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ABSTRACT

Radio-frequency signals of relatively wide bandwidths
are being transmitted in the communications-frequency
spectrum which extends approximately from 15 kcto 30 Mc.
A countermeasures receiver must have sufficient bandwidth
to accept all of the transmitted sideband frequencies if it
is to present all of the information that was transmitted.

An experimental tuned-radio-frequency amplifier and
detector has been developed with a fractional bandwidth of
ten percent of the center frequency. It is tunable through
afrequency range of 500 kc to 2.5 Mc and maintains
practically constant gain. The receiver skirt selectivity
measured at the 60 and 6 db points is approximately 3.75
to 1. The receiver is composed of flat-staggered quintuple
r-f stages, in which both capacitance and inductance are
tuned, and a push-pull detector followed by two dc-coupled
cathode-follower video filter stages.

PROBLEM STATUS

This is aninterim report; work onthis problem
is continuing.

AUTHORIZATION
NRL Problem R06-02
Project NE 071-240 and NR 686-0z0
BuShips Problem S1255 KC
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INTRODUCTION
Effect of Bandwidth on Transmitted Information

Increasing use of wide-bandwidth radio-frequency signals in the communications
spectrum has increased the need for wider bandwidth countermeasures receivers, All
of the information transmitted cannot always be detected if the bandwidth of the receiver
is less than that of the signal. One example of a signal that has a bandwidth wider than
the passband of standard communications receivers is the navigational radio aid, pulsed
LORAN signals. For LORAN signals in the region of 2. 0 Mc, the recommended total
receiver bandwidth ! is 50 kc at 6 db down, and 150 kc at 60 db down, i.e., a 60 to 6 db
skirt selectivity of 3 to 1.

Many of the modulation techniques used at microwave frequencies could conceivably
be adapted for use at communications frequencies. In general, the wider the available
bandwidth the more information can be sent or the faster it can be sent. For example,
if a signal transmitted at 2. 5 Mc with a spectrum of 10 kc can carry 10, 000 items of
information per second, it is conceivable that a signal of 250 kc spectrum could carry
250, 000 items of information per second.

Bandwidth Limitations in Transmitters and Receivers

The limit to the bandwidth of a transmitted signal is determined by numerous factors.
An important consideration is the difficulty of designing efficient wide-band amplifiers and
practical antennas in the communications frequencies. The propagation characteristics of
frequencies differing by small percentages are sometimes very dissimilar, especially for
long-distance transmission, and thus limit the maximum usable bandwidth, Although the
available bandwidths of signals in the communications spectrum are governed by federal
regulations and international agreements, the basic characteristics are not established by
man and are not so limiting.

Several of the factors limiting the bandwidth are directly related to the center frequency
of transmission. The Q factors of transmitter tank circuits and of resonant antennas do not
vary to the same extent as do the frequencies of resonance; in other words, the available
bandwidth of a transmitter is naturally approximately proportional to the center frequency.
The percentage available bandwidth, that is, the maximum ratio of signal bandwidth to center
frequency, is taken to be ten percent for the purpose of the experimental receiver described
here.

Intercept receivers now in use have insufficient bandwidth to accommodate signals
of ten percent bandwidth throughout their range of center frequencies. The RAO-9 receiver
has a fixed intermediate-frequency bandwidth of approximately 10 ke, the radio-frequency
section bandwidths ranging from less than 10 kc at 550 k¢ to more than 200 kc at 30 Mec.
This receiver has been modified for increased bandwidth by the addition of a second i-f

1Musselman, G. H., “LORAN,” MIT Radiation Laboratory Series Number 4, Chapter 12,
McGraw-Hill, New York (1948), p. 388
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amplifier and detector.2 The Hammerlund Super-Pro receiver is more versatile in this
respect as it has a variable bandwidth of 3 to 16 kc.

Bandwidth Requirements of a Receiver

A receiver with continuously adjustable bandwidth might be the best answer to the
problem. Such a receiver could, after having been tuned to a signal, be adjusted for best
signal-to-noise ratio by narrowing the bandwidth until it was wide enough for all the signal
components but not wide enough to accept signals of frequencies different from those of the
desired signal. Some progress has been made in the development of a variable bandwidth
i-f amplifier. An experimental unit has been designed and constructed to operate at a
center frequency of 300 k¢ with bandwidth variations of 8 to 1. The unit is composed of
three sections of modified-lattice bandpass filters with variable high- and low-frequency
cutoffs, and is controlled by changing the mutual inductance between inductors. The
amplifier has a drawback in that when it is adjusted for sharp cutoff characteristics for
frequencies near the passband limits it has insufficient rejection for signals falling outside
of the high- and low-cutoff frequencies.

One of the drawbacks arising from the use of a variable bandwidth i-f amplifier in a
wide-bandwidth superheterodyne receiver is that there must still be an r-f amplifier and
an oscillator. The r-f amplifier must have enough bandwidth to pass the highest frequency -
components that are passed by the i-f amplifier when in its widest position, and if spurious
responses due to image signals are to be made small, the r-f amplifier would have to be
relatively sharp with good skirt selectivity. '

A natural approach is to eliminate the wide bandwidth i-f amplifier and design the r-f
section of the receiver to have the desired skirt selectivity; this entails, of course, the
disadvantage of having more receiver bandwidth than is necessary for signals of less than
maximum bandwidths. The r-f section should also have a large dynamic range of operation
so that it would not easily overload and produce cross-modulation interference.

Tuned-Radio- Frequency Receivers

Advantages of a trf receiver when used as a wide-bandwidth amplifier are the elimi-
nation of the conversion, h-f oscillator, and i-f amplifier stages, and thus the interference
problems associated with their use. An advantage which is not characteristic of trf
receivers in general but which occurs in this receiver is the wide tuning range resulting
from the use of both capacitance and inductance tuning giving a tuning range of 5 to 1 for
medium frequencies.

Disadvantages of the trf receiver are: the beat-frequency detection of cw signals is
inconvenient to arrange without an i-f amplifier; the r-f amplifier is more complex than
the r-f amplifiers used in standard superheterodyne receivers, and if a multiband receiver
were to be designed, the video sections and detectors would not be usable for more than
one band in which it was desired to retain the entire constant fractional bandwidth. This
latter disadvantage is comparable, however, to that of the variable-bandwidth super-
heterodyne receiver, in which separate i-f amplifiers would be needed for each band.

2
Bachelor, W. B., and Bullock, G. M., “Increased Bandwidth for the RAO-9 Communications

Receiver,” NRL Memo Report 159 (Confidential), May 1953
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DESIGN OF THE TUNED-RADIO-FREQUENCY RECEIVER f;
e

Resonant Frequencies and Dissipation Factors o

The r-f amplifier filter stages of the receiver are arranged as a flat-staggered
quintuple (Fig. 1). For such an amplifier-filter having a bandwidth band-center ratio, 9,
of less than 0.3, the frequencies of resonance and the dissipation factors, or bandwidths
of the individual parallel-tuned stages, are as follows: 3

two stages staggered at f  + 0.48 3 have dissipation factors of 0.31 §;

two stages staggered af f + 0.29 8 have dissipation factors of 0. 81 ;

4
one stage centered at f, has a bandwidth 8, where

f = band-center frequency, B = over-all bandwidth, and B/f, = 6.

When 6 = 0.1, the dissipation factors are so small that the Q factors can be taken as
the reciprocal of the dissipation factors, and the impedance of each stage can be taken as
the product of either reactance at resonance and the Q factor.4 These calculated values
and a sample tabulation of the resonant frequency of each stage, considering the center
frequency to be 500 kc and the maximum capacity at the center frequency stage to be
250 puf, are given in Table 1.

Electrically, the circuits are arranged according to resonant frequencies from input
to output as follows: Number 1, medium high frequency; Number 2, medium low frequency;
Number 3, high frequency; Number 4, low frequency; Number 5, center frequency. The
center-frequency, low-Q circuit was placed at the output end in order to reduce the effect
of detector loading on the passband shape. The next lowest-impedance circuits were
placed at the input end, where signals have small amplitude, because of the reduced sus-~
ceptibility to stray electrostatic pickup of a low-impedance circuit.

Tuning Capacitors and Inductors

Each parallel-tuned circuit is composed of a powered-iron-slug tuned, single-layer
inductor, and a modified straight-line-capacitance variable capacitor. The inductance
changes at approximately the same rate as does the capacitance. Each has a variation
of approximately 5 to 1; thus, the frequency of resonance also changes by a factor of 5 to 1.

Several benefits are realized by the inductor and capacitor tuning system: (1) the
frequency tuning range is equal to the square of that which it would be with the inductor
or capacitor alone; (2) the impedance at resonance is independent of the resonant fre-
quency—(see Appendix); (3) the bandwidth is proportional to the frequency setting—(see
Appendix); (4) the shape of the selectivity curve is the same for all frequency settings.

3Wallrnan, “Vacuum Tube Amplifiers,” Radiation Laboratory Series Number 18,

Section 4-8, New York, McGraw-Hill (1948), p. 186

4Terrnan, F. E., "Radio Engineers Handbook,” New York, McGraw-Hill (1943), p. 144

nECLASSIFIED




DECLASSIFIED

NAVAL RESEARCH LABORATORY

105

I2A1209.1 D G'Z 03 OY (0§ JO dTIRWAYOS - [ ‘B4

8A L1vZ /_\
: 8A LN

‘93N AOQI-0O NIVO

DECLASSIFIED




DECLASSIFIED

- "NAVAL RESEARCH LABORATORY 5

TABLE 1
Flat-Staggered Quintuple of 6 = 0.1 and {, =500 ke

Stage Resonant | Approximate|Approximate Impedance
Frequency (kc) | Q@ Factor at Resonance (ohms)
476 32 41,000
485.5 12 16, 000
500 10 13,000
514.5 12 16, 000
524 32 41,000

Although it is desirable to have the change in capacitive reactance equal to the change
in inductive reactance, considerable tolerance can be allowed so long as all the inductors
are similar in inductive variation and all capacitors are similar in capacitive variation.
If such is the case, an error in the tracking of the bank of capacitors with the bank of
inductors would merely shift the response curve in frequency and change the L-to-C
ratio thus changing the impedance and gain, but would not appreciably change the shape
of the response curve. Constant gain in the receiver is not considered highly important,
although a receiver with rapid change in gain versus frequency can be an inconvenience.

The five stages are isolated from each other and from the antenna by pentode remote-
cutoff type-6BJ6 vacuum-tube amplifiers, and the final stage is isolated from the detector
section by an untuned cathode follower of type 12BH7. The gain of the receiver is controlled
by applying negative voltages to the control grids of all five pentodes. Since five pentode
r-f amplifier stages with the plate impedances used in this tuner can produce much more
gain than is needed, the grid bias can be set for relatively low stage gain even when the
maximum over-all gain about 85 db is desired. The high plate resistance resulting from
this low transconductance setting further helps in isolating stages from one another, and
avoids large changes in input loading of the higher Q circuits when tube gain is changed.
The plate resistance at maximum gain of the 6BJ6 amplifiers is approximately 3 megohms,
a high value when compared to a load impedance of 0. 04 megohm in the highest impedance
stages.

Unbypassed resistors are placed in the cathode-to-ground circuits to make the tube
input impedances more nearly constant. The value of these resistors was determined by
experiment. For a constant high gain setting of the receiver, values of resistance were
changed until the passband shape as observed on an oscilloscope using a frequency sweeping
signal was closest to the passband shape obtained for low gain settings. The value used was
100 ohms.

Though the tuning range is wide compared to what it would be when using either capaci-
tance or inductance tuning separately, it is limited by the maximum percentage bandwidth
desired, as well as by the maximum variation that can be obtained with the capacitors and
inductors. The video filter must be wide enough to pass the highest frequency components
in the sidebands of the r-f signal when tuned to the highest center frequency, and at the same
time, notsowideas to pass low r-f components when the receiver is tuned to the lowest fre-
quency. The transient response of the video filter to pulsed signals will be improved if the
filter has gradual, rather than sharp, cutoff characteristics. A practical tuning-range
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and a capacitor rotation of 143 degrees were required to cover the range of frequencies.
The completed tuner has a maximum slug motion of 1. 4 inches.

wup

The resonant frequencies of the completed receiver, as functions of the manual tuning- e
control angles (see next section) are given in Fig. 6. In order to show the bandpass region v‘
clearly, the 3-db-down points rather than the center frequencies are plotted (curves A and
B). Two reference curves are included in the graph. They show that the change in resonant
frequencies with respect to the change in dial settings is equal to a constant in the case of
curve C, and is proportional to the resonant frequency in the case of curve D. A cw signal
at any tunable frquency would be in the passband of two receivers—-a constant-small-bandwidth
receiver with the tuning characteristics shown in curve C, and a constant-percentage-
bandwidth receiver with the tuning characteristics shown in curve D—for unchanging periods
of times as their respective dials were moved at constant rates. Tuning characteristics of
a particular type could be obtained by designing the tuning elements in such a way that the
total circuit capacitance and total circuit inductance changed (with motion of the dial) in
inverse proportion to the desired frequency versus dial-setting characteristics.
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[eX:] NOTE: CURVES A AND B REPRESENT UPPER
AND LOWER 3-db- DOWN POINTS OF
THE REGEIVER.
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Fig. 6 - Frequencies of the upper and lower half-power points
versus tuning-shaft angle

Mechanical Design

The inductor slugs and capacitor rotors are mechanically coupled through a pinion,
rack, and gear system. In order to avoid binding of the slug carriage, racks are provided
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at both ends of the carriage and are driven by a common pinion gear. The pinion-gear
shaft extends through the end plates and is used as the manual tuning control. The rack
is coupled to the capacitor rotor shaft through an idler gear which can be adjusted to fit
snugly with both the rack and the rotor gears, thus eliminating backlash in the motion
between the inductor and capacitor moving parts.

Precision of movement is maintained by ball-bearing pinion and idler gear supports
and close-tolerance sliding cylindrical mounts for the racks. Aluminum end plates of
1/4-inch thickness are accurately spaced by a 3/8-inch thick, 2-5/8-inch wide, 9-5/16-
inch long aluminum connecting plate. Parts of the mechanical construction are shown in
Figs. 2 and 3. Nonconducting linkages are used in the pinion and slug support bar to
improve the electrical isolation of the amplifiers.

Design Details and Performance

Three trimming adjustments are employed in the receiver. High-frequency adjust-
ments are controlled by the shunting capacitance trimmers, which compensate for the
different input capacitances of the sections and allow for the partial correction of the
dissimilarities of inductors and capacitors at their minimum settings. The powdered-
iron tuning slugs are mounted with screw fittings and are used at medium frequencies as
the main alignment adjustment. A more satisfactory alignment system would be possible
if the tuning capacitors were also adjustable, but the capacitor sections in this tuner are
rigidly mounted to a common shaft. A third adjustment for the correction of errors in
the low-frequency portions of the tuning range is provided by shunting inductors.

The shunting inductors are in parallel with the tuning inductors and have the effect of
reducing the total circuit inductance. They are adjustable by means of ferrite slugs through
a range of approximately 2 to 1. Their values are approximately ten and five times larger
than the inductance of the main tuning inductor when it is tuned to maximum inductance.
Thus, the total effective inductance of the parallel-tuned circuit at 500 kc can be changed
by means of the ferrite slugs through values of 5/6 to 10/11 that of the main tuning inductor
alone. The change of circuit inductance compared to the average of the maximum and mini-
mum inductance values was computed to be approximately nine percent, and five identical
shunting inductors were constructed. However, in the final receiver adjustment it was
necessary to reduce the inductance of the two shunting inductors which are in the above-
center circuits of the quintuple in order to have an adequate range of adjustments when the
receiver was tuned to the low-frequency end.

When they are suspended in air the shunting inductors are self-resonant at frequencies
near 3.5 Mc, but when they are installed in the tight quarters of the tuner they show self-
resonance at approximately 1.3 Mc. Their impedance becomes capacitive at frequencies
above self-resonance and their maximum capacitance at 2. 5 Mc (measured on a Q meter)
is b puf. Capacitance trimmers could have been used to compensate for low-frequency
mistracking by using a large-value variable capacitor in series with the tuning capacitor
so that the effective capacitance of the series combination would be less than that of the
tuning capacitor alone. Such a variable capacitor of small volume appeared more difficult
to obtain than a small volume variable shunting inductor.

The shunting inductor is especially valuable in that it permits the use of low dc
resistance paths in both plate and grid circuits. Low resistance values are needed in the
plate supply circuit to keep the plate voltage high and constant and maintain high plate
resistance for all values of plate current. Low resistance is needed in the grid-return
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Fig. 9 - Receiver response characteristics

During development of the receiver a grounded-grid input connection was tried but
abandoned when it was found that the receiver passband shape was adversely affected by
changes in gain settings of the first stage because of the lower plate impedance.

Video Section Details

The video section is composed of a push-pull detector and two cathode-follower dc-
coupled stages (Fig. 1). Load resistances of 5000 ohms in the cathode-follower circuits
provide nearly linear operation through a large range of amplitudes. Direct-current
coupling of the video signals eliminates phase and amplitude changes in the low frequencies.
The output of the final tuned circuits is coupled to the grid of an r-f cathode-follower which
in turn drives a resistance-loaded phase inverter. The cathode follower minimizes changes
in the reflected load by isolating the detector section from the tuned circuit section.

The use of a push-pull detector simplifies the video filter design. The video filter
must be wide enough to pass the highest frequency components when tuned to the highest
center frequency. For ten percent bandwidths the maximum r-f bandwidth is 250 kc and
the video should pass signals of at least half this frequency range, or approximately 125 kc.
When the r-f circuits are tuned to 500 kc a signal carried at 475 kc would be the lowest
frequency signal to receive practically full amplification, and to avoid intermodulation with
video components it should be attenuated after detection. The use of a push-pull detector
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APPENDIX
Properties of an Inductance-Capacitance-Tuned Parallel Circuit s

When in a parallel tuned LC circuit the values of inductance are made proportional
to the capacitance values, i.e., L = kC the frequency of resonance is inversely proportional
to either the inductance or the capacitance:

¢ o 1 o1 ko
= = = ’
27V Lc 2aVkc® ©
where
f = resonant irequency,
L = inductance,
C = capacitance, and

k,k, = constants.

In the receiver described, the inductance, capacitance, and frequency all have maxi-~-
- mum and minimum values differing by a factor of five.

At resonance the reactances are equal in magnitude:

—= 1
L c” 27fC’

But since the variable capacitor and variable inductor have inversely proportional
relationships with the resonant frequency, it is seen by substituting k, /f for L and k, /f
for C that the reactances are independent of the frequency and are constant:

%, - 20 ()
XL=27rf T =K

1
c 277f<£f’>

and

]

K

where k, and K are constants.

When the parallel-tuned circuit has inherent losses much smaller than are required
to obtain the desired bandwidth, an external loss which is large enough to obtain the desired
bandwidth can be added and thereby fix the impedance at resonance. The external loss can
be in the form of a resistor placed in parallel with the circuit.

The parallel resistance, composed of the damping resistance and the equivalent parallel

LC circuit resistance, divided by the reactance of L or C is the Q factor of the circuit.
Since the parallel resistance and the reactances are constant, the Q factor is constant.

19
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