuit, thus 
reducing its Q in addition to decreasing the loop gain. They also may 

cause relaxation-type oscillations under certain conditions. Both of 

these problems can be reduced by using field effect transistors 
(FET). Temperature stability is somewhat worse with an FET, 

however. 

The Colpitts oscillator can be thought of as an emitter-follower 

and a capacitive tapped tank circuit, as shown in Figure 7- 1  1 .  
If capacitors C1 and C2 are large enough so that the input and out­

put impedances of the transistor are effectively swamped, and if the 

crystal resistance Re is small, then it can be shown (see Appendix F) 

that the step-up ratio of the tank circuit is 

e2 +-.!.. (7-28) 
el - X2 

with voltages e1 and e2 in phase. (For this to be true, the crystal is 
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Figure 7-11. Colpitts oscillator: signal flow diagram. 

resonant with the series combination of Cl and C2 .) It also can be 
shown (see Appendix F) that the load seen by the emitter-follower 
is 

X2 
Z ._ 2L = Re (7-29) 

and is purely resistive. The gain of the emitter-follower is 

A 
- (H) - gmZL
-

e2 
-

1 + gm ZL . (7-30) 

Since ZL is resistive, the phase shift through the emitter-follower 
is zero, and the phase shift of the entire loop is zero. Oscillation then 
will take place if the loop gain exceeds unity. This is true if 

I A ;"  L ( 7-3 1 )  
el 

Substituting for A and e2/el gives

( gmZL ) ( )Xl + X2 ;" 1 (7-32) 
1 + gmZL X2 
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Then substituting for ZL gives 

[ gm Xi ] ( XI + X2 
1 + gm X2 /R e X2 

) l .  (7-33) 

But simplifying this gives 

which is the same equation obtained for the Pierce oscillator, as 
might be expected. Also, since the crystal must be resonant with 
the series combination of CI and C2 , the crystal reactance can be 
calculated using the equation XI + X2 + Xe = 0, where Xe is the 
crystal reactance. 

This analysis is quite limited by the assumptions made. When 
any one of them is not satisfied, equations (7-1 1 )  and (7- 1 2) de­
veloped for the Pierce oscillator may be used. Here again the linear 
analysis gives no information concerning output voltage or crystal 
drive . 

In some cases, the Y-parameters of the transistor may not be 
known or, for other reasons, the reader may elect to use an experi­
mental approach to designing a Colpitts oscillator. For such an 
approach, the following guidelines may be used : In general, CI and 
C2 should be as large as possible but still allow the circuit to oscillate 
with two to three times the maximum permissible crystal resistance. * 
If this results in the crystal reactance Xe being smaller than that of the 
specified load capacity, a trimmer capacitor may be placed in series 
with the crystal to trim the crystal onto frequency . As in the Pierce 
oscillator, it is desirable to let IX21 l /go e and IXI I « l /gie .  This 
minimizes the effect of transistor input and output conductances 
on the circuit. Best stability also occurs if CI and C2 are as large as 
possible because they swamp out any change in the transistor capac­
itances. Still another effect makes it desirable to make CI and C2 
as large as possible in the Colpitts oscillator. Referring to Figure 
7-1 0, it can be seen that the reactance of the crystal (or the re­
sultant reactance of  the crystal and a series trimmer) will be smaller 

"'This can be determined by adding resistance in series with the crystal until oscillation will 

not occur. 
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if C1 and C2 are large, thus minimizing the shunt effects of R 1 and 
R 2• 

The large-signal analysis presented for the Pierce oscillator in sec­
tion 7 .2 .2 can also be applied to the Colpitts oscillator by recogniz­
ing that if the ac ground point were moved from the collector to the 
emitter, the circuits would be basically the same. 

Again, as in the case of the linear analysis, additional insight may 
be obtained from an analysis based on the Colpitts configuration 
itself. Such an analysis has been made in Appendix I ,  based on the 
principle of harmonic balance. This analysis also shows an effect of 
amplitude on the frequency of oscillation. The analysis is made using 
the circuit of Figure 7-1 2. Here the crystal is replaced by an equiva­
lent resistance and inductance. While this substitution would not be 
valid for a transient analysis or an analysis based on the variation of 
parameters, it is nevertheless satisfactory using the principle of 
harmonic balance, even though differential equations are used 
initially. The justification for this rests on the argument that the 
principle of harmonic balance is a steady-state solution, and re­
placing the crystal reactance by its series capacitance-inductance 
combination would only result in a slower buildup of oscillation. 
One might wonder if the resultant additional filtering afforded by 
the series LC combination would affect the result, since harmonics 
could beat together to produce a fundamental component. It should 
be observed, however, that even with the equivalent circuit shown, 
the impedance of the resonant circuit is so low at the harmonic fre­
quencies that these components have a negligible effect on the ampli­
tude of oscillation. 
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In the analysis,  it is assumed that the biasing resistors RI , R 2 , and 
R3 have a negligible effect on the ac performance . It will be found in 
general that the nonlinear analyses become formidable when even a 
few effects are considered, and therefore it is impossible to consider 
all the effects simultaneously. The general approach is to consider 
only one or two effects in a given analysis to determine how these 
parameters influence behavior. Other analyses are then made to 
determine how some of the neglected effects modify the behavior. 
For this analysis, it is assumed that the transistor reactances and its 
output impedance are negligible. 

From equation (1-36) in Appendix I, we see that the amplitude of 
oscillation is determined by the expression: 

where Xl = - 1/wCI, X2 = -1/wC2, Xe is the crystal equivalent reac­
tance, and gm and Rin are the equivalent transconductance and input 
resistance at the fmal stabilized amplitude. The relationship between 
the small-signal values and the large-signal equivalent values is con­
sistent with the nonlinear analysis discussed in section 6.4, and the 
ratios gm/gmo and Rin/Rino may be read from the graph of Figure 
6- 6.  As a first approximation, the last term of equation (7-35) may 
be neglected and the required value of gm determined. Then from 
transistor data or by using the approximation gmO = qIe/ KT = O.04Ie, 
where Ie is in milliamperes, we find the ratio gm /gmO' Then using 
Figure 6- 6,  a value of V can be determined. This value can be used 
to read the ratio Rin /Rino. The value of Rin can then be calculated. 

The analysis of Appendix I, equation (1-28), also shows that the 
frequency of oscillation must satisfy the expression : 

(7-36) 

where Rin is the equivalent input resistance at the final amplitude as 
defined above. From this equation, the crystal reactance Xe can be 
calculated (or if it is fixed, the values of X I and X2 to obtain Xe can 
be found) .  The values of X I , X2' Xe , and Rin can then be substituted 
in equation (7-35) to obtain a corrected value of gm if required. 
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The value of V can also be used to find the actual voltage across 
C1 , which is 

VKT
VI (peak ac) = -- == 26 mV times V. 

q 

Since the circulating current in the tank circuit, consisting of Re , 
Le , C1 , and C2, is normally large compared to the base current, the 
ac voltage across C2 is given by 

VI C1 V 	 = 
2 C2 • 

The bias shift due to oscillation from equation (6-23) is given by 

KT 

Vbias = -In lo(V)


q 
and may be read from the graph of Figure 6-7. 

Several typical examples of Colpitts crystal oscillators are given in 
Figures 7- 1 3  and 7-1 4. They are included as guidelines for design­
ing circuits of this type . For these circuits , the output was taken 
from the emitter through a capacitive divider. It may be convenient 
to take the output from another point in the circuit if a larger 
voltage is required and a high-impedance load exists. 

7.3. 1 .  3- to 1 O-M Hz Colpitts Oscil lator * 

Typical performance characteristics for the 3- to 10-MHz Colpitts 
oscillator shown in Figure 7- 1 3  are given below. 

a. 	 Crystal: CR-1 8/U or similar . 
b. 	Load capacitance : 32 pF. 
c. 	 Drive level: 2-1 0 mW, depending on the frequency and crystal 

resistance. 
d .  Factors affecting frequency stability are as follows : 

I. 	 Temperature coefficient of crystal : ±O.OOS percent from 
- 55°C to +IOSoC. 

2. 	Aging rate of crystal: See section 5 .7 .  
3 .  Temperature 	stability of oscillator circuitry : 4 .4 parts in 

1 08tC at 1 0  MHz and 6 .3 parts in 1 0srC at 3 MHz. 

*See footnote p. 66. 
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4. 	 Voltage coefficient of oscillator: 1 .3 parts in 1 07 at 3 MHz, 
3 parts in 1 07 at 5 MHz , and 6 parts in 1 07 at 1 0  MHz for 
a 1 0-percent supply voltage variation. 

e. 	 Output: If RL = 50 .n, e1 is approximately 0.05 V at 1 0  MHz 
and 0.25 V at 3 MHz, depending on the crystal resistance. 
Distortion is about 7 percent at 1 0  MHz and 1 7  percent at 
3 MHz. 

f. 	 Permissible load : 50 ,.;;;; R L ,.;;;; 00 . 
g. 	 Power input: 5 5  mW. 

NOTE. Although the circuit will oscillate with any standard 
crystal in the 3- to IO-MHz range, some adjustment of Cs is 
necessary over the frequency range to put crystals exactly on 
frequency. 

7.3.2. 1 0- to 20-MHz Colpitts Oscillator 

Typical performance characteristics for the 1 0- to 20-MHz Colpitts 
oscillator shown in Figure 7- 1 4  are given below. 

a. 	Crystal : CR- 1 8/U, CR-66/U, or similar. 
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b .  	Load capacitance: 32 or 30 pF , respectively. 
c. 	 Drive level: 1-2 mW, depending on frequency and crystal 

resistance. 
d. 	Factors affecting frequency stability are as follows : 

). Temperature 	 coefficient of crystal : ±O.OOS percent from 
-55°C to +l OSoC for CR-t8/U or ±0.002 percent from 
- 55°C to +IOSoC for the CR-66/U. 

2 .  Aging rate of crystal : See section 5 .7. 
3 .  Temperature 	 stability of oscillator circuitry : 4.4 parts in 

IOs;oC at to MHz and 1 .8 parts in t08;oC at 20 MHz. 
4. Voltage coefficient of oscillator: Approximately 1 .5  parts 

in 107 for a 10-percent change in supply voltage . 
e. 	 Output: For RL = 50  n, el = 0 .15-0.20 V,  depending on fre­

quency and crystal resistance. 
f. 	 Permissible load: 50 É RL É 00. 
g. 	 Input power: 26 mW. 

NOTE. Although the circuit will oscillate with any standard crystal 
in the 10- to 20-MHz range, some adjustment of C2 is necessary 
over the frequency range to put crystals exactly on frequenǾy. 

http:0.15-0.20
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Figure 7·] 5 .  Clapp crystal oscillator: schematic diagram. 
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7.4. CLAPP OSCILLATOR 

The Clapp oscillator is actually a Pierce oscillator with the base rather 
than the emitter at ac ground. If appropriate allowances are made 
for strays, then the Pierce oscillator equations can be used for this 
circuit. It may be desirable, however, to look at the Clapp oscillator 
as a unique circuit analyzed in its own way. This gives a better feel 
for the quantities involved. The most important disadvantage of the 
Clapp oscillator is that free-running oscillations may occur through 
the RF choke if resistor R4 is too small. (See Figure 7-1 S .) If a 
fairly high supply voltage is available, R4 can be made so large that 
the choke is not needed . 

The Clapp oscillator can be thought of as a grounded-base ampli­
fier stage loaded with a tank circuit. The tank has a capacitive tap 
from which energy is fed back to the emitter. Refer to Figure 7-1 6 
for a signal diagram . 

If we assume that the emitter base capacitance is included in C1 , 
that the collector-to-emitter capacitance is included in C2 , and that 
Re « Xe ,  then the circuit can be analyzed as follows. It is assumed 

that the input impedance of the common-base amplifier is l /gm , 
where gm is the transconductance of the transistor. Also the gain 
of the stage 
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where Z L is the collector load impedance. The voltage ratio of the 
tapped tank circuit is given approximately (see Appendix D) by 

(7-38) 

The phase angle between the voltages is  very small ; for practical 
purposes, the voltages e, and e2 are in phase . The phase shift through 
the amplifier is determined by the phase angle of ZL . It can be 
shown (see Appendix D) that ZL , the impedance presented to the 
collector by the tank when the capacitive tap is loaded by the tran­
sistor input impedance l/gm , is given by 

.!.. (XI + X2 )2 
LZ - R e  + gmX; 

This expression is derived under the condition that Xl + X2 +Xe = O. 
Here, again, the phase angle is very small and, for this discussion, will 
be neglected. With a resistive load , then, the phase shift through the 
amplifier is zero ; therefore, the phase shift through the entire loop is 
zero, fulfilling the phase shift requirements. The gain requirement is 
that the quantity (e 2 Ie 1 )  A - 1 .  The gain of the transistor is 
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Figure 7-16. Clapp crystal oscillator: signal flow diagram. 
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and 

( 
XI )

XI + X2 + gm XI 
n l .  

Substituting these, 

(7-4 1 )  

This fortunately simplifies to the equation derived for the Pierce 
oscillator: gm X I X  2 n Re . Also, it has been shown that the phase 
shift requirements will be fulfilled if XI + X2 + Xe = o.  

This analysis is  quite limited by the assumptions made. When any 
one of them is not satisfied, equations (7-1 1 )  and (7- 1 2) developed 
for the Pierce oscillator may be used . 

Here again the linear analysis gives no information concerning 
output voltage or crystal drive. Also, in some cases the Y-parameters 
of the transistor may not be known, and experimental design tech­
niques must be used. 

In general, CI and C2 should be as large as possible but still allow 
the circuit to oscillate with two to three times the maximum permis­
sible crystal resistance. * I f  this results in the crystal reactance Xe 
being smaller than that required for the specified load capacitance, a 
trimmer capacitor may be placed in series with the crystal. Whether 
or not a series capacitor is used, it may be desirable to provide some 
variable reactive element to trim the crystal onto frequency. 

I t should be noted that when C I and C 2 are large , the sum XI + X 2 
is small, making the RF choke in series with R4 unnecessary under 
some conditions. 

A load can be connected to the Clapp oscillator in any one of 
several places. Maximum voltage can be obtained on the collector. 
Any impedance connected to this point must be high. A lower 
impedance and moderate voltages can be found at the emitter. A 
very low impedance output can be obtained by inserting a capacitor 
equal to approximately five times the value of CI between CI and 

*This can be detennined by adding resistance in series with the crystal until oscillation will 
not OCCUI. 
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ground. The output then is taken from the connection of C1 and 
the added capacitor. 

The schematic diagram of a practical Clapp oscillator is given in 
Figure 7-1 7 . *  

7.4. 1 .  3· to 20-MHz Clapp Oscillator Circuit 

a. 	 Crystal: CR-1 8jU, CR-66jU, or similar. 
b .  	Load capacitance : 3 2  or 30 pF , respectively. 
c. 	 Crystal drive level : l -S mW, depending on frequency and 

crystal resistance. 
d .  	Factors affecting frequency stability are as follows :  

1 .  	Temperature coefficient o f  crystal : ±O.OOS percent from 
- S SoC to + 1 0SoC for CR-1 8jU or ±0.002 percent from 
- S SoC to + l OSoC for C R-66/U. 

2 .  	Aging rate of crystal: S parts in 1 06/month to several parts 
in l OS jmonth, depending on crystal. See section S .  7 .  

3 .  	Temperature coefficient of oscillator: 3 parts in l Os;oC at 
3 MHz, 7 parts in 1 09 at S MHz, and 2 .4 parts in 1 08 at 
20 MHz. 

4. 	Voltage coefficient :  2 parts in 1 06 at 3 MHz, 9 parts in 1 07 

·See footnote p. 66. 
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at 5 MHz, 4 parts in 1 07 at 1 0  MHz, and 6 parts in 1 07 at 
20 MHz for a 1 O-percent change in supply voltage. 

e. 	 Output conditions :  With RL = 1 00 n, e 1  = 0. 1 5-0.3 V ,  de­
pending on frequency and crystal resistance. Distortion (at 5 
MHz) = 1 5  percent. The output may be taken from the col­
lector with a very high-impedance load . Voltage e2 = 3-7 V,  
depending on frequency and crystal resistance. The output 
change over the temperature range from - 5 5°C to + 1 00°C is 
approximately 5 percent. 

f. 	 Permissible load : 1 00 ÉR L < 00. 
g. 	 Input power: 65 mW. 

NOTE 1 .  The oscillator can be operated from a 1 5-V supply if sev­
eral changes are made. The resistor R 4 is decreased to 5 .6 kn , 
and a 5 00-pH choke is added in series with it. The choke is neces­
sary to prevent unduly loading the collector circuit. The resis­
tor in series with the choke is necessary to prevent the oscillator 
from free-running through the choke instead of oscillating 
through the crystal. The emitter resistor Re is reduced to 2 .7 
kn. 

NOTE 2. Although the circuit will oscillate with any standard 
crystal in the 3- to 20-MHz range, some adjustment of C2 is 
necessary over the frequency range to put crystals exactly on 
frequency. 

7.5. GROUNDED-BASE OSCILLATOR 

The basic circuit of the grounded-base crystal oscillator is shown in 
Figure 7-1 8 .  

This circuit can be  used from several megahertz to  above 1 50 MHz. 
It is most commonly used in the range from 20 to 1 00 MHz. The cir­
cuit is capable of delivering high output power, has medium fre­
quency stability, and is about average in difficulty to design. It is 
basically a zero phase shift oscillator. This makes it undesirable for 
use with a complicated crystal switch in the region above 7 5  MHz 
where lagging phase shift problems become severe. 

Basically , the grounded-base oscillator circuit works as follows : 
The voltage on the emitter of the transistor is amplified and appears 
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on the collector as 

(7-42) 

where Zt is the impedance presented to the collector by the tank. 
For most oscillators, the tank is tuned to resonance and thus appears 
resistive. The voltage e l then lags e3 by the angle of the forward 
transfer admittance of the transistor, which at lower frequencies is 
small. 

A small amount of phase shift also is caused by the capacitive tap 
on the tank circuit. This is a leading phase shift ,  however, and tends 
to compensate for the phase lag in the transistor. If the capacitor C2 
is fairly large, this phase shift is negligible and the voltage on the tap 
is given approximately by 

e2 ( C1 -e 1 (X
C1 

= 
2 

+ C2 XL
) . (7-43 ) = el 

The grounded-base input impedance of the transistor normally is 
somewhat inductive so that leading phase shift also occurs between 
the tap on the tank e2 and the emitter. The emitter voltage e3 is re­
lated to e2 by the expression 

3 (=e e2 
I + ZeYib 

(7-44) 

where Ze is the crystal impedance and Yib is the transistor input 



) 

(XL) Rin] (X2) 

(�:) (�:) (�:) 

(7-47) 
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admittance. If the crystal is at series resonance, and if the transistor 
input admittance is only slightly inductive, then the expression sim­
plifies to 

. (
Rin + Re 
Rine3 = e2 (7-45)  

where Rin is the input resistance of the transistor and Re is the crys­
tal resistance. The phase shift that does occur tends to compensate 
for the phase lag in the transistor. For oscillation to take place, all 
three o f  the phase shifts must add up to zero, and the loop gain must 
equal or exceed unity. 

The equations which must be satisfied for these conditions to 
occur are derived in Appendix C and are presented here as equations 
(7-46) and (7-47). 

_gfb 
1 [Re + + 

1=
RT X2 Rin Rin XL 

-+ bib (:�) bib (;�) (:;) (7-46) 

2
]Xe = bfbRTRin + Xl - bibRin [Re + RT 

where Xl = - 1 /wCl , X2 = - 1 /wC2 , XL = wL, Rin = l /gib , and RT is 
the total resistance shunting the tank circuit (R T == RL ). (For defini­
tions of the g and b transistor parameters, refer to Chapter 6 .  

In deriving these equations, the following assumptions were made : 

a. 	 The reverse transfer admittance of the transistor, Yrb , is 
negligible. 

b .  	The transistor output admittance, Yob , is either negligible or 
lumped in with R T and L. 

c. 	 The tank components Xl + X2 + XL = O.  (This is approxi­
mately resonance. )  

Even with these assumptions, the equations appear formidable but 
are nevertheless quite useful. If equation (7-46) is minimized for 



(Re Rin) 1/ 2 

) 1/2 

(bib) (Xl )  

)
1/2 X: 

Ôn 
(7-49) 
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transistor gain, it will be found that minimum gf is required when 

-
-
Re + Rin 

+ 
R T 

)1/2XL (
b 


R T 
(7-48) 

This assumes that the crystal is  operated at series resonance, Xe = O. 
The minimum gfb is then given by 

g/b(min

X2 
= 

) 
 (Xl )

+ bib - .  
RT 


2 
= --

For a first approximation, it may be desirable to neglect the reac­
tive component bib of the transistor input impedance in the gain 
equation so that 

2 (R + Re I. n•=gfb(min) R. . (7-50) - I n RT 

If 

I (7-5 1 ) gfb RT 
« 

then the error introduced by this assumption is negligible, as is often 
the case. 

If we require the crystal to operate at series resonance (Xe = 0), 
then we can design the oscillator circuit as follows by the manipula­
tion of equations (7-47), (7-48), and (7-50). 

Step 1. Calculate R T using g/b approximately one-third the actual 
of the transistor. This gives a loop gain of 3 to ensure saturation : gfb 

RT 2 .(Rin gfb)
Calculate (XL /X2 ) using the equation, 

X ( RT = - Re + Rin 

4 (Re + Rin) (7-52) 

Step 2.  
(7-53) 

Note that 



[Re (XL)+ RT (X2)] bfb 

XI 
---=---

X = 

XI = 
bib -
gib X2 XL gib 
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Step 3. Calculate XI (using bfb approximately one-third the ac­
tual bfb if one-third the actual gfb was used in step I ) : 

R T . (7-54) 

This equation must be used with judgment. If gfb < bfb and RT is 
fairly large, the calculated value of XI will be very large (small C I )' 
This results because of the assumption XI + X2 + XL = O. If the tran­
sistor phase lag is large, it may require that a considerable phase shift 
be obtained in C2 • This causes the tank to look capacitive if XI + 
X2 + XL = 0, producing even more lagging phase shift and requiring 
C I to be extremely small. It may be better to keep Ci a little larger 
and tune the tank to actual resonance (so that ZT is real). 

At low frequencies, the calculated value of XI may come out very 
small (CI extremely large) or negative. This results it the phase shift 
at the transistor input is sufficient to cancel the phase lag through 
the transistor so that no phase shift is required from the capacitive 
tap . If this occurs, it may be better to let 

Re + Rin [XL ]I - + 1 (7-5 5 )  
approximately 5 or 1 0  X2 

and tune the tank slightly capacitive. 
Step 4. Calculate X2 by 

(7-56) X2 = - I(XL /X2 )  + 

Step 5. Calculate XL by 

XL = - (XI + X2 )· (7-57 )  

I f  the parameters of the transistor are accurately known, then the 
application of equations (7-52) to (7-57) may lead to values for CI , 
C2 , L ,  and R T close to the fmal values in the optimized circuit. Since 
the equations assume linearity, they give no information concerning 
crystal drive level or output power. They predict starting conditions 
only. The power gain approach described in Chapter 3 may be useful 
when designing a grounded-base oscillator. If it is used, the transfor­
mation ratio Rfb /(Rin + Re ), should be set equal to the transform a­
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tion ratio of the tank circuit which is given by [ (Cl + C2 )/C1 ] 2 . This 
can be solved for the ratio 

1/2C2 ( RIb ) 1 . (7-58) 
_ 

Cl Rin + Re 
Regardless of which design approach is used, it  will be necessary in 

general to optimize the circuit experimentally. Therefore, a general 
discussion for the experimental approach is given here. 

Basically, there are three considerations which must be kept in 
mind in designing a grounded-base oscillator. First, the impedance 

2
transformation [ (C2 /C1 ) + 1 ] , should be approximately equal to 
the ratio RT /(Rin + Re ) for optimum gain conditions. Rin is the in­
put resistance of the transistor and is generally quite low (in the range 
from 20 to 1 00 n). Re is the crystal resistance and in the VHF range 
usually falls between 20 and 60 n. R T is the collector load resulting 
from the load resistor and the tank circuit . If high output is required, 
it is desirable to make the ratio C2/C1 fairly large. This reduces the 
crystal dissipation for a given output voltage. It also reduces the sta­
bility ; therefore, if the additional output power is not required and 
crystal dissipation is excessive, the emitter current should be reduced . 
If the emitter current is high and the ratio of C2/Cl is very large, out­
puts in excess of 50 mW can be obtained. However, outputs below 
5 mW are more common for stable oscillators. 

The second consideration in designing a grounded-base oscillator is 
the adjustment of Cl and C2 • They should be adjusted so that the 
crystal is on frequency when the tank is tuned for maximum output 
(resonance). If there is too much phase lag in the transistor, the crys­
tal will operate below series resonance. This usually can be corrected 
by decreasing C1 and C2 (the ratio C2/C1 may remain unchanged). 
The amount of phase shift that can be compensated for in this man­
ner is somewhat limited.  For this reason, the grounded-base oscillator 
is not desirable for use with complicated crystal switches above 
about 75 MHz. On occasions it may be desirable to insert a capacitor 
in series with the crystal to get the frequency up to series resonance. 

A third consideration in designing a grounded-base oscillator is 
preventing unwanted oscillations. They may occur simultaneously 
with the crystal oscillation or they may be sufficiently severe to kill 
the crystal-controlled oscillation altogether. There are generally two 
types of free-running oscillation which may occur in the grounded­
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base oscillator. The first is oscillation through the shunt capacitance 
Co of the crystal rather than through the motional arm of the crystal. 
This usually can be prevented by resonating out Co by the addition 
of an inductor across the crystal, as shown in Figure 7-20 (see section 
7 . 5 .2 below). A second source of instability is the internal feedback 
of the transistor, which may cause parasitic oscillations. (Refer to 
Chapter 6.)  These oscillations usually can be detected by a jump in 
the output voltage as the oscillator is tuned . The best remedy for such 
oscillations is to use a fairly small resistance value for R T '  Only if the 
actual load is resistive over a wide frequency range can resistor R T be 
eliminated. The importance of using some real resistance to load the 
tank for stabilization cannot be overemphasized. In some cases, it 
may be desirable to load the emitter for stabilization also, as is done 
on the oscillator of Figure 7-1 9 .  

Some transistors have a considerably greater tendency than others 
to develop parasitic oscillations. Therefore, if the problem persists, it 
may be advantageous to try several other transistor types. 

The grounded-base oscillator is sometimes used with an inductive 
tap rather than a capacitive tap for low-frequency crystals. This may 
make it easier to get the crystal down to its series resonant frequency. 
Adding a capacitor from emitter to ground also may be helpful in ac­
complishing this. Generally, the inductive tap should not be used 
above 30 MHz because it aggravates the lagging phase shift problem. 

Several practical grounded-base oscillator circuits are presented in 
Figures 7- 1 9  through 7-22.* 

7.5. 1 . 25-M Hz Grounded-Base Oscillator 

L = 0.65- 1 .5 ǉH, 1 4  turns of #28 wire close-wound on 0 .2 1 l -inch­
o.d. coil form. Slug : Carbonyl W, 1 inch long. 

CI 	has a negative temperature coefficient of 200 ppm;oC to compen­
sate for temperature changes in the oscillator circuitry. 

a. 	 Crystal :  Similar to CR-67/U. 
b. 	 Load capacitance : Series resonance. 
c. 	 Drive level : Nominally 2 mW. 
d. 	 Factors affecting frequency stability are as follows : 

l .  	Temperature coefficient of crystal : ± 0.0025 percent from 
- 5 5°C to + 1 0 5°C. 

·See footnote p. 66. 
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. ..�.el 
2 .  	Aging rate of crystal : ±O .OOOS percent/month to several 

parts in 1 08 /month, dt.;pending on crystal. See section 5 .7 .  
3 .  	Temperature coefficient of oscillator circuitry : 1 part in 

1 08; oC. 
4. 	 Voltage coefficient of oscillator : 7 parts in 1 07 for a 1 0­

percent change in supply voltage. 
e .  	Pennissible load : 4.7 kn ô RL < 00. 
r. 	 Output : el is approximately 2 V for RL = 4.7 kn. Change in 

output with temperature is approximately 3 percent from 
- 5 5°C to + I OO°C. A low impedance output may be obtained 
by using a capacitive divider in place of C2 • 

NOTE. R4 is used for stabilization and should not be included in 
the load. 

g. 	 Power input : 40 mW. 

7 .5.2. 50-MHz Grounded-Base Oscillator 

L I  = 0.92-2 . 1  }JH, 1 5  turns #28 wire close-wound on 0 .21  1 -inch-o.d. 
coil fonn. Slug : Carbonyl W, i inch long. 
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Figure 7-20. 50-MHz grounded-base oscillator: schematic diagram. 
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a. 	 Crystal : Similar to CR- 67/U. 
b. 	 Load capacitance : Series resonance . 
c. 	 Drive level: Nominally 2 mW. 
d. 	 Factors affecting frequency stability are as follows : 

1 .  	Temperature coefficient of crystal : ± 0.002S percent from 
- 5 5°C to + l OS°e. 

2. 	 Aging rate of crystal : See section 5 .7 .  
3 .  	Temperature coefficient of oscillator circuitry : I part in 

1 08/  0e. 
4. 	 Voltage coefficient of oscillator: 3 parts in 1 07 for a 1 0­

percent change in supply voltage. 
e .  	Permissible load : 4.7 kQ Õ RL < 00. 
f. 	 Output : el is approximately 7 V for a load of 4.7 kQ. Change 

in output with temperature is approximately 5 percent from 
- 5 5°C to + l OO°C. A low impedance output may be obtained 
by using a capacitive divider in place of C2 • Distortion is ap­
proximately 5 percent. 

NOTE. R4 is used for stabilization and should not be included in 
the load. 

g. 	 Power input : 85 mW. 

NOTE. L2 is chosen to be antiresonant with the Co of the crystal 
and any stray capacitance in parallel with it. 
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7.5.3. 75-M Hz Grounded-Base Oscil lator 

L l  = 0.27-0.5 2 JlH, 7 turns # 2 8  wire close-wound on 0.2 1  1-inch-o.d. 
coil form. Slug: Carbonyl E,  16 inch long. 

L2 = This inductance is chosen to be antiresonant with the Co of the 
crystal and any stray capacity in parallel with it. 

a. 	 Crystal :  Similar to CR-56A/U. 
b. 	 Load capacitance : Series resonance. 
c. 	 Drive level: Approximately 0.5 mW. 
d .  	Factors affecting frequency stability are as follows : 

1 .  	Temperature coefficient of crystal : t o.005 percent from 
- 5 5°C to + 1 0 5°C. 

2. 	 Aging rate of crystal : See section 5 .7 .  
3 .  	Temperature coefficient of  oscillator circuitry : I part in 

l Os; oC. 
4 .  	Voltage coefficient of oscillator: 8 parts in 1 0 7  for a 1 0­

percent change in supply voltage. 
e. 	 Permissible load : 3 .3 kil ô RL ô oo. 
f. 	 Output : e l  is approximately 2 volts for a load of 3 .3  kil. 

Change in output with temperature is approximately 5 percent 
from - 5 5  to + 1 00°C. A low impedance output may be obtained 
by using a capacitive divider in place of C2 • Distortion is ap­
proximately 1 0  percent. 
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NOTE. R4 is used for stabilization and should not be included in 
the load. 

g .  	Power input : 40 mW. 

7.5.4.  1 1 0-M Hz Grounded-Base Oscillator and Doubler 

L I = 0 .20-0040 IlH, 7 turns #26 wire close-wound on 0. 1 62-inch-o.d .  
coil form. Slug: Carbonyl SF,  1 inch long. 

L2 is chosen to be antiresonant with the Co of the crystal and any 
stray capacitance in parallel with it. 

L3 , C4 : Omit if transistors with a higher ft are used. 
L4 : 2 t turns # 1 8 wire, ti -inch-i .d. ,  14 inch long. 
CI has a negative temperature coefficient of 470 ppm; oC to compen­

sate for temperature changes in the inductor, L t  and in the remain­
ing oscillator circuitry. 

a .  	Crystal : Similar to CR-56A/U. 
b. 	 Load capacitance : Series resonance. 
c. 	 Drive level :  Nominally 2 mW. 
d. 	 Spurious responses : 3 : 1 or 1 20 n, whichever is greater. 
e. 	 Pin-to-pin capacitance : 4 .5  pF maximum. 
f. 	 Factors affecting frequency stability are as follows : 

1 .  Temperature 	 coefficient of crystal : ± O.OOS percent from 
- 5 5°C to +I  OSoC. 

OSC I L LATOR 	 DOU B L E R  

Figure 7-22. 1 1  0-MHz grounded-base oscillator and doubler: schematic diagram. 
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2 .  	Aging rate of crystal : See section 5 .7 .  
3 .  	Temperature coefficient o f  oscillator circuitry : 2 parts in 

l OS tC. 
4. 	Voltage coefficient of oscillator : 8 parts in 1 07 for a 1 0-

percent supply in voltage change. 
g. 	 Output : For RL = 70 n, e l  is approximately 0. 1 5-0.25 V at 

220 MHz. 

7 .S. G ATE OSCI LLATORS 

The use of logic gates in crystal oscillators is  common in systems 
where the oscillator output must drive digital hardware. These oscil­
lators are generally of lesser stability than those discussed previously 
in this chapter; however, they are very useful and a large variety of 
such oscillators have been used. Nearly all types of gate oscillators are 
prone to problems with respect to free running and spurious oscilla­
tions, and it is recommended that the oscillators be thoroughly tested 
in accordance with the procedures outlined in the following chapter 
prior to committing them to production. Several types of gate oscil­
lators which have been found to work satisfactorily in some applica­
tions are discussed in the following paragraphs. 

7 .S. 1 .  Single-Gate Oscillators 

The single-gate oscillators, particularly in the lower frequency range 
using CMOS gates, have proven to be satisfactory in many appli­
cations. The frequency stability is generally not as good as that 
obtained with the transistor oscillators discussed earlier such as the 
Pierce and Colpitts circuits. As a result, gate oscillators are usually 
not used in temperature-compensated applications or oven frequency 
standards. When a frequency stability degradation of several parts per 
million from that of the crystal can be tolerated, the use of a single­
gate oscillator is often a good choice. 

A basic low-frequency gate oscillator circuit is shown in Figure 
7-23 and consists of the gate Ui followed by a resistance R 2  to raise 
the effective output impedance of the gate. This combination of the 
gate and resistor may be thought of as replacing the transistor in a 
Pierce oscillator. Refer to Figure 7- 1 .  

http:0.15-0.25
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The gate provides the necessary gain and produces a phase shift of 
1 80 degrees. The 1I"-network, consisting of C1 , C2 , and the crystal, 
produces an additional 1 80 degrees of phase shift, thus satisfying the 
360-degree phase shift requirements for oscillation. 

The crystal looks inductive and is resonant with capacitors C1 and 
C2 • The frequency of oscillation automatically adjusts itself so that 
this is true; therefore, the combination of the crystal and C1 alone 
has a net inductive reactance at the operating frequency. 

Current 11 lags voltage e2 by 90 degrees. Voltage e 1  being devel­
oped across capacitor C1 lags current 11 by 90 degrees, making it 
1 80 degrees behind voltage e2 . Since the combination of C1 and the 
crystal is resonant with C2 , the gate, through R2 , sees a resistive load. 

This explanation is valid only at low frequencies where the gate 
produces no phase shift, and if the input impedance of the gate is 
negligible compared to the output impedance of the 11" network. In 
the more usual case some phase compensation for these effects is 
necessary and occurs at the input of the 11" network due to the pres­
ence of R 2  which then looks into a somewhat reactive load. The 
capacitors C1 and C2 are then not exactly resonant with the crystal. 
In some gate oscillators the input impedance of the gate significantly 
loads the 11" network which also reduces the maximum resistance that 
the circuit can accommodate. At low frequencies, the single gate 
oscillator can usually be designed to accept the maximum crystal 
resistance with no difficulty. A more difficult aspect of the design 
seems to be the elimination of spurious and relaxation type oscilla-

OUTPUT 
SIGNAL 

Figure 7-23. Basic low-frequency gate oscillator. 
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tion. In some cases during the design the circuit may actually fail to 
oscillate on the crystal frequency but produce relaxation type oscil­
lation at some other frequency. In other cases the circuit will oscillate 
on the crystal frequency with an envelope at another frequency 
appearing on the signal. In other cases, and this is perhaps the most 
evasive, the circuit will operate satisfactorily with a typical crystal 
but will cause spurious oscillations with a high resistance crystal or if 
the crystal is removed. These conditions should be evaluated prior to 
completing the design and if not permissible in a particular applica­
tion they must be eliminated. 

It is often rather difficult to completely eliminate the tendency 
for these free running oscillations and a great deal of component 
value modification may be necessary, as well as layout changes and 
improvements in the supply voltage bypassing. It has been found that 
in some cases that the use of a second gate for load isolation, as 
shown in Figure 7-23 may result in relaxation oscillation tendencies 
and the choice of which gate on the chip is used may have an impact 
on the performance. 

Even though the gate oscillators are plagued with these spurious 
tendencies they are widely used and have proven to be satisfactory in 
many applications. The designer must be aware of the potential 
problems and even though the circuits appear simple and straight 
forward to design, the design effort should not be terminated when 
the circuit first starts to oscillate.  

The circuit can be analyzed analytically by substituting the 
Y-parameters of the gate with the resistor R 2 on its output into the 
equations for the Pierce oscillator given in section 7.2 .  

In section 7.2 it  is  shown that for oscillation to take place, 

(7-59) 

and 

(7-60) 

where Kl and K2 are second-order corrections given by : 

Kl = -Xl (X2 + Xe )gie - X2 (Xl + Xe)goe 

-ReXl X2 (giegoe + bfebre) - bregfeXl X2 Xe (7-6 1 ) 



+ + 

y, = --

Yo 

Oscillator Circuits 103 

and 

K2 = b,e XI X2 + Xl X2 Xegiegoe - Re (XI gie + X2 goe) 
+ bre X1 X2 + breb,eXI X2 Xe - breg,eXI X2 Re ' (7-62) 

Assuming that the Y-parameters of the gate are known, we can 
determine the Y-parameters of the combination of the gate and a 
series output impedance Z. (Refer to Figure 7-24. )  

We find that 

Yi = Y l l  - I + Y 22 Z 
Y l 2 Y 22 Z  Yr = Y 12 - I + Y 22 Z  

Yo .= 

Y l2Y2 1  Z 

and 

I + Y22 Z 

(7-63 ) 
' 

(7-64) 
' 

(7-65)  

(7-66) 

If the reverse transfer admittance is negligible and Y 22 Z = Y 22 R2 > > 
I ,  then equations (7-63) through (7-66) simplify to 

YI = Y l l  (7-67) 

Yr = 0 (7-68) 

Y 2 1  
Y22 R2 

(7-69) 

I 
= - (7-70)

R2 

'1 ...... - '2Y21Y1 1  Z 

V1 V2 

Y1 2  Y22 

Figure 7-24. Gate with external output impedance. 
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We note also that the open-loop gain of a two-port is given by 

_ Yt ..!.. _ Y21 . -A = , (7-7 1 )
Yo Yn 

hence Yt == -A IR 2· The gain of a typical CMOS gate is on the order of 
20. The values used for R 2 may vary from perhaps 300 k!2 at 3 0  kHz 
to 1 0  k!2 at 300 kHz. The value of R 1 (Figure 7-23)  is usually chosen 
in the 1 0- to 20-M!2 range to bias the gate in its active region. Circuit 
values for a 200 kHz oscillator constructed by the author are listed in 
Table 7-2. 

Table 7-2. Circuit Values for Low-Frequency Gate Oscillator.* 

Frequency c. 
(kHz) Gate type (pF) 

200.0 4049 22 12 120 24 

*See footnote p. 66. 

The 200-kHz circuit uses a 20-pF crystal. The voltage coefficient 
for this circuit was in the order of 3 pp 1 07 per percent of supply volt­
age change. The gate pulls the frequency approximately 7 pp 1 08 1°C. 
Power supply current including the buffer is 1 .7 rnA from a 5-V supply. 

At higher frequencies, above approximately 1 MHz, the circuit of 
Figure 7-23 is not entirely satisfactory because of lagging phase shift 
in the gate, and it is necessary to replace resistor R2 with a capacitor 
C3 , as shown in Figure 7-25 .  Equations (7-59) and (7-60) may still be 
used to analyze the circuit ; however, equations (7-63) through (7-66) 
should be used to determine the Y-parameters of the gate with capac­
itor C3 on the output. Z in this case is -jlwC3 • It should be noted 
that in the derivation of the equations for the Pierce oscillator, it was 

assumed that the input and output susceptances of the transistor 
were lumped into C1 and C2 so that bie and boe do not appear in 
the equations for oscillation. Here also bie lw should be added to 

C. ;  boe lw to Cz . 
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Figure 7-2 S .  2.S-MHz gate oscillator. 

The circuit shown in Figure 7-25 uses a 3 2-pF parallel resonant 
crystal. 

The voltage coefficient of the oscillator is on the order of 6 parts 
in 1 08 /percent of supply voltage change. The voltage coefficient is 
somewhat dependent on the value of C3 which should not be made 
smaller than perhaps 20 pF. The current drawn by the circuit is 
6.5 rnA from a 1 0-V supply or 1 .5 rnA from 6 V dc. The voltage at 
the gate output is 1 0  V peak to peak for 1 0  V supply and 6- 1 0  V 
peak to peak at the gate input, depending on the crystal resistance. 
The gate pulls the frequency approximately 5 parts in 1 08 rc. * 

For frequencies higher than a few MHz, it is necessary to use TTL 
gates for satisfactory operation. Unfortunately the large resistor R 1 
is not adequate to bias a TTL gate into the active region. Low values 
of R 1 produce a considerable signal feedback and reduce the gain to 
an unacceptable level . The arrangement shown in Figure 7-26 is rea­
sonably acceptable, however, there may be some tendency for free 
running and relaxation oscillation, which is a function of the gate 
and the circuit layout. The designer should particularly watch for 
these if he elects to use this type of circuit . 

For the circuit of Figure 7-26, the gate pulls the frequency of the 
crystal less than 1 ppm over the temperature range from - 40°C­

·See footnote p. 66. 
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+65°C. This should be added to the basic crystal frequency tolerance, 
which is usually 2 5-50 ppm, depending on the crystal used. 

The voltage coefficient was found to be 2- 1 0  parts in 1 07 for a 20­
percent supply voltage change.* 

If the circuit is used at lower frequencies, C1 , C2 , and C3 should 
be increased to ensure operation on the fundamental mode of the 
crystal. A series capacitor can then be used with the crystal to tune it 
to frequency. Since this circuit is quite prone to free-running oscilla­
tion, particularly with small values of C1 , it should be thoroughly 
tested with maximum-resistance crystals and limit-of-tolerance parts. 

7.6.2. Multiple-Gate Oscillators 

Multiple-gate oscillators, usually using two gates, are less stable than 
single-gate oscillators and are also prone to oscillation on the wrong 
mode if improperly designed . They have nevertheless been widely 
used , perhaps because of their (theoretically, at least) minimum num­
ber of external components. A dual-gate oscillator which has been 
found to work satisfactorily in some applications (see Figure 7-27) 
uses a series resonant crystal . It can be used up to about 20 MHz with 
TTL gates. In many applications this oscillator has been used without 
the series resonant circuit consisting of L 1 and C2 between the two 
gates. The inductor L 1 is simply omitted and C2 is replaced by a by­
pass capacitor. The series resonant circuit contributes nothing at 

"'See footnote p. 66. 
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OUTPUT 
SIGNAL 

Figure 7-27. Basic dual-gate oscillator circuit. 

the desired frequency of oscillation ; rather, it provides protection 
against oscillation on the wrong mode. In some applications, particu­
larly at low frequencies, R 3  and CI have been successfully omitted as 
well. 

The two gates, V-A and V-B, are biased into the active region by 
resistors R I and R2 to provide an amplifier with a gain A at a phase 
angle of approximately 360 degrees. 

The feedback network is composed of the crystal, represented by 
an impedance (Re + jXe ) , R 3 , and C1 • At low frequencies the ampli­
fier presents no phase shift, and CI is not required to correct for lag­
ging phase shift in the gates. R 3  may be used to stabilize the input 
impedance of V-A and generally to present a lower resistance into 
which the crystal may work. 

The oscillator may be analyzed by the use of equation (3-1 ) 
(Chapter 3)  if the amplifier is represented by its Y-parameters and 
the feedback network by its Z-parameters . The Z-parameters may be 
written from inspection and are : 

Zl 1 = (Re + R 3 ) + jXe (7-72) 


ZI2 = Z21 = R 3  (7-73) 


Z22 = R 3  + jXc l (7-74) 


where XC I = - 1 /wCI . (7-75)  

Also defming t1Z = Zl 1 Z22 - Z12 Z21 , we have (7-76) 


(7-77) 



g22R 3 )
. 

-b21 R 3 ::: ------Ȳ=-ȳ-----
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The analysis may be considerably simplified by assuming that the 
input and output admittances of the amplifier are real and that the 
reverse transfer admittance is negligible . Then Y 1 1  = g 1 1  , Y 12 = 0,  

Y 21 = g21 + jb21 , and Y 22 = g22 ' Also defining ..:ly = Y l l Y 22 - Y 12Y21 , 
we have ..:ly = g l l g22 ' 

The general equation for oscillation given in Chapter 3 requires 
that : 

Y21 Z21 + Y l l Z22 + Y22Z11  + Y 12 Z12 + ..:ly..:lZ + 1 ::: O. (7-78) 

Substituting the values for this oscillator, we have 

(g21 + jb21 )R 3 + g l l  (R 3 + jXC 1 ) + g22 [(Re + R 3) + jXe ] 

+g l lg22 (R 3 Re - XeXC1 ) +jg l l g22 (R 3 Xe +ReXCI +R 3 XC 1 ) + 1 ::: 0. 

(7-79) 

The imaginary part of the equation is given by 

g22 ( 1 + gl 1  R 3 ) 

The value of XC I required to operate the crystal at series resonance 
is found by setting X e ::: 0 and solving for XC I . 

(7 -8 1 )  
g l l  [ 1 + g22 (Re + R 3 ) ] 

In  the low-frequency case, when b2 1  = 0 ,  we see that XC I ::: 0 and 
R 3 is unnecessary. If b21  is not zero, we see that since the product 
R 3 b21 occurs in equation (7-80) , smaller values of R 3 result in a more 
stable oscillator so long as the crystal drive level is not excessive. 

At higher frequencies the required value of C1 may be quite 
small, and this may lead to unstable operation because of other 
potential modes of operation. It may therefore be desirable to 
place a 20- to 30-pF capacitor directly in series with the crystal to 
bring it up to frequency rather than to make C 1 too small. 

Referring now to equation (7-79), we see that the real terms re­
sult in the equation 

Xe ::: -b21 R 3 - XC 1g 1 1  ( 1 + g22Re + 
(7-80) 

XC I 
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Now representing the open-loop voltage gain of the amplifier by 
A = -g21 /g22 and assuming that C1 is adjusted so that crystal re­
actance Xe = 0, we have 

(7-83) 

for oscillation to start. 
A few comments may be appropriate regarding the Y-parameters 

of the two gates in cascade. It is desirable simply to measure the 
admittance parameters of the amplifier. If, however, the Y-parameters 
of the individual gates are known, then it can be shown that the 
presence of a biasing (feedback) resistor modifies the Y-parameters 
according to the following relationships :  

Y 12 = Yr -R';I 

I I 
Y 21 = Yf -R';' Y 22 = Yo + R'; , 

where Yj,  Yn Yf, and Yo are the Y-parameters of an individual gate. 
It can also be shown that placing two gates in cascade results in a 
final set of Y-parameters : 

Y 12aY21 a (7-84) 

Y 12 

Y l l  = Y l la - Y l lb + Y 22a 
Y 12aY 12b 

= - Y l lb + Y 22a 
Y21aY 21 b 

= - Y l la + Y 22b  
Y 12b Y 21b - Y J lb + Y 22a 

(7-85) 

Y 21 (7-86) 

Y 2 2  = Y 22b (7-87) 

As a practical matter, it may be satisfactory to experimentally 
optimize component values from typical gate oscillators in the same 
frequency range. Table 7-3 gives typical values for the components of 
gate oscillators at 7 MHz, 9 MHz, and 20 MHz. 

As noted earlier, the frequency stability of the dual-gate oscillators 
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Table 7-3. Typical Values for Dual-Gate Oscillator.* 
(See circuit diagram of Figure 7-27) 

Frequency Gate R .  Rz R 3  C. Cz L .  
(MHz) type (kn) (len) (n) (pF) (pF) (j.!H) 

7 54LS04 1 3.9 none none 1 000 none 

9 5404 0.680 0.680 1 00 470 20 1 5  

20 54LS04 0.680 2.2 1 00 1 00 10 1 2  

"'See footnote p. 66. 

is poor compared to the oscillators discussed previously. For the 20-
MHz oscillator, typical gates pull the crystal about 5 ppm over a 70°C 
temperature range. This varies greatly from gate to gate and may be 
as high as 50 ppm. The frequency of the test oscillator also changed 
from 1 to 3 ppm for a O. l -V supply voltage variation, which is about 
2 orders of magnitude worse than for the single-gate circuit of 
Figure 7-26. 

The 20-MHz crystal operates about 500 Hz below series resonance, 
which can be corrected by placing a 27-pF capacitor in series with it. 
The frequency can also be raised by making C. = 27 pF ; however, 
with this value of C 1 ,  the circuit is bordering on instability and 
must be carefully checked in the final mechanical configuration. 

The voltage coefficient of the 7-MHz dual-gate circuit was found 
to be 4.6 ppm for a O. l -V supply voltage change. The crystal operates 
about 2 kHz below series resonance. 

It should be noted that the dual-gate oscillators, like the single­
gate units, are prone to free-running oscillations, particularly if the 
crystal is not present ; this must be considered in making the choice 
to use a gate oscillator. 

Performance of the 9-MHz oscillator is much the same as that of 
the 20-MHz circuit. If a 54LS04 is used, the waveform is slightly 
improved by increasing R 2  to 2 .2  kn. 

7.7. INTEGR ATE D- CIRCUIT OSCILLATOR S 

A large number of integrated circuits (les) are available which can 
be used as crystal oscillators or which include a crystal oscillator. 
The information presented here regarding these circuits is related 
both to the design and the application of the devices, although it 
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is somewhat slanted toward the application. Many existing les re­
quire only the attachment of an external crystal, while some re­
quire other components as well. The circuits at the time of this 
writing tend to fall into three categories. The first provides a single 
bipolar or field effect transistor to which the external crystal and 
feedback network can be attached. For this class of circuits the 
design equations developed for transistor oscillators earlier in the 
section are directly applicable, and the frequency stability is gen­
erally quite good. 

A second class of circuits, often using MOS technology, provide 
a gate which can be used as a crystal oscillator. The design tech­
niques developed in section 7.6 for gate oscillators are then directly 
applicable and the frequency stability is generally equivalent to that 
of oscillators using discrete gates of the same type. 

The third class of circuits is designed with a multistage amplifier 
on the chip and the external crystal either closes the feedback path 
from the amplifier output to its input or it serves as a frequency­
selective bypass at some point in the amplifier. Many of these circuits 
are used as clock drivers for microprocessors (or on microprocessors) , 
as frequency synthesizers, modems, TV circuits, phase-locked loops, 
and the like. As might be expected, the frequency stability varies 
greatly with the design, and while some are good, others are very 
poor indeed. 

Because of the large number of circuits being introduced and/or 
available, a detailed treatment of specific circuits is impractical. A 
number of general comments and principles apply, however, which 
are helpful. It should be obvious that in most cases the application 
of sound design principles will result in an oscillator of increased 
stability at essentially no diffǼrence in cost from a poorly designed 
circuit and may make the product more useful. For example , a micro­
processor may use a crystal to stabilize the clock frequency on the 
chip. A frequency error of 1 percent may be almost inconsequential 
with respect to operation of the processor; however, if the oscillator 
is designed well, the inherent stability may be ±O.002S percent or 
better. The clock can then be used as the reference oscillator to con­
trol the carrier of a radio transmitter, the time base for a digital 
clock, or some other function as required. In such equipments the 
applications engineer may wish to examine the stability of several 
circuits to find a suitable unit for his purpose. 
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Since a considerable variety of amplifier configurations is possible 
on a chip, no attempt is made here to analyze specific circuits. An 
analytic treatment is developed based on the tenninal parameters 
of the circuits. Several general comments can also be made regarding 
the design of multistage integrated oscillators. Since an oscillator 
is sensitive to both the amplitude and phase of the amplifier, cir­
cuits with a considerable amount of phase shift will cause the crystal 
to operate well below (or in some cases above) series resonance . To 
operate on frequency the oscillator must be designed to require the 
same reactance for which the crystal was calibrated when manu­
factured (see Chapter 5) .  This can be detennined by measuring the 
frequency of the crystal at series resonance (see Chapter 5) ,  or the 
desired load point, and adjusting the oscillator components to 
obtain that frequency. If the phase shift is not too severe a series 
capacitor can often be used to raise the crystal frequency. Very 
small values of capacitance may indicate that the amplifier is un­
suitable, and may also result in a tendency for the oscillator to 
free-run through the Co of the crystal (see Chapter 5) rather than 
at the piezoelectric resonance. If sufficient gain and phase shift 
are present, free running may take place through Co even though 
no external capacitor is used. 

It should be noted that the crystal can oscillate on odd mechani­
cal overtones as well as on the fundamental frequency. If the gain is 
higher at the overtone frequency than on the fundamental, and if 
no tuned circuit is used, oscillation on the overtone will result. 
Conversely, if operation on an overtone is desired, it will in gen­
eral be necessary to provide a tuned circuit which limits the region 
of gain to the vicinity of the desired overtone. 

If the oscillator being designed may be operated over a large range 
of frequencies, it is important to check it at all frequencies in the 
band to ensure, first, that oscillation will always occur, and secondly, 
that free-running oscillations will not occur. A 20-MHz crystal may 
have a resistance of 1 0-20 !2, while a 1 00-kHz crystal may have a 
1 00-k!2 series resistance. It does not follow that oscillation at 20 
MHz guarantees oscillation with a 1 00 kHz crystal as well. 

Extensional and flexural mode crystals in the low-frequency 
region may have active spurious responses near the desired response. 
Excess gain in the oscillator may in some cases result in oscillation 
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on these spurious modes rather than on the desired frequency. 
When the circuit is turned on, oscillation builds up on all frequencies 
for which the phase requirement of 360 degrees occurs and the gain 
is greater than unity . The mode reaching the saturation amplitude 
first or having the most gain generally will survive and suppress the 
others (although it is possible to sustain multiple oscillations in some 
oscillators with high gain). The circuit should be carefully examined 
under as many conditions as possible to ensure that spurious oscil­
lations will not occur. It is also good practice to check the frequency 
over the required temperature range as well as the frequency change 
due to supply voltage variation and load changes. The frequency 
drift over temperature caused by the IC can be determined approxi­
mately by connecting the crystal to the oscillator with the crystal 
external to the temperature chamber. A high-impedance balanced 
transmission line may be suitable for the connection. In some cases 
it may be necessary to use a small blower on the crystal to prevent 
temperature changes resulting from thermal conduction in the trans­
mission line. A more accurate procedure is to measure the crystal 
temperature coefficient with a CI meter, Vector Voltmeter test set, 
or bridge, and subtract the crystal frequency drift from the total 
temperature coefficient. In a good oscillator the frequency change 
caused by the active circuit will be insignificant compared to that 
caused by the crystal. 

While it is desirable in the design of integrated-circuit oscillators 
to use a set of analytic tools, the detailed equations for oscillation 
are generally too complex to be usefu1. Two approaches are pre­
sented here based on the terminal parameters of the integrated 
circuit. In those circuits where the crystal acts as a frequency selec­
tive bypass in the amplifier which is internally crosscoupled, it may 
be convenient to think of the circuit as a negative-resistance element 
in series with an inductance. An approximate equivalent circuit is 
shown in Figure 7-28 .  A series compensating capacitor C is shown 
in series with the crysta1. For on-frequency operation with a series 
resonant crystal, C should be resonant with Lo  at the nominal fre­
quency of the crysta1. The resistance Rn is a negative value and must 
be larger in magnitude than the equivalent resistance of the crystal 
for oscillation to take place. 

It is possible to determine the magnitude of Rn in several ways. 
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Figure 7-28. Negative-resistance oscillator with series compensating capacitor. 

Perhaps the most obvious is to place a crystal between the appropri­
ate tenninals of the Ie and add series resistance until oscillation will 
no longer occur. The magnitude of the negative resistance is then 
given by the sum of the crystal resistance and the additional series 
resistance. The magnitude of the oscillator inductance can be found 
by noting the difference between the frequency of oscillation and 
the series resonant frequency of the crystal (without C or the series 
resistance) and ca1culating* 

(7-88) 

It can also be found experimentally by selecting C to obtain the 
series resonant frequency of the crystal. Then 

I 
(7-89)Lo (2rrls)2 C '  

Since the equivalent inductance will in general vary as a function 
of frequency it should be computed near the nominal frequency of 
the crystal to be used. 

It is desirable to minimize the equivalent inductance of an oscil­
lator for several reasons. First, the equivalent inductance will change 
with temperature and supply voltage, causing the oscillator frequency 
to drift. Secondly, it may result in free-running oscillations through 
the Co of the crystal. 

The equivalent inductance is a result of phase shift in the amplifier 
and can be minimized in the design by using as few stages as possible 

·See Figure 5-1 for defmition of terms. 

1Lo = 
2 ( C1 )(2rrls) 2 !!.flf - Co 
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and by increasing the bandwidth of the amplifier. The negative re­
sistance will, of course, be a function of the gain of the amplifier and 
the impedance level where the crystal is placed. 

In general the circuit may have a negative impedance character­
istic such as that shown in Figure 7-29. The negative-resistance re­
gion is restricted to a portion of the voltage current characteristic. 
As oscillation builds up, the voltage swings beyond the negative­
resistance region and the equivalent resistance becomes less negative. 
Finally at saturation (or equilibrium if AGe is used) the equivalent 
negative resistance equals the positive resistance of the crystal. It 
can be shown 1 3  that the crystal current builds up according to the 
equation: 

i(t) = Ke-at sin (wt + 8) (7-90) 
where 

a = (R . + Rn )/2L ,  and 

w = - a 2 • 

Here L is the sum of the crystal inductance and Lo . Co was neglected 
in the analysis. So long as Rn is negative and larger than R .  , the 
amplitude continues to build up. Finally when R 1 = -Rn an equilib­
rium condition is reached. Equation (7-90) also shows that the fre­
quency of oscillation is lowest initially and increases slightly as the 
circuit stabilizes. 

Test data on several les of the crosscoupled type shows a wide 
variation in equivalent inductance, from approximately 1 -2 J.l.H to 
greater than 250 J.l.H over the frequency range from 1 to 20 MHz. 
Therefore, while some les operate with the crystal near series reso­
nance, others operated as much as 1 percent low in frequency. 

e 

Figure 7-29. Negative-resistance characteristic of oscillator. 
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Some manufacturers provide excellent data sheets which not 
only characterize the equivalent circuit but also provide data on 
the environmental stability, and in some cases on the noise level 
as well. Others provide little more than a pin connection diagram 
showing where to connect the crystal. To achieve maximum versa­
tility of the product, designers are encouraged to provide complete 
information on their oscillators. Conversely , if such information is 
not provided, the applications engineer should run complete tests 
on an IC prior to committing the circuit to production, particularly 
if a frequency stability approaching that of the crystal is required. 
Typical temperature coefficients for the better ICs of the cross­
coupled type are 1 0- 1 5  parts in I Os;oC exclusive of the crystal 
temperature change. 

As indicated earlier, a number of ICs use an amplifier on the chip 
and connect an external crystal between the output and input of the 
amplifier. While these circuits can be thought of as negative-resistance 
oscillators, it may be desirable to analyze them as amplifiers with a 
feedback network composed solely of the crystal. Such a circuit is 
shown in Figure 7-30. Here as before, the Y-parameters are used for 
the amplifier. From the defmition of these parameters (see Appendix 
A) we may write the equations :  

I = Y l l V + Y I2 V' (7 -9 1 )  

-I = Y 2 1  V + Y 22 V' .  (7-92) 

We also not that 

(7-93) 

Solving the simultaneous equations for V gives : 

1 °  
-Y 12 
-Y 22 -

I 
I

I w  - I  Re + jXeV =  -Y 1 1  -Y 1 2 1 

-Y21 -Y22 - 1  
- I  Re + jXe 

Since the numerator is zero, V will be zero unless the denominator is 
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+ 
v 

Yl l  Y'2 

Y2' Y22 

--=!.- R, + jX, 
+ 
v' -

Figure 7-30. Integrated circuit with external crystal. 

also zero. The conditions for oscillation may then be found by 
equating the determinant in the denominator to zero, which gives 

(7-94) 


where 

L Y = Y l l  + Y 12 + Y21 + Y22 , and 

ǽY = Y l l Y 22 - Y 12Y22 

I f  there is no phase shift in the amplifier, the Y-parameters are real 
and from equation (7-94) we see that the imaginary part is satisfied 
by the condition Xe = 0, which is the desired operating point for a 
series resonant crystal. 

Unfortunately, a multistage amplifier tends to have considerable 
phase shift, and the crystal normally operates below series reso­
nance where Xe is negative. If the phase shift is not too severe , the 
frequency can be brought up to series resonance by placing a capac­
itor in series with it. (A note of caution here is that small capaci­
tors, approaching the value of the holder capacitance Co , may lead 
to free-running oscillations above the crystal frequency.) 

An amplifier which has a considerable amount of phase shift at 
the operating frequency is undesirable from another consideration. 
The phase shift of any amplifier tends to change with temperature 
and voltage. An amplifier with a large phase shift will therefore also 
have a large phase change with temperature and supply voltage 
variation. The phase changes result in a change in frequency so that 
the crystal reactance makes up for the phase difference. The crystal 
reactance changes rapidly with frequency ; however, variations of 
hundreds of parts per million can result particularly if the phase 
correction being made by the crystal is already approaching 90 
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degrees. It is apparent, therefore, that the fewer stages in the am­
plifier, provided the gain requirement can be met, the more stable 
the oscillator will be. Indeed the circuits using a single transistor 
with two external feedback capacitors in a 1T network with the 
crystal tend to make the best oscillators . 

It is possible to plot equation (7-94) in two parts and in some 
cases obtain a better understanding of the crystal reactance re­
quired for oscillation. If a Smith chart is used the curve given by 

Z = -L y/t1y

can first be plotted at the nominal crystal frequency as a function 
of input amplitude. A second curve representing Re + jXe for the 
crystal as a function of frequency can then be added and the inter­
section represents the frequency and amplitude of oscillation. 

The oscillator is not limited to operation in the resonant region 
of the crystal, and a search can also be made for spurious oscilla­
tions. This can be done by plotting 1m Z as a function of frequency 
on a rectangular graph along with Xe , which will be a plot of Co , 
the holder capacitance, except near piezoelectric resonances. Any 
intersection of the two reactance curves where Re Z is greater than 
Re represents a potential frequency of oscillation and should be 
searched for during testing of the circuit. 

A very serious problem may arise in using the Y-parameters here 
as equivalent admittances as a function of amplitude, particularly 
if the output stage of the amplifier performs the limiting function. 
Since the Y-parameters are measured with the input/output short­
circuited, the real limiter will then not be measured. Under these 
conditions, the oscillator output voltage will normally be close to 
the peak-to-peak swing of the output amplifier. 

Chapter 8 deals with tests which should be performed on any 
oscillator prior to committing it to production. Although some of 
the material presented here is duplicated in Chapter 8 it is felt 
that the designer or user of an integrated-circuit oscillator should 
be familiar with the tests recommended. 


