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ABSTRACT

A theoretical and experimental analysis is under-
taken of the constant-frequency characteristics of a
transformer-less, dual-path bridge, feedback oscillator
circuit. Its frequency stability is found to compare
favorably with that of a single-feedback-path bridge
oscillator, one of the most stable known, and use of
the circuit is indicated wherever its form factor offers
advantages. The circuit lends itself to operation over
a wide frequency range using either fixed or variable
frequency-controlling elements.

PROBLEM STATUS
This report covers a special study related to the

main problem; work on the over-all problem is con-
tinuing.

AUTHORIZATION
NRL Problem No. R10-49D.



CONSTANT-FREQUENCY CHARACTERISTICS OF A
DUAL-FEEDBACK-PATH BRIDGE OSCILLATOR

INTRODUCTION

In a previous Naval Research Laboratory report,’ a vacuum-tube oscillator gircuit
is discussed and some experimentally determined characteristics are given. This oscil-
lator is composed of a linear, zero phase-shift amplifier and a bridge-feedback network
containing the desired frequency-controlling elements. The elementary oscillator circuit
(see Figure 1) may be considered a dual-feedback-path variation of the oscillator due to
Meacham.? The bridge constants are such that the system is near balance, and the value
of one bridge resistance is current-sensitive, thereby adjusting attenuation through the
bridge to be equal to the reciprocal of loop gain and providing the amplitude-control of
oscillation. This current-sensitive resistance is essentially linear over any one oscil-
lation cycle. The amplifier stage of tube V; is tuned in order to obtain high gain and zero
phase shift with a minimum of components. The cathode-follower stage of tube V, is used
to obtain a low-impedance drive to the bridge. The grid and cathode of tube V, are oper-
ated approximately symmetrical about ground to obtain, without transformers, the single-
side to double-side conversion required by the bridge-feedback network. This last feature
introduces a second feedback path due to the plate current of tube V, flowing through the

bridge.

The circuit as shown in Figure 1 is considered to offer advantages over a single-
feedback-path oscillator in certain applications because it eliminates any necessity for
tuned output and input transformers for the single-side to double-side transformation
and impedance-matching. Specifically the advantages are:

1. Operation over a wide frequency range.

2. Elimination of transformers for applications where their temperature
characteristics are undesirable.

3. Localization of sources of amplifier phase-shift deviations to plate load
of tube V
1

4. Construction with a small number of components.

! F. M. Gager and J. M. Headrick, “Fixed and Variable Frequency Oscillators with

Improved Frequency Stability,” NRL Report R-3082, May 1947.

? L. A. Meacham, Proc. L.R.E., 26, 1278-1294, October 1938,
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CIRCUIT ANALYSIS .

b

In Figure 2 an equivalent circuit of J_
the dual-feedback-path oscillator is =
given. One bridge resistance is as-
sumed to have a value that is a function
of its conducting alternating current
(50 as to maintain oscillationat a stable
level) but to change resistance slowly
enough that its value is substantially
constant over any one cycle. The de-
sired {frequency-controlling element,
impedance Z,, may be either a series-
resonant circuit or an electromechan-
ical resonator, such asaquartz crystal.
Bridge-arm impedances are considered
sufficiently small to allow disregard of
the stray capacities.

The network determinant may be Fig. 1 - Elementary circuit diagram
written: of oscillator
Z ; & S Z 1z - Z 13
D= ~Za Loy -7y
= Z N T Z 32 Z a3

where

&5 =Tp, +2Zn +Rg,,

Zsy =R, +Rs +Rs + Zg4
ZSS =Rk +R1 'Q'Z-.;,

Zyn =23 =Rg,

232 = ng = R]_ + 24, -zn-.-:: Bt
o B o,
and . : 2 G :
Fig. 2 - Equivalent circuit of oscillator
I
R, S Lo
Bk, +1
Letting
K,e=E,
and
S Tyl
K+ 1 2

the currents may be written
_E 2,2, +E;Z2,,2
i D
4 E Z,2Z, + Es(2,,Z, - lea)
D .

I

and

3
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Since the bridge output voltage
e=-I,(R, +R,) +I,R,,
substituting for currents gives

e Ea (Zn Zza R1 5 Zl;Rl -2y, Z,R, - Z,3Z, R,)
D
& E1(Z12 Z2sR; - Z12 Z3s Ry - Zy2 Zss R»)
D

and dividing numerator and denominator by Z 1, results in

2
Es(Rst‘Rzzi'Rles) = Eles (RLRk+Rsz+R1Rz +R,Z 4)
= 11

11

&

RZ (1)

11

RR,+R R, +R,Z _+R,Z, +Rg (R, +R, +R, +Z,) - (R, +Z ,+Ry)

At this point there are placed on the circuit certain restrictions that can be met in
practical design and which will simplify analysis, namely, that

Z,, >> Ry,

to the extent that the terms R, Rs*/Z ,, and (R, +Z,+Rk)R:?/Z,, may be neglected in
equation (1). In general this means that the Q of Z4 must be large, so that bridge-arm
resistances are small by comparison, and that V; must have a very large plate resistance
and a large load impedance. Normally, both of these requirements are readily met in

a good design. Defining amplifier gain as

=-§1::=Eg.£
e e

and conductance as

I
= E—‘n..- &m, (transconductance of V, ),
11
and equation (1) becomes

Ae (Ri1Rs -R2Z4) - GeRs (R Ry +R2Rp +RiR2 + R2Z4)

e = o 2
R_‘Rz +R1R3 +RzZq +R324 +Rk (R]_ +R2 +R3+Z¢) ( )

Equation (2) describes the condition of oscillation and may be represented by an
equivalent circuit as shown in Figure 3. In the subsequent investigation of frequency
stability, A will be considered variable both in magnitude and phase and G will be con-
sidered a real quantity variable in magnitude. To be rigorous, G must be admitted to
vary in phase also; however, its variations are of second order magnitude compared to
A. Therefore, a change in both G and the magnitude of A may be identified with change
in transconductance of V, , and a change in both magnitude and phase of A may be iden-
tified with detuning of the plate load of V,. Variations in magnitude of A alone may be
laid to changes in amplification of V,; however, the cathode-follower performance is
insensitive to variations of tube parameters.
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circuit of oscillator

o
TR

By eliminating e from equation (2) and substituting A and Z , in component form,
is,
A=Al6 =A,+]jA,,
and
} L i !
Z,=R,+j X,=R,+]j (wL——wC) "

the expression describing oscillation condition is

g (Al +j Az) (RIRS - RzR‘ —j R2X4) = GR3 (R]_Rk+R2Rk+R]_R2+RgR¢ = jx;Rz)
" RR,+R R, +R R +R,Rx +R R +R, (Ri+R,+R;) + j (Rp+R,+R,) X,

Letting

B=R,R; -R,R,,

P= Rg (R}.Rk + RzB—k + R]_Rz + RzRq),

M=R,R,+RR; + R,R + R,Ry + RsRy + (R +R; +R4) Ry,
and

N = Rk + Rz + Rs,

= (A1 +jA,) (B—ijx,) - G(P+jX‘R2Rs) y

M + jNX,

or

AB-jARX, +jA,B+ARX, -GP-jGR,R,X, -M - jNX, =0.
Equating reals and imaginaries to zero,
M-AB-ARX +GP=0,
and

in = A1R2X4 = AzB + GR3R3X4 = 0-

Fig. 3 - Simplified equivalent

that

(3

(4)

(5)
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If the phase shift is adjusted to be zero (A, = 0),

(M + GP)
31=A=——§——, (6)
X4= U,
and
1
Y Y

With the phase shift zero the frequency of oscillation is controlled by Z, alone and is
independent of circuit changes.

In order to examine the effects of small phase shifts in A upon frequency, an ex-
pression for w in terms of X, is useful. Now

wlLC -1
X, = 2
wC

Solving this quadratic,

X4 X!ﬂ 1 ifz
w

Sigy SAME o) -

Since analysis is restricted to small phase shifts in A, only small differences from zero
exist in X , so that

Ea reniads
41,72 LC
or
W = __1_ + .ﬁ ; (8)
VLC 2L
By defining
1
wo = e
YEC
and
Wl
Qs
R,
w-wy X4 X,

= = 5 E - (9)
o 2Lwo 2QR

Substituting in equation (9) the value of X, given by equation (5),

A
= i : (10)
wgq 2QR,(A,R, + GR2R; + N)
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Since small phase shifts only are considered, equation (6) holds to a good approximation,
and substituting in equation (10) the value of B determined from equation (6),

A
=2
1 i W (M + GP)
wo  2QR4 (A\R,+GR;R; + N) °

Since
Az
X, =tan § = @
and
Al == |A|!
W = Wgo i (M+GP)9 ¥ (11)
Wp e 2QR4(IA[R2+GR2R3+N)

Considering w to be a function of 6, |A|, and G,

dw  _ (M + GP)do _ _6R; (M+GP)d Al
wo  2QR4(|A |R2+GR ;R3+N) 2QR ( |A |R2+GR; R3+N)*
9(la]l R,P + NP - MR,R,) dG (12)

2QR,(|A|R,+GR R +N)? "

The above differentiation is not strictly rigorous, since one bridge resistance is only
approximately constant; however, this introduces negligible error. As noted previously,
the frequency change is zero for zero phase shift. With small phase shifts the change is
approximately proportional to the reciprocal of amplifier gain.

It is of interest to determine an expression for the frequency stability of a single-
feedback-path oscillator in order to compare it with equation (12). By setting G equal to
zero, the frequency stability of a hypothetical single-feedback-path oscillator is found.
Such an oscillator may be supposed to have an ideal one-to-one transformer coupling the
bridge output to the grid and cathode of V,. For this oscillator

& Mds . _6R,Madlal ; (13)
w, 2QR, (AR, +N) 2QR,(|A|R,+ N)?

Comparison of equations (12) and (13) shows that the frequency stability equations
take the same form. The single-feedback-path oscillator gives some greater stability
for variations in 8, the amount depending upon the relative magnitudes of M and GP. How-
ever, the dual-feedback-path oscillator has an interesting feature in that its frequency
stability may be made independent of changes in transconductance of tube V,. Since for
changes in this transconductance d |A | is a linear function of dG, this independence may
be accomplished by designing

(|A| R2P + NP - MR:R3)dG = (M + GP) d|A | .

The order of stability afforded by the oscillators may be illustrated by substitution
of values for circuit parameters. The values listed below are those suitable for an os-
cillator with a 100-kilocycle erystal:

= 80
R, = 2000
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Rz = 600 (nominal)

Rs = 9
R4 =30
Q = 354,000

G =10-* (nominal)
A = 3,600 (nominal)

giving
P =12,834,000
M = 1,447,390
and
N = 689.

Substitution of the above values in equation (12) gives

dw
TR 3.41x107%d6-9.47x10"204 |A| +2.80x 1077 9dG. (14)
0

The degree of cancellation between the last two terms for this particular oscillator may
be shown by substituting an arbitrary 10% change in G for dG and the corresponding 10%
change in A for d |A |, the result being

-3.4x107°60 +2.8x107% = -6 x 10" ¢,

For the single-feedback-path oscillator, substitution in equation (13) results in

—— =31x10"°d9 -8.6x107"%9 dA|. (15)
o
The dual-feedback-path oscillator circuit is seen to afford essentially the same fre-

quency stability as may be expected from a single-feedback-path circuit when components
are assigned values considered to be in agreement with good design practice. In addition,
the dual-feedback-path oscillator offers the possibility of rendering frequency stability
independent of transconductance changes in the high-gain amplifier for phase shifts dif -
ferent from zero.

EXPERIMENTAL CHARACTERISTICS

Crystal Oscillator

The circuit shown in Figure 4 was used
with crystals as frequency-controlling ele-
ments. Two tungsten lamps served; as the
current-sensitive resistor; lamp character-
istics are given in Figure 5. Bridge-arm
values were chosen to allow low-level exci-
tation of the crystal where itis comparatively
insensitive to amplitude of excitation. The
resistor R s was varied to set oscillation
level initially.

This circuit with appropriate changes Fig. 4 - Circuit of an experimental
in tuned amplifier load was used with crystals crystal oscillator



1000 .\
800 \\
Fig 5 - Resistance as a function of \ |
dissipated power for current-sensitive 2 \ e == |
resistors used in experimental oscil- T 600 |
lators. z //‘Q\
a - Two 6 watt, 115 volt, tungsten w b
lamps in series z ] \\b
b - Western Electric D 163903 ther- w400 [~ \
mistor o o
7 <
200 \kh'-h-
B
= 0 2 4 6 8 1o
POWER IN MILLIWATTS
4000
300 \
2000 \
Z / \ Fig. 6 - Gain and phase shift as a
o / \ function of frequency for amplifier
s > \ of experimental oscillator operated
<1000 / \ at 100 kilocycles
- |
S g
0 +80

Vi

BO 20 100 110 120
FREQUENCY IN KILOCYCLES

o
PHASE SHIFT IN DEGREES

\
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having series-resonant frequencies of 50, 100, 250, 500, 1000, 2000, and 6000 kilocycles.
With the amplifier adjusted for zero phase shift, it was possible to vary supply voltages
(either filament or plate, or both ) plus or minus 20% without causing any measurable
change in the frequency of oscillation. Crystals of sufficient inherent stability to warrant
a good degree of isolation from the driving circuit were available at 100 and 250 kilo-
cycles, and extensive stability studies of the dual-feedback-path crystal oscillator were
confined to these two frequencies.

In Figure 6 the gain and phase-shift characteristics of the tuned amplifier are given
for the plate-load impedance used at 100 kilocycles; small changes in tuning correspond
closely to shifting the curves along the frequency axis. Figures 7 and 8 give oscillation
level and amplifier gain as a function of supply voltages.

The frequency change of the oscillator with a phase-shift change from zero to 0.5
radian was measured to be approximately 3 parts in 10%. Figure 6 indicates that with a
phase shift of 0.5 radian the associated change in gain is 900. Substituting these values
for df and d |A | in equation (14) and neglecting any second order terms,

dw/we =1.7x10™° + 0.43x 10°=2.13 x 10-°.

OUTPUT LEVEL

Since equation (14) cannot be expected 4000~ o———10
tohold preciselyfor such large changes s ‘:\[ = »
in 6, the agreement with the measured z Y 5
3 parts in 10° is considered good. = o] >
30 ooJ/ 0.8 .~
In Figures 9 and 10 oscillator- e 2
frequency change is shown as a function 5 §
of supply voltages with the amplifier >

tuned to 90, 100, and 110 kilocycles. 2000 0.6
Reference to Figure 6 shows that de- B0 1D 180 220 260
tuning to 90 to 110 kilocycles intro- ELALE SURPL Y, NoLT e

duces a phase shift of approximately

80 degrees and reduces the gain from Fig. 7 - Output voltage and amplifier gain versus
3600 to approximately 1100. Such plate supply voltage for experimental oscillator
changes in amplifier tuning are quite at 100 kilocycles

extreme and result in an oscillation-

frequency deviation of approximately

2.5 parts in 107 with normal supply R S

voltages. oe— :I 1.0
r__ GAIN

Figures 11, 12, and 13 give oscil- /

—

lator characteristics when used with
a 250-kilocycle crystal and amplifier 3000 7 0.8

GAIN

(3!‘..'T|"UTJI VOLTS

tuned to 250 kilocycles. Figures 14 = =

and 15 show frequency change as a = 7/

function of supply voltages for different ) {

amplifier tunings. In general, these > 2000 0.6
results are similar to those obtained e %0 6.5 0 7.5

at 100-kilocycle operation. Phase FEEANENT TSHORLY, YoLTs

shifts of 80 degrees, with accompany-

ing reduction in gain from 850 to 100, Fig. 8 - Output voltage and amplifier gain versus
result in an oscillation-frequency de- filament supply voltage for experimental oscil-
viation of approximately 1 part in 10°. lator at 100 kilocycles
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Fig. 9 - Frequency change versus 0.5
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mental oscillator with 100 kilo- 2 &= A0 ST
cycle crystal ze
a - Amplifier tuned to 110 Kkilo- > Z o = - x| 'Bb 5
cycles % ©
b - Amplifier tuned to 100 kilo- = e
cycles E e — -
¢ - Amplifier tuned to- 90 kilo- .
cycles 05
100 140 180 220 260
PLATE SUPPLY, VOLTS
05
Fig. 10 - Frequency change versus \l\
filament supply voltage for experi- g - a
mental oscillator with 100-kilo- 3 2 —
cycle crystal : 5= b
a - Amplifier tuned to 110 kilo- Zo o
cycles 3«
- Amplifier tuned to 100 kilo- g ] e —d
cycles g ==
¢ - Amplifier tuned to 90 kilo- be /
cycles 55 6.0 65 70 75
FILAMENT SUPPLY, VOLTS
800
600
[\ Fig. 11 - Gain and phase shift as a
400 function of frequency for amplifier of
/ \ experimental oscillator operated at
/ \ 250 kilocycles
200 / ‘\
o /,.... +50§
/ x
/ g
=
o:
W
&
-
/ z
e 80

230 250 270
FREQUENCY, KILOCYGLES
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Fig. 12 - QOutput voltage and amplifier gain
versus plate supply voltage for experimental
oscillator at 250 kilocycles

Fig. 14 - Frequency change versus
plate supply voltage for experimental
oscillator with 250-kilocyele crystal
a - Amplifier tuned to 275 kilocycles
b - Amplifier tuned to 250 kilocycles
¢ - Amplifier tuned to 225 kilocycles

FREQUENGY CHANGE
PARTS IN 10°

Fig. 15 - Frequency change versus
filament supply voltage for experi-
mental oscillator with 250-kilocycle
crystal

a - Amplifier tuned to 275 kilocycles
b - Amplifier tuned to 250 kilocycles
¢ - Amplifier tuned to 225 kilocycles
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Fig. 13 - Output voltage and amplifier gain
versus filament supply voltage for experi-
mental oscillator at 250 kilocycles
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The larger change in frequency, as compared with the oscillator at 100 kilocycles, is
due in major part to the lower amplifier gain.

The series-resonant frequency of the 100- and 250-kilocycle crystals with a constant
excitation current is shown as a function of temperature in Figures 16 and 17. Also
shown is oscillation frequency vs. temperature with both the oscillator-driving circuit
and the crystal subject to temperature change. Changes in complete oscillator frequency
over the temperature range are seen to be almost identical with the changes in crystal
resonant frequency. The oscillator circuit with the 100—kllocycle crystal produces a
frequency stability better than plus or minus 2 parts in 10 ° over a temperature range of
100 degrees Centigrade, and no efforts were made toward temperature-frequency com-
pensation of circuit components.

It should be noted that effective
] crystal resistance and the value of
T N
/ =dk \Qx the current-sensitive resistor change
~ appreciably over a wide temperature
range, requiring that some bridge
ﬂ arm be adjusted if oscillation level is

5;

ra

kept constant. Measurements showed

it possible to perform this adjustment
with an appropriate ambient-temperature-
sensitive thermistor in one bridge arm.
As an alternative, a rudimentary

P 20 40 €0 gso Vvacuum-tube voltmeter may be in-
TEMPERATURE, DEGREES GENTIGRADE cluded with the oscillator and the oscil-
lation level set to a standard manually
when large changes in ambient tem-
perature are encountered.

(=]
:tﬂ

FREQUENCY GHANGE, PARTS IN 10.

| m
I
o

Fig. 16 - Frequency change versus ambient

temperature,

a - Series resonance of 100-kilocycle crystal

b - Experimental oscillator with 100-kilocycle.
crystal

)

A y
1 A A A
2 s \ Fig. 17 - Frequency change versus
= ambient temperature
- \ a - Series resonance of 250-kilocycle
% 4 \ crystal
z \ o b - Experimental oscillator with 250-
= 9/ / kilocycle erystal
s L %
3. N R Ll A
e

a
]

-20 o 20 40 60
TEMPERATURE, DEGREES CENTIGRADE
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Variable-Frequency Oscillator B

i

A circuit diagram of a variable-
frequency version of the dual-feedback -
path oscillator is shown in Figure 18. [Umw
The thermistor whose characteristic Tl
is given in Figure 5 .serves as a g e
current-sensitiveresistor. If the am- =
plifier is adjusted for zero phase V2
shift, the oscillation frequency is ,_ﬁ%ég__ - |1.0025
essentially independent of variations =7 it
in supply voltages. The curves marked -
‘a’ in Figure 19 show oscillation fre- sAc7, %
quency and output voltage vs. plate ==
supply voltage at 1 megacycle. Oscil- {1.0025
lator instability with plate supply vol- L
tage variations over the frequency
range 0.7 to 2.4 megacyeles is shown
in Figure 20, this range being covered
by three sets of plug-in coils. The
larger instability at the high -frequency
end of each band is principally due to
failure in tracking between the ganged
condensers of the tuned amplifier and
the frequency-controlling element, It
is also due, in part, to the fact that
tube capacities constitute a larger Fig. 18 - Circuit of an experimental
portion of amplifier tuning capacity variable-frequency oscillator
at the high-frequency end of tuning
range.

-|||l>—"h—-<.

,||r|_

560K

-li||-+— ouTPUT —-!-r
&)\
&

The curves marked ‘b’ in Figure 19 show oscillation frequency and output voltage vs.
plate voltage with the inductance-capacity series-resonant circuit in the bridge replaced
by a resistance and a series -blocking condenser of negligible impedance. This data gives
some idea of the isolation afforded the frequency-controlling element when located in the
bridge. .

CONCLUSIONS

The dual-feedback-path oscillator, as deseribed in this report, provides one approach
to complete oscillation-frequency determination by a selected frequency-controlling ele-
ment. If the phase shift through the driving-circuit amplifier is held to zero, the frequency
is independent of any changes in the driving circuit. Considering oscillation-frequency
changes due to small amplifier phase shifts, the dual-feedback-path oscillator offers the
same order of stability as is given by the conventional single-feedback-patch oscillator,
and therefore this circuit may be used wherever its form factors are desirable.

The source of phase shift in the present oscillator, unlike the single-feedback-path
type, is localized to one simple parallel-resonant circuit, the tuned-amplifier load im-
pedance. Thus, any efforts toward increasing the isolation of the desired frequency-
controlling element from the driving circuit may be confined to reducing phase-shift
variations introduced at this point. In addition, the driving circuit may be designed to
render oscillation frequency independent of tuned-amplifier transconductance variations
over a narrow phase-shift range.
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OUTPUT VOLTAGE

= /

IJ
OUTPUT ,VOLT S

PARTS

o
oy

5
[=]
w >
z / g
400t =
s o 2
s = INSTABILITY]
H © =
W - pas
3 2 < GoIL 1 coiL 2 { coiL 3 /
i 800 2 = )
- j E = ,/
>
e
B = - g' e f
5 2 = =3 /
—— ] ; @
100 140 180 220 260 3 z, —— 5
PLATE SUPPLY, VOLTS os 1.0 LS 2.0
FREQUENCY, MEGAGYGLES

Fig. 19 - Frequency change and output Fig. 20 - Instability and output voltage versus
voltage versus plate supply voltage for frequency for experimental variable-frequency
experimental variable-frequency oscil- oscillator. Instability defined as frequency
lator operating at 1 megacycle change per change in plate supply voltage
a - Oscillator as shown in Figure 18
b - Bridge-arm coil and condenser re-

placed by a resistance

The same driving circuit may be used with a number of successive frequency-
controlling elements ranging over a wide frequency band. The circuit modification re-
quired when changing frequency-controlling element is appropriate adjustment of tuned
amplifier load, such as substituting a new inductance and adjusting condenser capacitance.
By using a tunable frequency-controlling element and suitable ganging with the tuned am-
plifier, a highly stable variable-frequency oscillator may be obtained.
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