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ABSTRACT

A brief review is given of the various methods for achieving
electrical tuning of low level oscillators using conventional types of
vacuum tubes. A class of oscillators is described which mekes use of
parallel signal paths between common input and output terminals with the
relative signal gain in these two paths varied by means of a balanced
control voltage resulting in frequency tuning. A general discussion is
given of phase-shift-type parallel network oscillators. A specific
example is given of a resonant type of oscillator which has a measured
frequency coverage of 15 to 30 Mc/s with an oscillation amplitude rela-

tively constant over the tuning range.
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PARALLET, NETWORK OSCILLATCRS

1. TNTRODUCTION

Many techniques are available for realizing wide range eléctrica.l tun-
ing of low level oscillators below microwave frequencies. The most important
of these (where devices employing special tubes are not considered) are (1)
reactance tuning, (2) resistance tuning, (3) ferrite tuning, (4) pulse circuit
tuning, and (5) parallel network tuning.

The main limitation of reactance tuning is the small tuning range--
perhaps up to 20 or 30 percent. Resistance tuning (e.g., crystal diodes or
variable triode plate resistance) 1s most effective in R-C oséillators at fre-
quencies below a few Mc/s (1imited upper frequency ra.ngé) but does not favor
constancy of output without special measures of amplitude control. Tuning
with either ferroelectric or ferromagnetic materials can yield a large tuning
range but suffers from annoying hystersis and temperature effects. Pulse
circuit tuning (e.g., multivibrators) is limited to the low frequencies and does
not give a good waveform.

Parallel network tuning has none ‘of the disadvantages enumerated
above. Unlike most devices, the tuning range is not dependent upon components
but is ultimately limited by the gain bandwidth product of the tubes employed.
Thus, very large tming ratios can be achieved at the lower frequencies with
ratios decreasing as the center frequency increases. In addition, problems
of vacuum tube linearity can be avoided because tubes can be operated class C

as well as class A with little change in basic behavior.
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2. IDESCRIPTION (F THE PARALLEL SYSTEM.

A parallel tuned system is one having two signal paths with the outputs
of these two paths combined and fed back to a common input. Several signal paths
also define & parallel tuned system; however, they do not appeer as practical as
systems having only two paths. Tuning is accomplished by varying the relative
gains of the two signal paths. The basic block diagram is shown in Fig. 1.

Let a small signal voltage (noise) be added in the feedback path and let the
feedback path be opened at point "x" as described in Fig. 1. Then, the open
loop tramsfer function becomes

o0

5 - [ 1 (0) + KoFp(p) | F5(p) (1)
in which p = jw. Let the relative gains of the two chamnels be varied sym-

metrically about the mean gain K, as

K1=K0(1+k) K2=K0(1-k) (2)
where lk Is 1 and where k can be either positive or negative. Then,

-Z.g. = Ko{[ Fy (?) +F2(p)] + k [Fl(p) - Fg(p)]} F5(p) (3)

Oscillation will take place at a frequency where the phase shift of
the open loop function is a mltiple of 360 degrees’ providing that the open loop
gain at that frequency is greater than unity. Clearly, varying k will have a
profound effect in determining the oscillation frequency if suitable fumctions
are used for F; and Fo and to a lesser extent for F3. Also, it is possible by
careful selection of networks to make the magnitude of eo/en fairly constant
with k in which case the amplitude of oscillations will be fairly constant with

frequency. For obvious reasons (which are represented by the negative sign
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in equation 3), Fl and F, must be considerably different functions of frequency

2
if any tuning is to be achieved.

3. PHASE SHIFT PARALLEL, NETWORK OSCILIATORS.

One can generalize a phase shift oscillator as one having some type of
R-C or L-C transmission line or an actual transmission line as a critical element
Ideally, these lines are lossless with a linear phase shift with frequency.
Practicaelly, they are approximated with lumped elements or with transmission
line segments associlated with shunting capacitances and other lumped elements.

In order to study the idealized phase shift parallel system, it will be assumed

that
F)(p) = exp(-21) Fp(p) = exp(-pel)  Fy(p) = 1 ()
Then, (3) becomes
e
e_g = K, [(1 + k)exp(-pT) + (1 - k)exp(-paT)] (5)

Using p = jw and cambining real and imaginary parts,

e
'é'O'=KO [(1 + k)coswT + (1 - k)cos a w T]
n

- 3Ky [(1 + k)sinwT + (1 - k)sin awT] (6)

The frequency of oscillation is such as to cause the Imaginary part
of (6) to be zero., This frequency is defined by
(1 +k)sinwT + (1 - k)sin awT = 0 (7)
O0f course, the open loop gain at the oscillation frequency must be
greater that unity,

L [ (L + k)coswT + (1L - k)cos awT] >1 (8)
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If Ky is positive, the phase shift of ey/e at the oscillation fre-
~ quency will be an even multiple of 180 degrees whereas if KO is negative, the
- phase shift will be an odd multiple of 180 degrees.

The limits of oscillation take place at frequencies w3 and wp where

k = +1. The center frequency Wy is given when k = O, Thus,

sinw,T =0 atk =+l
sinawjT =0 at k= -1
slnw T +8nawT=0 atk=0 (9)
If we assume the specisl cese where Ko is negative and oscillation
takes place at the lowest possible frequency, then wy = :r/aT, W, = n/T, and
Wy = 200, /W) +wy). Continuing with this most importent case, the question
of the magnitude of eo/en becomes of interest. At the extreme oscillation fre-
quencies wy and Wo, the cosine function is unity end the magnitude of eo/en is

[ 2K,

» At the center frequency, it is

) 2n 2an
IKO[cosa_'_l + cos a+1]|

(10)

vhich will be less than ,QKOI except for the trivial case of a = lwhich ylelds

a tuning range of zero. For values of a of one and two, the gain magnitude is
I2K0|a,nd '(3)1/ QKOl, respectively, For a = 2, the tuning ratio is two to one.
For a = 5, the gain magnitude falls to zero at the center frequency--values of
three or larger would not normally be used in order to avoid oscillation cessa-
tion near the center of the tuning range., Therefore, the phase shift type of
parallel network oscillator is not too well suited for tuning ratios larger

than three to one and more practically about two to one. It should be especlally
noted that for a = 2, the open loop gein varies only by a factor of (3 )1/ 2 to 2

over the entire tuning range and for a<?2 » the variation will be even less.
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Therefore, if the tuning ratio is equal to or less than two to one s the ampli-
tude of oscillations will be relatively constant with frequency.

Practically, it is difficult to construct an adding device having a
transfer function of unity. If Fs (p) = exp(-pb) instead of unity, the preceed-
ing relations become somewbat modified. Of most importance is the slight reduc-
tion in tuning range if b is somewhat smaller than T. If b and T have sbout the
same value, the tuning range will be halved as compared to that when b = 0. The
open loop gain magnitude as a function of frequency is not affected when F3 is

the exponential function.

L. EXAMPLE (F A PHASE SHIFT OSCILLATCR.

As a practical example of a transmission line type of parallel net-
work oscillator, let Fl (p) be given by a Pi network approximation to a trans-
mission line and let F, (p)be given by two similar Pi sections in cascade. Then,
a ¥ 2 because the phase shift of the two sections at any given frequency is
(ideally) twice that of one section. The result is the circuit of Fig. 2. Vary-
ing the relative gains of the two channels is achieved by applying push-pull
modulation to the plates of Vl and Ve. 0f course, grid or cathode modulation
(or possibly screen modulation if pentodes are used) can also be employed. It
should be observed, however, that plate modulation for frequency veriations in
parallel network oscillators has the ;same advantages as plete modulation for
amplitude varietions in conventional oscillators.

It can be seen in Fig. 2 that the single Pi network has at its output
a voltage similar to that at the center of the two section network. This leads

to certain obvious simplifications of Fig. 2 resulting in the circuit of Fig. 3.
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The circuit is that of the usual constant-k filter. In a sense, time delay iso-
lation has been used in the adding circuit resulting in advantages similar to
those obtained in distributed amplifiers. In fact, a whole string of tubes can
be placed along an artificial transmission line to give the distributed equiva-
lent of a parallel network oscillator having several parallel signal paths. How-
ever, unlike the distributed amplifier, only a few tubes are active at any given
frequency which poses severe problems regarding control voltages--e.g., if three
tubes are used, means must be provided for shifting the plate voltage from tube
to tube in a continuous fashion.

It is somewhat surprising that the circuit of Fig. 3 is that of a
reactance modulated oscillator described by Dennis and Felchl having a tuning
range of about 20 percent. However, the parallel concept indicates a quite dif-
ferent mode of operating the tubes which doubles the tuning range to something
like 40 percent. The tuning range of the circuit of Fig. 3 can be made to ap-
proach two to one by using a more sophisticated network approximation to a trans-

mission line.

5. A RESONANT TYPE PARALLEL NETWORK OSCILLATOR.

Oscillators fall imto two general types. The first is the phase shift
type as already described which makes use of low pass (or high pass) filters. The
second type makes use of resonant circuits (i.e., bandpass filters) as is done in
the great bulk of conventional oscillators.

If parallel resonant circuits are used for Fy(p), F,(p), and ]5’3 (p), ome

has equations of the form

1. F. R. Demnis and E. P. Felch, "Reactance Tube Modulation of Phase Shift
Oscillators", BSTJ, Vol. 28, No. 4, PP. 601-7, October, 1949,

9
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-pgml/cl

K, F.(p) = 11
071 p2+pBl+w§ (11)

with similar expressions for the other functionms. Bl is the half-power band-

width, wl is the center radian frequency, C. is the shunt capacitance, and gml

1
is the transconductance. The parallel system to which the following data and
discussion applies is shown in Fig. 4. The plate loads of Vl and V2 are the func-

tions Fl (p) and F, (p), and the common plate load of V5 and V) 1s the function F3 (p),
All components not lettered in Fig. 4 are either coupling or bypass elements. ]
The tubes used will be assumed to be 12AT7T types.

This circuit with Cl = Cp and Cy, Cos and C, furnished only by stray

3
capacitances and with Rl = 300 ohms, R2 = 560 ohms, and R3 = 68 ohms, and with
11 = 12 lic/s, 1'2 = 26 lc/s, and f3 = 18 Mc/s has been constructed and tested.
The experimental curve of frequency as a function of the plate voltage El (where
El and E2 are balanced with respect to the center voltage) is shown in Fig. 5.
The output voltage as a functlon of frequency (measured at tbe plates of V3 and
Vh) is also shown in Fig, 5. In particular, it should be noted that the oscil-
lation amplitude does not change markedly as the limits of the tuning range are
approached.

The two-to-one frequency coverage displayed by Fig. 5 by no means repre-

sents the best that can be done--any reasonable 15 Mc/s increment can be tuned

such as 1 to 16 or 100 to 115 Mc/s. Through careful construction, a 20 to 40 Mc/s
tuning range can be obtained using the same tube, which is about one~third to
one-half the practical gain bandwidth product of the 12AT7 tube, With some of the
newer close-spaced triodes having very large gain bandwidth products, appreciable
tuning ranges can be obtained up to center frequencies of 1000 Mc/s or more using

either resonant or phase shift types of parallel network oscillators,

10
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6. ANALYSIS OF A RESONANT TYPE OF OSCILLATOR.

Assume that all tubes of Fig. 4 are the same type and that the trans-
conductances of Vl and V2 are equal to half the rated wvalues at the center fre-
quency. Also, plate load impedances will be assumed so amall that plate resis-
tances can be neglected. In addition, it will be assumed that C;, =C = C,

Ry =R, =R, B; =B, =B, B; = B, c3 =C'yg, = (g,/2)(1 + k), g, = (8y/2)
(1-k), and &3 = &+ Finally, let ws = wg, be the center frequency. Then,

0. %[ (L+x 1-k
.é_g=§.&_'.[_(__2’1p2++ +_(1-K)p 2} - B (12)

2 2
+
pB wl P +}_)B+(.I)2 P + pB! +(JJO

In order to keep the analysis relatively simple, the narrow band ap-
proximation will be employed. Admittedly, this may not be very exact in many
cases but it does have the advantage of simplicity. Therefore, if we assume

that w, - W, << Wgy B<<wy, and B! << Wos (12) becames, upon translating the

system centered around Wy to a center frequency of zero (band pass to low pass

. transformation),
0 _ & p + B2 - jkw
g = yoeT (p + B/2 + wa){p + B/2 - wa)l(p + B'/ﬂ (13)

| vhich has poles and zeros as indicated in Fig. 6. The zero moves along a verti-
cal line a distance proportional to k. Wy is the frequency difference w,- Wy =
Wy =We At the extremes of the tuning range, k = + 1 in which case the zero
cancels & pole and the oscillator is a simple two stage single chammel resonant
device, one of the two parallel chamnels being cut off. The extreme frequencies
are found from the requirement that the two remaining poles furnish a phase shift
of zero., This gives the tuning range as

2wy 2w, -wg)

“1+B/8' "1 +B/8
13

(1)
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vhich is a meximm for B*»> B and is half the maximm possible value for B! = B.
The open loop gain at the extreme frequencies is
(o)

°n

é L(B + B')? ,
- 1
4ee? [BB'[ME + (B +B")°] } )

ex

and that at the center frequency is

o B | s
0 = B/B!
®njey  BCCT |2 L B2 1)
X
The ratio of these two gains is
(ep/e,) 1+ (20, /)2
n’ex X (17)

(o/enlet 1+ (20.)2/(B + B')2
Using p = Jw in (13) and manipulating, we get the general transfer function as
S _ & 1
2 uecBt@? + BRA) 1 + 2B/B!
x 5
wi + B/}

2(w + kug)
B

1+

w@i s34 4 BB'/2) ~w> (18)

R (B'/E)(wi + B/4) ~w2(® + B1/2)

The general condition of oscillation can be determined by setting the
third bracketed quantity in (18) equal to unity. Then, at the oscillation fre-
quency, the open loop gain is easily determined from (18) which shows how the

open loop gain varies with frequency. Not much can be done to minimize this

15
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variation except for the obvious procedure of making B and B' large. Clearly,
Wy 1s primarily determined by the desired tuning range.

The pole-zero plot of Fig. 6 is rather typical of parallel circuit
oscillators. The poles are those of both of the two chamnels plus those common
to the two chammels. In addition to the fixed poles, zeros are introduced by
the parallelling process. These zeros move in position as k is varied and it is

their motion that causes changes in the frequency of oscillation.

16




1 copy

1 copy

1 copy

1 copy

1 copy

1 copy

1 copy

75 copies

DISTRIBUTION LIST

Director, Electronic Research Laboratory
Stanford University

Stanford, California

Attn: Dean Fred Terman

Chief, Electronic Warfare Department
Army Electronic Proving Ground
Fort Huachuca, Arizona

Chief, Engineering and Technical Division
Office of the Chief Signal Officer
Department of the Army

Washington 25, D. C.

Attn: SIGJM

Chief, Plans and Operations Division
Office of the Chief Signal Officer
Washington 25, D. C.

Attn: SIGOP=5

Countermeasures Laboratory
Gilfillan Brothers, Inc.
1815 Venice Blvd.

Los Angeles 6, California

Commanding Officer

White Sands Signal Corps Agency
White Sands Proving Ground

Las Cruces, New Mexico

Attns SIGWS-CM

Commanding Officer

Signal Corps Electronics Research Unit
9560th TSU

Mcountain View, California

Transportation Officer, SCEL
Evans Signal Laboratory
Building No. L2, Belmar, New Jersey

FOR - SCEL Accountable Officer

Inspect at Destination
File No., 2282l4~PH-54=91(1701)

17



1 copy H. W. Welch, Jr.
Engineering Research Institute
University of Michigan
Ann Arbor, Michigan

1 copy Document Room
Willow Run Research Center
University of Michigan
Willow Run, Michigan

11 copies Electronic Defense Group Project File
University of Michigan
Ann Arbor, Michigan

1 copy Engineering Research Institute Project File

University of Michigan
Ann Arbor, Michigan

18



