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TRANSISTOR OSCILLATORS EMPLOYING PIEZOELECTRIC 
CERAMIC FEEDBACK NETWORKS* 

C. E. Land 
Sandia Laboratory 

Albuquerque, New Mexico 

Summary 

A class of basic admittance-type oscillator 
circuits, each consisting of a transistor, two re
sistors and a ferroelectric ceramic feedback net
work is described. The feedback network is a 
ceramic bar or disk resonator having either three 
or four electrodes. The conventional three elec
trode configurations constitute two port rlistrib
uted parameter networks which are used in fixed 
frequency oscillators. Nuvel four electrode con
figurations comprising three port networks are 
employed to achieve variable frequency operation. 
The transmission characteristics for two of the 
three ports are strongly dependent upon the ter
mination of the third (modulation) port. Frequen
cy modulation is, therefore, effected by varying 
the termination at the modulation port. For both 
two-port and three-port feedback networks the 
transmission charact~ristics and, hence, the fre
quency determining properties depend upon the 
state of polarization of the ceramic under each 
electrode. 

Matrix analysis of the complete equivalent 
circuit of each ceramic feedback network yields a 
simplified pi network distributed parameter 
equivalent circuit. This analytical technique is 
illustrated for two port resonant bar structures. 
A method of measuring the transmission matrix 
elements and using these to determine values of 
the lumped par.ameter equivalent circuit compo
nents of both bar and disk resonators is de
scribed.. Finally, typical characteristics of 
oscillators employing both bar and disk feedback 
structures are included. 

Introduction 

Piezoelectric crystals have long been used 
for the control of oscillator frequencies. 1

•
2

•
3 Os

cillator circuits in common use employ two
terminal crystal resonators in the feedback 
circuits to control the frequencies of oscillation. 

* This work was supported by.the United 
States Atomic Energy Commission. Reproduction 
in whole or in part is permitted for· any purpose 
of the U. S. Government. 
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This paper describes a technique of using a two
or three-port ferroelectric ceramic resonant 
structure as an integrated oscillator feedback 
network. .Some of the advantages of an oscillator 
circuit employing this type of feedback network 
are: 

1. The monolithic ceramic fP.P.rlhack struc
ture eliminates all lumped circuit components in 
the .feedback network. This greatly reduces the 
physical size of the conventional transistor oscil
lator and makes completely integrated oscillator 
circuits entirely feasible. 

2. The ceramic feedback structure is not 
affected by external magnetic fields, which elimi
nates shielding requirements. 

3. The oscillator can be designed to oper
ate near any one of the fundamental resonance 
modes of the feedback structure. This makes 
possible the ueoign of oscillators which operate 
at any desired frequency in the range from one 
kilocycle to 100 megacycles. 

4. The frequency of a given oscillator can 
be varied by either changing the termination at 
one of the feedback network ports or by switching 
the polarization of the ceramic in certain regions 
of the monolithic structure. This eliminates the 
necessity of changing the physical dimensions of 
the structure to achieve frequency trimming, ·and, 
in addition, permits frequency modulation of the 
oscillator by a number of simple methods. 

This paper describes the basic oscillator, 
equivalent circuits of the feedback networks, a 
method of measuring the. equivalent circuit com
ponents, the criteria of ·oscillation, and charac
teristics of both fixed frequency and variable 
frequency oscillators. 

Description 

Physical configurations of typical-feedback 
network structur~s are shown in Figure 1 (two
port networks) and Figure 2 (three-port networks). 
The arrows indicate the directions of polarization 
in the areas under the electrodes. In order to 
achieve the required 180° phase shift in the 



feedback network for the fundamental contour ex
tensional modes, the ceramic under the .. input 
electrode must be polarized in a direction oppo
site to that under the output electrode. The sim
plest oscillator circuits designed to use these 
feedback networks are illustrated in Figure 3 
(fixed frequency oscillators) and Figure 4 (vari
able frequency oscillators). The frequency range 
for oscillators employing feedback networks of 
the types. shown in Figures 1 and 2 is 50 kilo~ 
cycles to 1. 5 megacycles for contour extensional 
modes of vibration and 0. 5 megacycle to 100 
megacycles for thickness mode vibrators. For a 
given configuration of feedback structure the os
cillator- ~::~.n be adjusted to operate near any one 
of the fundamental resonance frequencies. For 
example, using the long thin bar configurations of 
H'ignr-Ps 1 A Ft.nd 2A, th~ oscillator can be made to 
operate at a frequency corresponding to the length 
extensional resonance, the width extensional res
oance or the thickness resonance. It was found 
also that the oscillator would operate at a fre
quenc:-y r.or-rP.sponding to the length extensional 
mode of the input segment, i.e .• that portion of 
the bar covered by the input electrode. 

A recent significant development which will 
assure practical designs of completely integrated 
oscillators capable of operating in the high fre
quency thickness mode of the feedback structure 
is illustrated in Figure 5. Newell

4
'

5 
has demon

strated that a piezoelectric resonant structure 
can be solidly mounted to a substrate without de
stroying the Q of the thickness mode by isolating 
the resonator from the substrate by one or more 
quarter wavelength acoustical layers as shown in 
Figure 5. It is worthwhile to note that this meth
od of mounting effectively suppresses the contour 
extensional modes of thin resonant structures and 
additionally provides stable mechanical support 
for the resonator. For a completely integrated 
oscillator. the transistor. resistors and coupling 
capacitor can be deposited on the same substrate 
as the feedback structure. 

Oscillators can be designed to operate in the 
frequency range between one kilocycle and 50 kilo
cycles by using one of the split-ring configura
tions of feedback structure shown ln Figure 6. 
This type of low frequency resonant structure was 
described recently by Curran and Gerber. 6 * 

The variable frequency oscillators shown in 
Figure 4 can be frequency modulated by terminat-

* The frequency of oscillation of a circuit 
using a split-ring resonator should be slightly 
higher than the nominal resonant frequency of the 
resonator. 

.ing port 3 (see Figure 2) in a variable resistance 
or variable capacitance as indicated in Figures 7 
and 8, respectively. The oscillator frequency 
may also be varied by switching the polarization 
of the ceramic under the modulation electrode 
(port 3). 

7 
Figure 9 illustrates the effect of vary

ing the polarization at port 3. The maximum fre
quency range available at any particular polari
zation state is given by the difference between the 
frequencies corresponding to port 3 being first 
open circuited (OC) and then short circuited (SC). 
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Although the modulation frequency ranges 
reported in this paper are narrow ( 1. 1 percent 
for the bar and 2. 2 percent for the disk). it 
ohould be noted that these ranges can be increaserl 
considerably by optimizing the design of the fP.ed
back network. This can be accomplished for the 
disk structure by simply wltlt"ulug u .. : ;.:.:..:.dulE>.tion 
ring, thereby increasing the area of ceramic 
under the modulation electrode (port 3). Another 
method by which the effective percentage frequen
cy deviation may be increaoed is by use. of the 
heterodyne, or down converter t.:ln::uit, shown in 
Figure 10. This scheme requires, in addition to 
the variable frequency oscillator. a fixed frequen
cy oscillator anrl a ceramic mixer. The configu
ration of the mixer is similar to that illustrated 
in Figure 2B. 

A practical means of frequency modulating 
the oscillator is to connect a transistor across 
the terminals of port 3. Variations of the resis
tive termination of port 3 are then effected by 
varying the base current of the modulator tran
sistor .. A voltage variable capacitor may be em
ployed in a similar manner to vary the capacitive 
termination at port 3 and, hence, produce fre
quency modulation. 

Theory 

A matrix approach to the analysis of feed
baek oscillators has been described by Cote.8

•
9 

This method of analysis is used here to derive 
expressions which describe the conditions which 
must be satisfied by the circuits of Figures 3 and 
4 before oscillation can occur. The criteria for 
oscillation anrl the oscillator frequency are then 
expressed in terms of the transistor parameters 
and the small-signal response characteristics of 
the ceramic feedback network. 

The transistor oscillator circuits of Figures 
3 and 4 can each be represented, neglecting the 
modulation port of the feedback network, the base 
bias resistor R 8 , and the output coupling capaci
tor. by the generalized block diagram shown in 
Figure 11. Figure 11 shows the oscillator repre
sented by a two-port network with input and output 



ports open circuited. The oscillator two-port 
consists of two parallel connected two-ports, one 
containing the active element and the other the 
passive feedback network. The oscillator two
port is described by the following equation 

yl2] 
y22 [::] ( 1) 

where Yij = YAij+ YFij• [YA] is the admittance 
matrix of the active (transistor) two-port and 
[Yp] is the admittance matrix of the passive feed
back two-port. Since the ceramic feedback net
works are both passive and reciprocal, they can 
be represented by an admittance matrix of the 
form 

( 2) 

The transistor can be represented by an admit
tance matrix in terms of its h parameters14 as 
follows 

1 -h12 

[YA] 

hll ~ 
( 3) 

h21 I hi 
h11 ~ 

For the purpose of this analysis, the tran
sistor is considered to be unilateral, i.e., 
h 12 = 0, then the matrix becomes 

1 
0 

~ 
0 

1e 
(4) 

hfe 
h 

~ oe 
1e 

. In equation (1) the quantities I 1 and I 2 are 
current generators driving the oscillator two
port. In a stable circuit the values of V 1 and V2 
would be zero if I 1 and I 2 were zero. However, 
in an oscillator v1 and v2 exist without the 
presence of driving generators, hence I 1 and I 2 
are simply replaced by their internal admittances, 
which are zero, for the purpose of this analysis. 
In order to obtain a nontrivial solution for V1 and 
V2 with I 1 and I2 equal to zero, the determinant 
of the admittance matrix must be identically zero, 
i.e. 

= 0 ( 5) 
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Although the matrix elements of the tran
sistor network are considered to be real, the 
matrix elements of the feedback network must be 
predominantly imaginary, thus making the oscil
lator matrix elements complex. 

Y .. =G .. +jB .. 
1J 1J 1J 

Equation (5) can be rewritten as 

or 

[

G11 + jBll G12 + jBl;] _ O 

G21 + jB21 G22 + jB22 

(Gll + jBll )(G22 + jB22) .-

- (G12 + jB12)(G21 + jB21) = O 

( 6) 

( 7) 

(8) 

Both the real and imaginary terms of (8) must be 
equal to zero, hence 

(Gll G22- G12G21) 
(9) 

- (Bll B22 - B12 B21) = 0 

and 

(Gil B22 + G22 Bll) 
( 10) 

- (G12 B21 + G21 B12) = 0 

Equations (9) and (10) determine the conditions for 
osc11lation and the oscillator frequencies for ad
mittance-type oscillators. 

Since the ceramic feedback networks are 
both passive and reciprocal, they may be repre
sented by the general pi network equivalent cir
cuit of Figure 12. The admittance matrix for the 
pi network is given by 

( 11) 

The equivalent circuit parameters Y1 , Y2 , 
and Y3 can be evaluated by a lengthy derivation 
making use of the dielectric, elastic and piezo
electric properties of the material, and the feed
back structure geometry.10 This technique is 
illustrated for the symmetrical two-port bar in 
Appendix A. Y1 , Y2, ·and Y3 can also be evalu
ated by measuring open circuit and short circuit 
impedances 11 

'
12'13 or admittances at the input 

and output ports of the feedback network. A 
method for evaluating the equivalent circuit pa
rameters using admittance measurements is de
rived in Appendix B. 

When the feedback network is represented 
by the equivalent circuit of Figure 12, it can be 

J,'"-

:i .. 
., 

.. : 
.I:. .. 
~ ; 

' 
.:.:: ; 



shown 8
•

9
_ that a necessary condition for oscil

lation is that the susceptive component of Y3 
must be opposite in sign to the susceptive compo
nents of Y 1 and Y 2 . It can also be shown 9 that 
oscillation occurs near the frequency at which 

where Y i = G i + jBi. 

In other words, oscillation occurs near the 
frequency where the susceptive component of Y3 
is -parallel resonant with the susceptive compo
nent of the series combination of Y1 and Y2 . 
This has heen verified by measurements on all 
four types of feedback structures shown iu Fig
•.!rM; 1 ;mrl 2. 

A characteristic common to all of the feed
back structures shown in Figures 1 and 2 is that 
both Yi and Y:.~ ar"'; prP.ciominantly capacitive. 
Th"' prP.rlominant capacitive component of Y 1 and 
y 2 is generally designated coi' where i is 1 or 
2, and it is defined, for the configurations in 
Figures 1 and 2, as 

T 
where E33 is the free dielectric constant of the 
ceramic, km is the resonance mode electrome
chanical coupling factor, and ai /t is the ratio of 
the ith electrode area to the thickness t of the 
cera.mic. Since Y1 and Y2 are capacitive, Y

3 
must be inductive at the oscillator frequency. 
Therefore, the oscillator frequency is always 
higher than the series resonance of the L and C 
oompon.,.nts of Y 3 (see Figure 18). Since these 
observations are true, in general, for all feed
back network configurations, it may be concluded 
that, at the oscillator frequency_. the ceramic 
feedback network can always be represented by 
the simplified equivalent circuit of Figure 19 
(neglecting losses). In Figure 19, 

n = y2 _ C 02 = a2 
yl - COl al 

(14) 

The equivalent circuit in Figure 19 is precisely 
the conventional lumped component feedback net
work of the Colpitts oscillator. A detailed analy
sis of this oscillator is given in Reference 14. The 
most significant results of Zelinger 1s paper 14 are 
the derivations of an expression for the oscillator 
frequency w and an expression for the limiting 
magnitude of ~ (= hfe) of the transistor for sus
tained oscillations. These are, respectively, 

w = ~fn+l (15) l'LCrl 
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and 

{3 = hf ~ nh. (h + R
1 

) ( 16) e 1e oe L 

If more general expressions for oscillator fre
quency and {3 are required, we must refer back 
to equations (9) and (10). Assuming the feedback 
network matrix of equation ( 11), we. can write 

Y lsc = glsc + jblsc 

Making l.HH~ of the relationships of equations ( 4) 
and () 7), the admittance matrix elements of equa
tion ( 1) are 

yll 
1 

+ glsc + jblsc (18) 
h. 1e 

y22 go+ g2sc + jb2sc (19) 

yl2 -Y3 ::·-G3 -jB3 (20) 

h 

y2l 
fe 

- G3 - jB3 (21) ::~ 
1.1?. 

Substituting (18) through (21) into equation 
( 9), we obtain 

blscb2sc B~ h~ (go+ g2sc + G3hfe) 
1e 

+ glsc(go + g2sc) -G~ 

This equation can be solved for w. 

(22) 

Substituting (18) through (21) into equation 
(10), w~ obtain an expression fnr (i 

In equations (18), (22) and (23), 

g
0 

= h
0
e + GL' and GL = 1/RL. 

Measurements 

Two types of measurements were made for 
this study. They are: 

1. Measurement of the open-circuit and 
short-circuit admittances at the input and output 
ports of each configuration of ceramic feedback 
structure in Figures 1 and 2. 



2. Measurement of oscillator frequencies 
using each of the feedback structures of Figures 
1 and 2. 

The material used in the fabrication of the 
feedback structures was the lead zirconate titan
ate ceramic, Pb. 99 Bi. 02 (Zr. 65 Ti.3s> .9803, hot 
pressed at 1300°C for one hour at 3000 pounds 
per square inch pressure. The dimensions of the 
feedback structures used are given in Table I. 

TABLE I 

Length or 
Configuration Diameter Width Thickness 

Figure (inches) (inches) (inches) 

1A 0. 320 0.050 0. 006 

1B 0.250 0.003 

2A 0.335 0.60 0.006 

2B 0.250 0.003 

The electrodes of Figure 1A are equal in 
length with 0. 010-inch separation between them. 
The electrodes of Figure 2A are equal in length 
(0. 105 inch) with 0. 010-inch separation between 
them. The dot electrode of Figure 1B is 0. 090 
inch diameter, and the ring is 0. 050 inch wide 
with 0. 010-inch space between the dot and the 
ring. The dot electrode of Figure 2B is 0, 050 
inch in diameter, the modulator ring and the out
side ring are each 0. 030 wide, and there is 0. 010 
inch spacing between the dot and modulator ring 
and, also, between the modulator and outside 
rings. 

The admittance measurements in (1) above 
were made using an Alford Bridge as described 
in Reference 7. The results of these measure
ments were used to calculate the pi network 
equivalent circuit parameters using the relation
ships derived in Appendix B. The small-signal 
characteristics of the feedback structures are, 
perhaps, best presented in this manner. 

All oscillator frequency measurements were 
made using the same oscillator circuit compo
nents, with the exception of the feedback net
works. In this circuit R, = 5. 6K, R8 = 820K, 
and V CE = 6 volts. The transistor used was a 
Type 2N718A with the following parameters 
measured at 50 kilocycles: 

h. 30,000 ohms l.e 

h 625 X 10- 6 
re 

h 
fe 

46 

h 5. 6 micromho 
oe 
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These parameters were measured using a 
Baird-Atomic Transistor Test Set, Model GS- 3. 

Results and Discussion 

The small-signal characteristics of the two
port bar and disk structures were measured as 
frequency was varied in the vicinity of the oscil
lator frequency. These measurements were re
peated for different values of polarization of the 
ceramic under the input electrode for each struc
ture. A typical set of results for the two-port 
bar structure is given in Figure 20, The oscil
lator frequencies are indicated for each of the 
polarization values. It is interesting that, al
though the equivalent circuit admittances are 
quite sensitive to polarization near the resonant 
frequency of Y 3 , they are almost completely in
sensitive to polarization state at the oscillator 
frequency. It is easily seen from these curves 
that, at the oscillator frequency, Y 1 and Y 2 are 
almost purely capacitive and Y3 is nearly a pure 
inductance. This confirms the approximate 
equivalent circuit of Figure 19. Since the fre
quencies in the neighborhood of Y3 resonance 
are of no interest in the analysis of the operation 
of the oscillator, the pi-network equivalent cir
cuit parameters are plotted at the oscillator fre
quencies only for the two-port disk (Figure 21). 
Here again Y 

1 
and Y 2 are capacitive and Y 3 is 

inductive. 

Oscillator frequency was measured as a 
function of resistive and capacitive termination at 
port 3 with both the bar and disk feedback struc
tures. The results are plotted as percentage fre
quency deviation versus resistive termination in 
Figure 7, and versus capacitive termination in 
Figure 8 .. Similar measurements of oscillator 
frequency were made as polarization under the 
modulation electrode (port 3) was varied. The 
resultant oscillator frequency deviations with port 
3 open-circuited and short-circuited are shown 
for both the bar and disk structures in Figure 9. 
Figures 7, 8, and 9 show that the frequency devi
ation produced using the disk structure is about 
twice that obtained with the bar. For this reason, 
it was decided to measure the variation of the 
disk structure Y1 , Y2 , and Y3 parameters at 
the oscillator frequency for each of the modula
tion conditions and polarizations given in Figures 
7, 8, and 9. The pi-network equivalent circuit 
parameters are plotted as functions of resistive 
termination at port 3 in Figure 22; they are 
plotted as functions of capacitive termination at 
port 3 in Figure 23; and these parameters are 
shown as functions of polarization at port 3 in 
Figure 24. In each case, Y1 and Y 3 remain es
sentially constant at the oscillator frequency, 



whereas Y
2 

exhibits nominal variation through
out the range of frequency devi~tion. 

For each feedback network configuration 
studied, the oscillator operated at a frequency 
slightly above one .of the fundamental resonances 
of the feedback structure. In each instance, Y 1 
and Y2 are capacitive and Y3 is inductive at the 
oscillator frequency. This gives the same feed
back network configuration as the standard 
Colpitts oscillator: · 

Applications 

Although no attempt has been made in this 
paper to discuss such matters as temperature 
stabilization of the oscillator circuits descr.ibed, 
it is felt that standard design procedures can be 
used to solve these problems."' This paper does. 
accomplish· an introduction to techniques which 
will lead to completely integrated oscillator cir
cuit design. 

Although large frequency shifts are not ac
complished by varying the termination or polari
zation of the modulation segment of the three 
port networks, simple down-conversion tech
riiques, such as the one illustrated·in Figure 10, 
provide a considerable range of frequency devi
ation for a system.. Such techniques could be 
employed in the design of integrated subcarrter 
oscillator systems for FM-FM telemetry chan
nels. Other possible applications include fre
quency shift communication channels and beat 
frequency osc.illators in transistorized communi
cations receivers. 
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Appendix A 

Equivalent Circuit Analysis of a 
Piezoelectric Ceramic Two-Port Network 

(Long Thin Bar Structure) 

The purpose of this Appendix is to illustrate 
the derivation of the pi network equivalent cir
cuit 9f the structure of Figure 1A. 

The equivalent circuit of a long thin bar reso
nator with one end clamped and one end free is 
given by Katz 15 and Berlincourt, et al. 1 and 
shown in Figure 13. In Figure 13, 

y~ = Go+ pCo 

p = jw 
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w, t, t, width, length and thickness, 
respectively, of the bar resonator 

T 
€ 33 free dielectric constant 

km effective electromechanical coupling 
factor 

Q k31 = Q d31~~€~3 s~l 
wd31 

1/J = E 
sll 

wt E"E , the mechanical characteristic z = 
s,, v 
·impedanc.e 

E 
v 1 ;g , elastic wave phase velocity 

'Y = p g = ~ = a+ j{3, eJasti~ wave 
v 

propagation constant 

Using the Norton transformation illustrated 
in Figure 14, the circuit of Figure 15 becomes 
equivalent 'to that shown in Figure 13. In Figure 
15, 

z 
" 

"(t . wt 
2z coth- = -J2z cot-2 E 

v 

Z 2 nh "(t '2 t W/, 
b = z ta 2 = J z an E 

v 

The transmission equation for the equivalent 
circuit of Figure 15 is given by 

2 
Y

0
(Z

8 
+ Zb) + 41/1 

21/JZb 

(Al) 

[~] 
where F is the force and u is the particle veloc- . 
ity at the mechanical terminals. 



The elements of the transmission matrix of 
equation (Al) are given by 

z +Z z 
a b a 

~ll 21/>Zb al2 = 24i 

Y (Z + Zb) + 4¢
2 

o a (A2) 

We may now consider the structure of Figure 
lA to be ·composed of two bar resonators, each of 
length .e, interconnected mechanically. The 
equivalent circuit of the left half segment of Fig
uri':: lA .is th~ e.in.:uil ::;l!uwn iu Flgure 15, exeepl 
for the termination at the mechanical terminals. 
The equivalent circuit of the right half segment of 
the bar of Figure lA is precisely the reverse of 
Figure 15 because of symmetry. From equations 
(Al) and (A2) the transmission matrix of the left 
half segment is 

[

all 

[A J = 
a21 

(A3) 

Then, since the complete network is passive and 
reciprocal, the transmission matrix for the right 
half segment of Figure lA is the matrix of the 
reverse quadrupole16 

(A4) 

The equivalent circuit of the complete symmetri
cal two segment bar of Figure lA is that shown 
in Figure 16. The transmission equation de-• 
scribing this equivalent circuit is 

= [All Al2] [V2] (A 5) 

A21 All 12 
The admittance matrix of the structure, Figure 
lA, is 1~ 
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~1 IAI 
A12 - A12 : [Yu y"] [ y J = (A6) 

All -1 

A12 A12 
y2l Yn 

Since the network is passive and reciprocal 
I A I = 1. Equations (A,6) apply to the pi equiva
lent network of Figure 12, where 

.All 1 (A7) yl Yll +. Yl2 A12 - A12 

y2 yl (A8) 

y3 = -yl2 = 
1 

A12 
(A9) 

Substituting (A2) into (A5) and (A5) into (A6) we 
obtain 

. .~.2 
Y = Y + _J'I'_ tan w.e 

2 o z E 
v 

Y 
= - j¢ 2 t 2 w.e t w.e 

3 -2- an --E an E 
z 2v v 

(AlO) 

(All) 
. •/' 

Equations (AlO) and (All) describe the distributed 
parameter equivalent circuit of Figure' 17. In 
Figure 17, 

y j w.e (A12) -tan-
a 4z E 

v 

yb 
- j t 2 w.e t w.e - an -- an-
8z · 2vE vE 

(Al3) 

The polarities indicated on the ideal transformers 
correspond to opposite polarizations under the 
two electrodes. This is required in order to ob
tain 180° pha~e shift through the network. 

The resonances of Y1 (= Y2 ) and Ya occur at 

n = 1, 3, 5, ... (Al4) 

! 

The antiresonances of Y1 (= Y2 ) and Ya occur at 
E 

mrv 
w= .e .n=:=0,1,2,3,. 

(A15) 

Similarly, the resonance frequencies of Y3 and 
Yb occur at the values given by (Al4) and the 
antiresonances occur at the values given by 
(A15). 

A lumped parameter equivalent of the circuit 
in Figure 17 is given in Figure 18. 



Appendix B 

Measurement of the Pi Network Equivalent 
Circuit Parameters of a Piezoelectric 

Ceramic Two-Port Network 

The .purpose of this Appendix is to derive a 
method of measuring the pi network equivalent 
circuit parameters of a two-port piezoelectric 
structure using open circuit and short circuit ad
mittances. This measurement technique also 
yields the transmission matrix elements, 12 the 
admittance matrix elements, the image imped
ances and the complex image transfer constant.13 

The pi equivalent circuit of the two-port. n<o.t.
work is given in Figure 12. 'l'he admittance ma
trix for this network is g-iven by 

[yll y"] [y' + y3 
-Y l I v l ;; 

Y2 +

3 

Y3 y21 y22 - y3 

(B1) 

a22 

~I a12 a12 

-1 all 

a.12 a12 

Short circuit admittance measurements at ports 1 
and 2, respectively, give 

I I a22 
Y1sc v1 

y1 + y3 
a12 Yn 

port 2 sc 
(B2) 

12 <in 
Y2sc v 

2 port 1 SC 

y2 + y3 
a12 y22 

(B3) 

These measurements yield the necessary infor
mation to synthesize the pi equivalent network 
with the exception of evaluating Y3 . Open circuit 
admittance measurements at ports 1 and 2, re
spectively, yield 

11 
y1 + (Y2@ Y3) 

a21 1 
Y 1oc v1 all zn port 2 OC 

(B4) 

12 
y2 + (Y1@ y3) 

a21 1 
y 2oc v a22 2 22 2 port 1 OC 

(B5) 
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Notingthat IAI = a 11 a 22 -a 12 a 21 = 1forapas
sive reciprocal network, and, from equation (B1) 
Y 3 = 1 I a 12 , we can now evaluate Y 3 as follows. 

IAI = alla22-a12a21 = a~2 (Y1scY2sc) -a:2 (Y1sc Y2oc) 

1 

Rewriting (B6) we obtain 

or 

Hence; 

1 

(y 1sc Y 2sc 

1/2 
= (ylsc Y2sc - Y2sc Y1oc) 

Therefore, from (Bl) and (B2), 

(B6) 

(B7) 

(BB) 

(B9) 

(BlO) 

(Bll) 

The transmission matrix elements are given by: 

Y2sc yly2 
all y;- a21 y +Y +~ 

I 2 y3 

1 Y 1sc 
(B12) 

a12 y3 a22 = y;-

The image transfer constant 8 is given by 

(B13) 

e [( )1/2 + ( )1/2] 
Y 1sc Y 2sc Y1sc Y 2oc 

.tn 112 
(y1sc Y2sc Y1scY2oc> 

jcp (Bl4) 
.tn(re ) .tnr + jcp 

a+ j{3 
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FIGURE 1B 

Fig. !-Electrode configurations and schematic symbols for two-port bar and disk feedback structures. 
Arrows indicate directions of polarization of the ceramic. 
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FIGURE 2A FIGURE 2B 

Fig. 2-Electrode configurations and schematic symbols for three-port bar and disk feedback structures. 
Arrows indicate directions or' polarization of the ceramic. 

(a) 
(b) 

FIGURE 3A FIGURE 3B 

Fig. 3-Schematic diagrams of fixed frequency oscillators using three-port feedback networks.· 
(n) 
(b) 

FIGURE 4A FIGURE 4B 

Fig. 4-Schematic diagrams of variable frequency oscillators using three-port feedback networks. 
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Fig. 5-Solidly mounted thickness resonator using 
'A /4 inter layers. (From Ref. 5) 
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Fig. 6-Configurations of split-ring resonators. 
(From Ref. 6) 
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Fig. 7-0scillator frequency deviation as a function of resistive termination of Port 3 for both bar and 
disk feedback networks. · 
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Fig. a-oscillator frequency deviation as a function of capacitive termination of Purl 3 fur both bur and 
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Fig. 9-Qscillator frequency deviation as a function of polarization at Port 3 for both bar and disk 
resonators. · 
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Fig. 10-Heterodyne or down-converter system for effectively increasing 
percentage frequency deviation. 
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Fig. 11-Two-port equivalent circuit representation of oscillator. 

Fig. 12-The general pi network equivalent circuit :>f the feedback network. 
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F\', 
Fig. IS-Distributed parameter equivalent circui: of a bar resonator with 

one end free and one end clamped. 
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Fig. 14-Norton transformation. 
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Fig. 15-Transformed circuit corresponding Figure 13. 
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Fig. 16-Distributed parameter equivalent circuit of the bar of Figure 1A. 

Fig. 17-Pi network distributed parameter equivalent circuit of the feedback structure of Figure 1A. 
Ceramic polarization is indicated by the sens.e of the ideal transformer windings. · 
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1:2¢ 

Fig. 18-Pi network lumped parameter equivalent 
circuit of the feedpack structure of Figure lA. 

L 

Fig. 19-Simplified lumped parl'..meter equivalent 
circuit of feedback network l'..t the oscillator 
frequency. 
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Fig. 20-Y1, Y2, Y3 as functions of frequency with 
polarization at imput port as a parameter for the 
feedback network of Figure 1A. 
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Fig. 21-Y1, Y2, and Y3 as functions of polarization 
at imput port of the feedback network of Figure lB 
(measured at oscillator frequency) . 
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Fig. 22-Y1, Y2, and Ys as functions of conductive 
termination ~ at Port 3 of the feedback network 
of Figure 2B (measured at the oscillator frequency) 

\yll 

82 

/ 



z 
0 
H 
f-< 

~ 0 
:> 
{..T.l~ 

"' 
cY -1.0 

"' 0:: 

"" -2.0 

.. 5 

.4 

"' 0 . 3 .-< 

>< 
U) . 2 0 

~ 
I 

-;; .1 

0 

80 

o- 60 CD 

40 

20 
U) 

"' ~ 0 <.:> 

"' "' I 

"' 20 

40 

60 

80 

~ 
1--- I. I I I I 

~ 
1---

~ 

1---

I . I I I I 

f--

1---

f--

1--

..._:.-

f--

I . I I I I 
0 200 400 600 800 1000 

CM-PICOFARADS 

Fig. 23-Yll Y21 and Y3 as functions of capacitive 
termination CM at Port 3 of ihe [eedback netWork 
of Figure 2B (measured at the oscillator 
frequency) . · 
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Fig. 24-Yl, Y2, and Y3 as functions of polarization 
at modulation I'ort 3 of the feedback network of 
Figure 2B (me£.sured at the oscillator frequency 
for open-circuit and short-circuit termination at 
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