The TH Broadband Radio Transmitter

and Receiver

By P. T. SPROUL and H. D. GRIFFITHS
(Manuseript received June 12, 1961)

A general description of the electrical and mechanical features of the TH
radio system is given in the two preceding articles.!'* This paper describes
the broadband radio receivers and lransmilters in detail. Special atlention
is given to the new features: the receiver modulator with germanium diodes
and its associated preamplifier with a noise figure of 10 db; the IF main
amplifier in which nearly all adjustments have been eliminated; the am-
plifier-imiter with unusually low AM/PM conversion; the high-power
transmitter modulator using a varactor diode to avoid conversion loss; and
finally the 5-watt traveling-wave tube amplifier.

I. BROADBAND RECEIVER

1.1 General

Fig. 1 is a block diagram of the TH radio receiver. The incoming
signal from the antenna waveguide system is selected by the channel
separation network, After further filtering by the channel bandpass
filter, the signal is applied to the receiver modulator. Here it is mixed
with a beat oscillator (BO) frequeney derived from the microwave car-
rier supply, to provide an intermediate frequency centered at 74.1 me.

The TF signal is amplified first by a low noise preamplifier of the cas-
code type and then by the IT main amplifier. Under normal (no-fade)
conditions the IT main amplifier provides about one-half of the gain
of the radio repeater. Sufficient additional gain is available, as deter-
mined by the automatic gain control (AGC) circuit, to keep the re-
ceiver output level constant for repeater input signal levels ranging
from 5 db above to 25 db below the normal. For short sections, of low
path loss, a pad of suitable value (not shown in Fig. 1) is used between
the preamplifier and main amplifier to keep the AGC ecircuit properly
centered. Equalization follows the IF main amplifier. All receivers have
a basic equalizer which compensates for gain and delay departures from
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ideal transmission for both the transmitter and receiver of the section.
A delay slope equalizer is inserted between the IF main amplifier and
the basic equalizer when required to correct for delay slope distortion
which has accumulated in several repeaters. Not shown on Fig. 1 is a
93.8-mc rejection (trap) filter, connected between preamplifier and main
amplifier and used only on channels 11 or 21 and 18 or 28; this filter
blocks spurious transmission of the adjacent auxiliary radio channel
through the broadband channel.

The nominal microwave signal power at the input to the channel
bandpass filter is —25 dbm* and the output of the IF main amplifier
is set for a constant level of approximately 411 dbm. The pad at the
receiver output is chosen to give the proper power input at the con-
necting equipment.

The BO frequency of 6049 me (or 6301 me) is used directly for the
receiver modulators of channels 12 and 17 (or 22 and 27). For the other
channels, a carrier supply modulator is required as part of the radio
receiver. This modulator shifts the 6049 me (or 6301 me) by either 29.7
me or 59.3 me. The carrier supply filter at the output of the modulator
selects the desired BO frequency. However, this filter does not provide
attenuation to the second harmonic output at 12 kme from the modu-
lator, which was found to be a source of interference. The low pass filter,
following the carrier supply filter, attenuates these undesired frecquen-
cies. An attenuator is used to set the BO input power to the receiver
modulator to the correct value for optimum noise figure of the crystals.

Indications of lack of input signal or malfunction of equipment are
provided by the channel monitor circuit. This eircuit informs the pro-
tection switching and alarm circuits when the input signal falls to ap-
proximately —52 dbm.

Fig. 2 is a photograph of the radio receiver. The multiposition switch
and the connector immediately below it are used with an external meter
to check the condition of the receiver’s electron tubes and diodes while
the receiver is in use.

1.2 Receiver Modulator and IF Preamplifier

A photograph of the receiver modulator and IT" preamplifier is shown
in Ilig. 3. Since the signal level is at a minimum at this point in the re-
ceiver, the best possible signal-to-noise ratio is required, consistent with
good transmission. The receiver modulator is built in a dual waveguide

* This value was chosen early in the TH development for design purposes. As
discussed in Ref. 1, the currently accepted value is —27 dbm, based on an rms sec-
tion loss of G4 db.
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Fig. 2 — The broadband radio receiver.

configuration with four elements, the diode mount, the short slot hy-
brid junetion, the dual isolator and the input transducer. It uses two
germanium crystals in a balanced modulator circuit designed for opti-
mum noise performance. The balanced circuit suppresses any ampli-
tude modulation noise present on the BO input. The dual isolators ab-
sorb spurious frequencies generated in the modulator and provide a good
input impedance. The IF preamplifier is a two-stage low noise amplifier
of the eascode type using triode electron tubes. The noise figure for a
typical receiver modulator and IFF preamplifier with new erystals and
tubes is about 10 db. The transmission is essentially flat over the band
from 64 me to 84 me, dropping off by about 0.3 db at 58 me and 90 me.
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Fig. 3 — The receiver modulator (right) and IF preamplifier (left).
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Fig. 4 — Simplified block sehematic of the receiver modulator.

1.3 Receiver Modulator

A simplified block schematic of the receiver modulator is given in
I'ig. 4. The received signal is coupled through the transducer and one
side of the twin isolator into the short slot junction which forms a 3-db
directional coupler. The BO frequency is coupled to the directional
coupler through the coaxial-to-waveguide portion of the input trans-
ducer and the other half of the twin isolator. The directional coupler
divides the signal and BO powers equally and applies them to the erys-
tals cr1 and cr2 of the diode mount.

A line drawing of the diode mount is shown in Fig. 5. The configura-
tion is that of two coaxial-to-waveguide transducers placed side by side
and sharing a common E plane wall, with the diodes in the transition
region, i.e., partly in the waveguide and partly in the coaxial cavity.
The depth that the coaxial sleeve penetrates into the waveguide con-
trols the coupling between the coaxial line and the waveguide, thus
matching the resistive portion of the diode impedance to that of the
waveguide. The reactance is tuned out by the properly positioned fixed
waveguide short cireuit behind the junction and by adjustment of the
length of the coaxial cavity, which also serves to compensate for differ-
ences between diodes. These latter adjustments, called RF TUNER 1 and
RF TUNER 2 on Fig. 5, are the only mechanical adjustments.

The modulator uses germanium diodes, which are matched pairs of
1N263-type diodes. Optimum noise figure is obtained with a BO power
of about —4.5 dbm and a fixed bias of about 0.3 volt from a 200-ohm
source applied to each diode. The modulator has a conversion loss of
approximately 6 db.

The IF circuit is designed to provide adequate decoupling to micro-
wave frequencies and at the same time minimum capacitance. The de-
coupling is obtained through the use of an rRr choke in the IF output
lead. The choke consists of two one-quarter wavelength radial lines.
One of these lines is resonant in each half of the 5925-me to 6425-me
band. This gives a minimum insertion loss of 30 db over the band. The
position of the choke along the IF output line is so chosen that a low
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impedance is presented at the waveguide wall. Through the use of this
construetion, the total capacitance of the IT output terminals in paral-
lel has been kept to 12 mmfd. Minimum capacitance is necessary because
of the broad II" bandwidth to be transmitted.

The short-glot hybrid junction consists of two waveguides sharing a

WAVEGUIDE - J—‘
SHORT-CIRCUIT ™
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Fig. 5 — The diode mount.
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common E plane wall in which there is a coupling slot to form a hy-
brid junetion.? Power applied to one input arm divides equally between
the two opposite output arms with no coupling to the third arm. In-
stead of the 0° or 180° phase difference between output arms as found
in the hybrid T, the short slot coupler has a 90° phase difference. This
causes; the reflected signal power from the diode modulator to appear
only in the BO arm rather than in the signal arm. Typical couplers have
return losses greater than 24 db, a power split equal within 0.2 db, and
a directivity of 23 db or better over the 500-me band.

The twin isolator consists of two similar isolators mounted side by
side with the waveguides having one common I& plane wall. The iso-
lators present a low loss to signals proceeding toward the modulator,
and high loss to reflected energy.

One of the products generated by the modulator falls at twice the
BO frequency minus the signal frequency. If this product is reflected
back to the modulator in the correct phase, an improvement in the
noise figure of up to one-half db can be obtained. However, the disad-
vantages of using this image frequency energy are more important.
Tirst, a different mechanical spacing of the channel bandpass filter would
be required for each channel, and second, the variation in phase would
cause the II" output impedance to vary over the band, which would
adversely affect the transmission performance. An isolator, therefore, is
provided in the BO arm to absorb the image as well as any signal energy
reflected from the modulator.

1.4 IF Preamplifier

Fig. 6 is a schematic of the IF preamplifier circuit. It uses two 417A
triodes connected in a cascode circuit between the ITF terminals of the
balanced modulator and the 75-ohm output coaxial line. The gain of the
preamplifier is typically 15 db. As shown on Fig. 3, it is assembled in a
shielded chassis about five inches wide, eight inches long and 13 inches
deep.

The preamplifier is designed to provide a transmission characteristic
which is stable over the life of the tubes, along with optimum noise per-
formance. I'actory and field adjustments have been minimized by the
use of compensation circuits and by control of wiring in the transmis-
sion path. The compensation circuits are in the cathode circuit of the
grounded-cathode first stage and in the grid circuit of the grounded-
grid second stage of the cascode.

For a stable transmission characteristic, the input impedance of a
tube, which is the termination of an interstage network, must be inde-
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Fig. 6 — Simplified sehematic of the IF preamplifier.

pendent of the voltage gain of the stage. For a triode with resistive load,
the input eapacitance (';, is given by

Ciw = Cax + (1 + A)Cy,

where (' is the hot grid-to-cathode capacitance, and A is the voltage
amplification of the stage; (', is the grid-to-plate capacitance. Thus the
input capacitance is a funetion of the voltage gain of the stage. This
change in capacitance is commonly called the Miller effect. In many
cireuits this effect is cancelled by nentralizing techniques, one of which
is to parallel the grid-to-plate capacitance with a suitable coil to form a
parallel resonant circuit. Neutralization of this type could not be used
because of the wide frequency band of 58 me to 90 me. However, re-
sistance in the eathode cireuit produces negative input capacitance,
which also changes with the gain of the stage. By proper choice of re-
sistor value (r1 of Fig. 6) the input capacitance is reduced and made,
for practical purposes, independent of tube gain.

The lower curve of Fig. 7 gives the input resistance of a 417A in a
grounded-cathode stage in which the connection to ground of the cathode
pin of the tube socket is made as short as possible. This input resistive
loading is due to cathode lead inductance and varies inversely with both
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Fig. 7— Input resistance of a W.IE. 417A triode: cathode grounded directly
and with eathode compensation eireuit.

the square of the frequeney and the operating gain. These variations in
the input resistance make it a far from ideal termination for an inter-
stage network. The inductance of the series resistor added for capac-
itance compensation makes the input resistance even lower. However,
a capacitor in parallel with this resistor (c1 of Fig. 6) forms a broad
series resonant cireuit with the eathode lead inductance, and reduces
the net inductance. The resultant input resistance, with the compensa-
tion circuit added, is plotted in the upper curve of IMig. 7.

Stability of the input impedance to the grounded-grid stage is ob-
tained in a similar way by placing a small resistor and capacitor (rz and
c2 of I'ig. 6) in parallel in the grid lead.

The coupling network between the receiver modulator and the
grounded-cathode stage is an adjustable three-coil network in a T con-
figuration. It is mismatched to obtain optimum noise performance, and
is designed to operate with the IF impedance of the modulator as one
termination and with the input impedance to the tube as the other.
The only important resistive loading is applied by the real component
of the II¥ impedance of the erystals.

The interstage network between the tubes appears as an extremely
simple one on paper. However, stray impedances play an important
role. The lead inductance of the connection between plate and cathode,
the series blocking capacitor, the output capacitance of vi, and the
input capacitance of v2 combine to form a filter with adequate band-
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pass. This network is also misterminated, to obtain an optimum noise
figure from the grounded-grid stage. Plate voltage for vi and cathode
voltage for vz are applied through high impedance chokes. No adjust-
ments are required since the lead inductance is carefully controlled
during manufacture.

The output circuit uses a double-tuned transformer of the type dis-
cussed more fully in the next section of this paper. One capacitor ad-
justment is required to compensate for eircuit variations. The output
impedance is 75 ohms, to better than 20-db return loss.

1.5 [F Main Amplifier

The IF main amplifier operates at a gain of 27 db for the nominal
receiver input signal level of —25 dbm, and has a maximum gain with
new tubes of about 60 db. The gain-frequency characteristic for a typ-
ical IF amplifier at nominal gain setting is essentially flat over the 64-mc
to 84-me band, dropping at 58 me and 90 me by about (0.6 db. Changes
in the transmission characteristic with change in operating gain of 25
db are typically within 0.5 db.

A photograph of the amplifier is shown in Fig. 8. The amplifier is
assembled in a shielded chassis approximately 43 inches wide, 1% inches
deep and 20 inches long. The electron tubes are covered by a common
electrostatic shield. Cooling air from the bay is supplied to the tubes
by means of a conduit mounted on the shield. Circuit elements are

Fig. 8 — The IF main amplifier.
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Fig. 9 — IF main amplifier, rear view with cover removed.

mounted on the underside of the chassis with each stage individually
shielded, as shown by TFig. 9. Multi-pin connectors, which carry the
necessary plate and grid supply voltages, also connect the individual
cathode voltages to the control panel of the receiver for test purposes.

A simplified schematic of the amplifier is shown in Fig. 10. It uses a
new high-performance tetrode, the Western Electric 448A, specially
designed for this application.* Seven stages of amplification are used,
the first, sixth, and seventh being fixed gain stages, the remaining four
being variable gain stages. Fixed gain is used on the first stage to ob-
tain the most stable input impedance, on the six and seventh to main-
tain the required power output over the range of operating gain. Con-
nected across the output of the amplifier is a monitoring circuit which
provides a de voltage, dependent upon the signal level, to the automatic
gain control (AGC) circuit. The latter controls the grid bias of the vari-
able gain stages to maintain the output power constant as the input to
the receiver changes due to fading, ete. By careful control of the tube
parameters and of wiring during manufacture, by the use of compensa-
tion cireuits, and by the use of an interstage transformer of a new type
with a high coefficient of eoupling, an amplifier has been achieved which
requires no adjustment of gain-frequency characteristic when tubes are
replaced. The input and output circuits each have two variable capac-
itors to permit optimum adjustment of impedance.

1.6 Electron Tube Cireuil

The 448A tetrode has a transconductance of approximately 31,000
micromhos. It has very close spacings between the control grid and
cathode and between the control grid and screen grid, and relatively
large spacing between the screen grid and plate. This wide spacing makes
possible a low in-circuit output capacitance, which averages 5 mmfd.
The close control grid-to-cathode spacing makes negligible the effect of
transit time on input impedance for frequencies up to at least 100 me.
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The input capacitance as measured in the circuit averages 23 mmfd.
This tube therefore has a high gain-bandwidth factor, not all of which
is realized in the amplifier since negative feedback is introduced to im-
prove transmission stability.

The termination of an input or interstage network is the input im-
pedance of the tube. I'or high transconduectance tubes operating in the
50-me to 100-me region, this impedance is far from ideal. Cathode lead
induectance gives rise to a positive input resistive loading, while screen
lead inductance results in a negative input resistive loading. Both vary
inversely with the square of the frequency and the operating gain. Fur-
thermore, the input capacitance is a function of the total space current
flowing past the control grid. Sinee the gain of several of the stages must
be changed to provide AGC, the effeet of these non-constant impedances
must be minimized so that transmission through the stages will not be
a function of the operating gain.

The required transmission stability is obtained by the use of com-
pensation circuits in the cathode circuits of the tubes as described above
for the preamplifier. The input capacitance of the 448A, as determined
by measurement, is very nearly a linear function of transconductance
over the operating current range for the gain-controlled stages. Re-
sistance in the cathode cireuit, while decreasing the stage gain, intro-
duces a negative capacitance in the grid cireuit, which also varies linearly
with transconductance. With a suitable resistor in the cathode circuit,
the input capacitance is stabilized at 23 mmfd over the operating gain
range.

The more important, contributor to the input resistive loading is the
cathode lead inductance. To minimize this inductance, three cathode
leads connected to widely separated base pins are provided in the tube.
These are connected externally by a low inductance path consisting of
a brass plate which joins together the appropriate tube socket pins.
This results in an in-circuit cathode lead inductance of less than 0.01
microhenry. However, even this low inductance gives rise to an input
resistance of a few hundred ohms at 90 me at maximum gain. Fig. 11
shows measured values of the input resistance with the shorting plate
directly grounded, as a function of frequency and cathode current. This
input loading is comparable to the terminating resistance of the inter-
stage on the grid side (approximately 110 ohms).

The resistor which provides compensation for input capacitance
changes adds inductance to the cathode lead. However, by proper choice
of a capacitor in parallel with the resistor, a compensation circuit was
designed which reduces the effective cathode-to-ground inductance to
about 0.005 microhenry over the 50-me to 90-me band.
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To ensure adequate eontrol of leads in this very critical cathode cir-
cuit, the combination of the resistor and parallel capacitor along with
the bypass capacitor was designed into a closely controlled network
assembly. This network (designated 491A) is visible in the photograph
of the wiring side of the chassis, Fig. 9.

Sereen grid lead inductance contributes a negative resistance across
the input terminals of the tube. The 448A uses a single internal screen
lead. The external lead to the bypassing point is made intentionally
long. The resulting negative resistance cancels to a large extent the
loading due to the remaining cathode lead inductance. Fig. 11 shows
the components of input impedance with the final compensation. The
net effect is that of 23 mmfd shunted by approximately 1000 ohms. For
all practical purposes, the resistance is independent of the value of
cathode current, and for all frequencies is at least ten times that of the
interstage terminating resistance.
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All stages of the amplifier use de feedback provided by a combination
of self bias supplied by the cathode resistors and positive grid voltage
obtained from a stabilized source. This minimizes gain variations from
tube to tube and due to tube aging. The variable gain stages have less
de feedback than the fixed gain stages because of limitations imposed
by the AGC circuit.

1.7 Coupling Nelworks

Three different networks are used in the amplifier: a terminated input
network which couples from the 75-ohm input coaxial to the grid of the
first tube, an interstage network, and a terminated output network
which couples the plate of the last tube to the 75-ohm output coaxial
line. Studies of various types of networks indicated that to meet the
exacting requirements of minimum adjustment and permissible trans-
mission deviations of a few hundredths of a db per stage, terminated
networks would have to be used throughout. Of those studied, a design
described by Rideouts which gives a slightly over-coupled character-
istic and has the advantage of simplicity in design, is used. For the
bandwidth required and the ratio of the terminating capacitances (5
mmfd for the tube output, 23 mmfd for the tube input) the network
cannot be realized with a simple T or = configuration. However, it is
realizable with either a tapped coil or a two-winding transformer. The
disadvantage of the tapped coil is that a series blocking capacitor is
required. IFor this reason the two-winding type was chosen.

The transformer is encased in an epoxy resin cylindrical block ap-
proximately # inch in diameter by 1% inches high. The external view
and stages in assembly showing the internal construction of a typical
interstage transformer are shown in Fig. 12. Connections to the windings
are made through four radial wires spaced at 90° intervals. The two
windings are in separate grooves of a double thread cut in a plastie tube.
The small mechanical separation between windings achieved in this
way makes possible the required high coefficient of coupling without
the use of a ferrite core. Because of the different impedance ratios re-
quired, the input, output and interstage transformers, although of the
same general design, differ in a number of ways, such as the length-to-
width ratio of the plastic tube, the number of turns and pitch of the
windings, and the size of wire used. Ixternally, however, they are all
similar in appearance. To achieve adequate uniformity in electrical
characteristics, the individual inductances are held to less than =43 per
cent of the nominal design value. Reproducihility of the transformers
therefore depends upon very close control of all dimensions. The basic
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Fig. 12 — Typical interstage transformer.

transformer design has been so suceesstul that it is used not only in the
IF amplifier but throughout TH in broadband IF circuits.

To meet the objective of a minimum of factory and maintenance ad-
justments, a high degree of control over each of the components is re-
guired. Equally important is that their relationship to one another
when installed in the amplifier remain the same from unit to unit. For
this reason, the transformers are located in position by means of a keyed
hole, and the interstage loading resistors are located uniformly. All
components not, directly in the 1Y transmission path are located outside
the shielded area.

To minimize reflections (echoes) a good impedance match to the 75-
ohm coaxial line is required at input and output. Typically the ampli-
fiers have o minimum of 27 db return loss over the 64-me to 84-me band.
To provide this performance consistently, two pairs of variable capaci-
tors are added to correct for eireuit variations. One additional variable
capacitor ig used in the sixth interstage. This capacitor is adjusted at
the factory for optimum gain-frequency characteristic.

1.8 Awtomatic Gain Control and Channel Monitor Circuits

The AGC circuit is straightforward. A voltage doubler rectifier cir-
cuit at the output of the II' main amplifier monitors the signal power.
Its output voltage, together with an adjustable reference voltage, is
applied to the grid of a stabilized de amplifier.® The reference voltage
effectively sets the IF power at the main amplifier output. The ampli-
fied de signal is applied to a cathode follower which translates it to the
correct, voltage level for control of the grid bias of the tubes in the IF
amplifier. Thus an increase in IFF power at the amplifier output results
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in an increase in negative grid bias to the gain-controlled stages. A series
resistance and shunt capacitance in the bias lead set the time constant
and hence the response of the circuit to sudden II" signal changes. Di-
odes in the bias load limit the voltage rise when the IF main amplifier
input is removed. The use of grid bias gain control is feasible as a result
of the transmission stability obtained by the use of the compensating
cireuits in the cathode circuits of the tubes.

If the input signal is suddenly reduced by 27 db, approximately 30
milliseconds is required for the amplifier output to return to normal.
This response time is adequate to follow the most rapid signal fading
expected.

The channel monitor circuit initiates a local alarm and originates an
order to the protection switching system when a deep fade of the in-
coming signal occurs. A fade results in an inerease in the current drawn
by the IF amplifier tubes. The increase in the voltage drop that this
causes across a resistor in series with the plate supply is used to trigger
a bistable transistor circuit. This in turn controls a relay to operate the
alarm and ecall for a protective switch.

II. BROADBAND TRANSMITTER

2.1 (General

The TH radio transmitter is shown in block schematiec form in Fig.
13. The IF input signal from the radio receiver or terminal equipment
is first applied to the amplifier-limiter. The limiter effectively removes
any amplitude modulation that might be present in the input signal
and which could be converted into phase modulation by the traveling-
wave tube (TWT) amplifier. Such modulation would appear in the sys-
tem as unequalizable distortion. Associated with the amplifier-limiter is
the carrier resupply circuit, which provides a local carrier source if a
deep fade or an equipment failure occurs.

The IF signal from the limiter output passes with negligible loss
through the carrier resupply to the transmitter modulator. There, after
passing through a buffer amplifier, the signal is mixed with the BO fre-
quency in a low-loss balanced modulator. After selection of the appro-
priate sideband by the channel bandpass filter, the signal is applied to
the transmitter amplifier. This TWT amplifier provides about 32-db
gain and an output power of 437 dbm (5 watts). A filter following the
amplifier attenuates its second harmonic output an additional 25 db.
Next is an isolator to provide an adequate termination for the channel
separation network. After passing through the power output monitor,
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Fig. 13 — Block schematic of the TH radio transmitter.

the signal is fed to the channel separation network, which combines it
with the outputs of other transmitters for transmission to the antenna

system.

The power monitor circuit gives an indication to the repeater alarm
circuits if the power drops more than 4.5 db. It consists of a 23-db di-
rectional coupler in the signal path feeding a crystal detector whose
output current controls a meter-type relay. The meter also provides a

visual indication of the output power.

The BO frequency for the transmitter modulator is obtained from
the microwave carrier supply, as already described for the receiver,
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However, here a relatively high power +27 dbm (0.5 watt) is required.
As shown in Fig. 13, a second TW'T amplifier, of the same type as used
in the transmission path, is used to provide this power. Although this
single-frequency, low-power application of the transmitting amplifier
appears inefficient, it avoids introducing a second type of microwave
amplifier into the repeater and permits the use of a common power supply
for both amplifiers.

The carrier supply filter is divided into two sections, one ahead and
one after the TWT. The combination provides the same amount of
filtering as in the receiver. The section at the input of the TWT at-
tenuates the unwanted sideband sufficiently to prevent cross-modulation
in the TWT. The section at the output attenuates noise at signal fre-
quency generated by the TWT amplifier. The low-pass filter attenuates
second harmonic energy, as in the receiver.

Fig. 14 is a photograph of the radio transmitter. The main items vis-
ible on the front panel are the access doors to the traveling-wave tubes,

Fig. 14 — The broadband radio transmitter, and left side view.
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the attenuator used to set the output level to +37 dbm, the output
monitor meter, and the multi-position meter switch.

2.2 Amplifier-Limiter

A simplified schematic of the amplifier-limiter is shown in Fig. 15 and
a photograph in Fig. 16. It uses three 448A high-transconductance tubes
with compensation circuits identical to those in the IF main amplifier.
To provide the required limiting, two 431A gold-bonded germanium
diodes are used in each of the two identical interstages. The interstages
are designed so as to provide maximum compression with a minimum
of amplitude modulation to phase modulation (AM/PM) conversion.
Tor this reason, the diodes are arranged in a symmetrical voltage clip-
ping circuit in a parallel RLC ecircuit resonant at approximately mid-
band. The diodes work into a constant resistance bandpass network.
This network transforms the eapacitance at the input to the following
tube to a resistance of about 150 ohms in shunt with a small capacitance
across the diodes. Harmonic frequencies generated by the diodes lie
outside the bandpass of the network and are absorbed. The input and
output networks are similar to those used in the IF main amplifier.
Diode monitors (not shown) which produce a voltage proportional to
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Fig. 16 — The IF amplifier-limiter.

the signal level are used at both the input and output. The voltage from
the input monitor is used to operate the carrier resupply circuit, which
is switched on when the signal power at this point drops 3 db. Both
monitors are connected to the metering cireuits to provide a conven-
ient means of level checking,.

The gain through the amplifier-limiter is normally about 7 db. When
the incoming carrier is lost, the limiter acts as a linear amplifier with
about 22 db of gain. Operation of the carrier resupply eircuit provides
a bias to the three tubes which reduces this gain to a loss of 2 db.

2.3 Interstage Networks

The design of the interstage networks is a compromise among maxi-
mum compression, minimum AM/PM conversion and a suitable gain-
frequency characteristic.

The compression, €, is defined as

AV, ()

¢ = dVo/Vo

where V; is the input voltage and V', is the output voltage. Compres-
sion is expressed in db by taking 20 log C. Fig. 15 shows a typical volt-
age-current characteristic of a symmetrical voltage clipping cireuit.
The factors affecting the compression of such a circuit are the voltage-
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current characteristic of the diodes, the peak current supplied by the
source, and the elipping level, which is dependent upon the bias supplied
to the diodes.

The 431A gold-bonded germanium diode has a low forward resistance
and good high-frequency characteristies. At 10 ma forward current, the
ac resistance is between 4 and 5 ohms. A nearly ideal characteristic
an be obtained with a low bias voltage of approximately 0.7 volt.

The de clipping characteristic shown i Fig. 15 can be approximated
by a power series containing odd powers only and for practical purposes,
in the clipping region, can be reduced to one term, namely ¢, ~ V.",
where n is an odd integer. The exponent n increases with diode bias,
i.e. as the characteristic becomes more nearly ideal. The maximum com-
pression, €', of the double-diode circuit, as caleulated by nonlinear cir-
cuit analysis, is given by

¢ =n. (2)

A value of n = 15 gives the best fit for the characteristic using 431A
diodes. This means that 23.5 db of compression should be available from
this stage. However, actual measurements show only 16 db. The main
reason for this discrepancy lies in the over-simplified model for the di-
odes. Minority carrier storage in the diodes prevents current and voltage
from following the de diode characteristic at high speeds. Lifetime of
the carrier in the 431A diode is relatively high, between one and two
microseconds. Other types of diodes, such as the microwave diodes
used in down converters, have negligible storage effects, but the amount
of limiting attainable is small because of the rather high forward re-
sistance of these diodes. High-speed computer diodes also exhibit very
small storage effects (lifetimes of one to two millimicroseconds). Ex per-
iments with such diodes showed that higher compression could be ob-
tained, but the capacitance of the diodes was rather high and AM/PM
conversion, as explained later, would have been adversely affected.

In the Appendix, a simplified analysis of the circuit of Fig. 15 shows
that the AM/PM conversion, I, is given by

AfeV e

P = 106
[§ T,

degrees/db (3)

where
Af = frequency deviation of the signal from center frequency,
V.. = voltage at which clipping occurs,
¢ = shunt capacitance across the diodes, and
I, = peak current into the diodes.
This expression shows that the capacitance and the clipping voltage
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should be small while the peak current delivered should be large, to
keep the AM/PM conversion small. Exact tuning of the limiter cireuit
to the incoming carrier (Af = 0) would seem to eliminate AM/PM
conversion. However, a more exact solution, taking into account higher
harmonies, indicates that there exists no frequency at which P is zero
for all values of 7,. Measurements taken on the complete amplifier
show this. (It should be noted that most of the AM/PM conversion is
produced in the first stage, since the compression of the first stage re-
duces the AM input to the second stage.) The clipping voltage is kept
small by the use of the low forward resistance 431A diode, and a high
peak current is obtained by using a high transconductance tube, the
448A, as the driver. The shunt capacitance across the diodes is kept
low by the network between the diodes and the following tube. On the
tube side, the network is terminated by the input capacitance of the
tube, namely 23 mmfd. To the diodes the network presents a resistance
of 150 ohms, constant within 10 per cent, and a parallel capacitance of
about 1 mmfd over a frequency range of 40 me to 200 me. Since the
plate capacitance of the 448A is only about 2 mmfd, the use of a con-
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Fig. 17 — AM to PM conversion as a function of frequency with limiter input
power as a parameter.
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stant resistance network to reduce this capacitance is not justified. The
capacitance of the two 431A diodes is only 0.9 mmfd when measured
with small signals at 1 volt reverse bias. However, when measured in
the cirenit under heavy clipping, it is as high as 7 mmfd. This effect is
again caused by minority carrier storage effects. The total capacitance
across the circuit at high levels is approximately 10 mmfd. With
V. = 1.1 volts, I, = 15 ma, substitution in (3) gives

P = 0.078 Af deg/db for f in me. 4)

For Af = =15 me, the expected P would therefore be 0.078 X 30 =
2.3 deg/db. This can be compared with the measured results shown in
Iig. 17. The curves show a total phase change from 60 me to 90 me of
1.9° at +4 dbm input power and 2.1° at 42 dbm input power, com-
pared to a +3 dbm reference power. The very simple limiter model,
therefore, gives results which agree well with measurements.

Fig. 17 shows the phase curves for the different input powers inter-
secting each other at certain frequencies. The intersection can be shifted
in frequency by changing the parallel inductance L in the diode circuit.
In this way it i possible to minimize AM/PM conversion for the carrier
frequency of 74.1 me at the nominal input power to the limiter. Fig. 18
shows the phase shift at center frequency as a function of input power.
The AM/PM conversion is zero at +3-dbm input power but increases
rather rapidly for higher and lower powers. It stays below 0.2 deg/db
(or —30 db) over a range of more than 1.5 db. The input power to the
limiter is controlled by the AGC of the receiver to less than £0.5 db
variation about the nominal power, so that the AM/PM objective is
always met. (The measurements of Figs. 17 and 18 were based on a

2.0 T

6-6(3DBM)
5

0.5 : 1 : |

LIMITER INPUT IN DBM

Fig. 18 — AM to PM conversion at 74 me as a function of limiter input power.
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nominal input power to the limiter of +3 dbm. This power was later
lowered to the present value of +1 dbm. The inductance L was changed
in value to optimize the circuit at the new power).

The limiter has to operate over a frequency range from 58 me to 90
me with only a few tenths of a decibel drop in transmission at the edges
of the band. The basic diode network of Fig. 15 is inherently very broad-
band due to the limiting process. Its bandwidth is B = f,/Q, and using
(7), (8), and (9) we obtain:

_ I
T 8V,

which gives 131 me if the values used for (9) above are inserted. The
constant resistance networks have a bandpass characteristic which is
flat to 0.01 db over the whole band. They also serve as harmonie filters,
especially for the fairly strong third harmonic generated by the diodes.
The over-all transmission characteristic of the limiter is flat to £0.05
db from 64 me to 84 me and drops not more than 0.2 db at 58 me and
90 me.

(5)

2.4 Dynamic Characteristics

The preceding discussion considers only static amplitude changes.
In practice the amplitude changes may have rates of up to 10 me or
even higher. Because of the large bandwidth of the diode circuit, the
dynamic situation is little different. An approximate nonlinear analysis
of the dynamie case indicates that the equations for compression and
AM/PM conversion have to be multiplied by

(5]

where f,, is the modulating frequency and B is given by (5). Tor f,, =
10 me, this factor has a value of 0.988 and can therefore be neglected.

Fig. 19 shows dynamic compression in db for the complete two-stage
limiter as a function of the modulating frequency. The curve is very
flat with frequency, although the drop is somewhat greater than in-
dicated by the theory. This compression curve can be affected by the
impedance of the diode bias supply, through detection and remodula-
tion. Such effects are avoided by the use of a very low resistive im-
pedance bias source. A temperature compensation circuit changes the
bias for the diodes in the second limiting stage to counteract tempera-
ture effect on the forward voltage drop of the diodes. In this way the
output power of the limiter is constant to 0.05 db over a temperature
range from 10° to 40°C.
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The dynamic AM/PM conversion of the complete limiter was also
measured. The accuracy of such measurements is affected by the diffi-
culty of generating a 74-mec AM test signal free from PM. The results
will include the AM/PM conversion generated by the unsymmetrical
delay characteristic of the passive networks in the limiter cireuits as
well as AM/PM conversion due to limiter action. The measurements
indicate the over-all dynamic AM/PM conversion is better than —30
db up to a modulating frequency of 10 me.

2.5 IF Carrier Resupply

Without remedial measures, loss of the carrier allows the limiter and
main I amplifier to go to maximum gain. Within two repeater sections,
the TWT amplifiers are saturated at full power with noise spread over
a wide band. In the adjacent channels, this noise power is intolerably
large. Protection against this is the function of the carrier resupply.
When a carrier is lost, the gain of the limiter will reach maximum in a
few millimieroseconds and the gain of the main IF amplifier in a few
milliseconds. The ecarrier resupply replaces the lost carrier rapidly
(within less than 0.1 millisec) and prevents subsequent repeaters from
going to maximum gain. In addition, the limiter gain is reduced to at-
tenuate the incoming noise and prevent it from modulating the new
carrier.

The carrier resupply unit is a fully transistorized circuit containing
a de amplifier, a trigger circuit, a erystal-controlled oscillator, an ampli-
fier, and cireuits to reduce the limiter gain and operate a relay. The
relay actuates the alarm and the automatie protection switching circuits.
The ae equivalent circuit of the oscillator and amplifier is shown in
[ig. 20; the other circuits, being conventional, are not shown. In the
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Fig. 20 — The ac equivalent of carrier resupply IF oscillator and amplifier.

oscillator and amplifier stages, high-frequency transistors having an
alpha cutoff frequency of 750 me are used. When a carrier has to be
supplied, the transistors T1 and 12 are switched from cutoff to the
operating point by the trigger circuit. The crystal oscillator starts os-
cillating in 60 microseconds. This rapid start time is obtained by resistor
Ry in series with the crystal which lowers its . The crystal operates
in the series-resonant mode at 74.1 me, and the inductor L, tunes out
the parallel erystal capacitance,

The erystal is in the feedback loop of a grounded base transistor. The
current gain neeessary to produce oscillations and feed power into the
load ry, is provided by the ecircuit c1, nt, ¢2, L2, which acts as an
ideal transformer at the oscillating frequencv of 741 me. The second
transistor T2 is connected as a grounded emitter amplifier. The current
gain of this stage is approximately 15 db at 74 me. The collector of T2
is bridged across a 75-ohm coaxial line by means of an extremely wide
band low-pass filter consisting of 1Lg, €3, Ls. rR2 adjusts the carrier
power delivered to the 75-ohm output.

Measurements show the frequency of the oscillator to remain within
410 ke over a wide temperature range. This is well within the required
limit of 450 ke. The starting time of the oscillator is dependent on
temperature, but the variation is only a few microseconds over the
range expected in the temperature-controlled radio repeater rooms.

2.6 Transmitler and Carrier Supply Modulators

The conversion gain available from the use of variable capacitance
diodes as up-converters is important in the performance of the high-
power microwave modulators used in the TH system. The transmitter
modulator is used in the radio transmitter to convert the frequency
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modulated IF signal of 74.1 me to the required microwave frequency.
Transmission performance is important in this modulator, and the di-
odes are biased to give approximately unity gain in order to obtain
wide bandwidth. A photograph of a complete transmitter modulator is
shown in Fig. 21. The carrier supply modulators are used in the micro-
wave carrier supply to shift a microwave carrier by 252 me, and in the
radio transmitter and receiver to shift a microwave carrier by 29.7 me
or 59.3 me. These are single-frequency devices, and conversion efficiency
has been optimized.

The two types of modulators use a similar double-waveguide type of
diode mount, and are shown schematically in Fig. 22. The diode mount
provides a means of matching the 427A diode to WR159 waveguide,
and is shown in Tig. 23. Tt is the same in principle as, but differs in de-
tail from, the receiver modulator diode mount of TFFig. 5. To match the
resistive component of the diode impedance to the characteristic im-
pedance of the waveguide, the coaxial line in which the diode is mounted
is placed an appropriate distance off center in the waveguide. To com-
pensate for differences between diodes, the coupling between the diode
and the waveguide is adjusted by controlling the distance that the
outer conductor of the coaxial line extends into the waveguide (rF TUNER
1 of Fig. 23). Reactance at the junction is partially cancelled by a wave-
guide short circuit fixed in position behind the coaxial extension. The
reactance that remains is tuned out by means of a short eircuit placed
in the coaxial line. In the case of the transmitter modulator, this short
circuit is made adjustable to compensate for differences between diodes
(rF TUNER 2 of Fig. 23) and is set for optimum transmission over the band.
In the carrier supply modulators, the position of the short ecircuit is

fixed.
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Fig. 22 — Schematics of the two types of modulators.



BROADBAND TRANSMITTER AND RECEIVER 1551

RN __ -RF TUNER 2
L
|
[
|
]

i-- e

S R/ IS

L \ ,,_,_f/ Y,
N 770

i 7
ﬂ~—u= OR IF IN———"]

Fig. 23 — Double diode mount for transmitter and carrier supply modulator.

v

=

|

.
=
7

2~

l nen

The use of radial line RF chokes in the input leads, a short-slot hy-
brid junetion, and a double isolator in the transmitter modulator par-
allels the receiver modulator design. The dual isolator is omitted in the
single-frequency carrier supply modulators.

In the carrier supply modulators, the low frequency is fed to the two
diodes in parallel from a 75-ohm cable. Simple networks are used to
match the cable impedance to the impedance of the two diodes. For
the transmitter modulator, however, the I signal is supplied to the
diodes through a one-stage amplifier. The purpose of the amplifier is to
isolate the 75-ohm cable from the diode TF impedance, which changes
considerably over the 30-me wide IF band. This amplifier employs a
448A which operates in the same manner as in the IF main amplifier.
An input transformer matches the 75-ohm cable to the grid of the tube.
A variable series inductor is in the plate circuit to correct for a slope
in the RF output over each channel, and a relatively low plate load is
used to minimize the gain-frequency variations due to variation of diode
1" impedance.

With a microwave carrier (BO) input of +27 dbm and an IF input



1552 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1961

of 0 dbm to the one-stage amplifier, the microwave output power of the
transmitter modulator is +7 dbm. The output is flat to within 0.05 db
over a 20-me band and flat to within 0.25 db over a 32-me band. The
BO energy appearing at the output is at least 20 db below its power at
the input to the modulator.

The 427A diode is capable of giving conversion gain if sufficient nega-
tive bias is applied to it, the gain increasing as the negative bias is in-
creased. This is due to the fact that the 427A diode actually is a vari-
able capacitance p-n junction, or varactor, and, therefore is low loss.
This phenomenon was demonstrated first on the laboratory version of
this diode by Uhlir.” However, the impedance of the 427A diode be-
comes more frequency sensitive as the gain is inereased, and for this
reason the diodes are operated at relatively low conversion gain in the
TH equipment. A bias of —1 volt gives approximately 0-db gain, which
meets system requirements for all high-level modulators except the
252-me carrier supply modulator. The latter is operated at —4 volts
bias to offset the loss of gain inherent in a higher frequency input. In
all cases the required bias is obtained from a resistor in series with the

diode.
1II. TRAVELING-WAVE TUBE AMPLIFIER

3.1 General

The TWT microwave amplifier has a power output of five watts and
uses the Western Electric Company 444A tube, which is the production
version of a 6000-me¢ TWT deseribed in an earlier paper.® A photograph
of the amplifier is shown in I'ig. 24, and a line drawing of a cross section
through it in Fig. 25. The amplifier uses a permanent magnet focusing
structure which consists of two permanent magnets, two pole pieces, a
field straightener, and a movable gun shield. The magnets and the
associated pole pieces provide a uniform magnetic field along the axis
of the electron beam of the traveling-wave tube. The field straightener
unit is placed concentrically with the axis of the electron beam bhetween
the input and output waveguide to reduce any transverse field present.
The gun shield which is near the electron gun region of the tube con-
trols the field at the cathode as well as providing a means for magnetic
focusing of the electron beam through the use of mechanical controls.
Waveguide circuits are used to couple signals into and out of the tube.
The impedance match between the waveguides and the helix of the tube
is adjusted by mechanical control of the positions of the waveguide
along the axis of the tube and of a shorting plunger in the waveguide,
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Fig. 24 — The TH traveling-wave tube amplifier.

The collector and the tube envelope are air cooled. The entire structure
is enclosed in a magnetic shield to eliminate interaction with adjacent
TWT amplifiers and other circuits. In addition, the shield and the asso
cinted mechanical and electrical interlocks protect operating personnel
from the high voltages required for the tube.

The TWT amplifier has two applications in the transmitter; in the
signal path (transmitter amplifier) and in the carrier supply path for
the transmitter modulator (carrier supply amplifier). Requirements for
the transmitter amplifier will be considered first.

The transmitter amplifier power output requirement is +37 dbm
(5 watts). The allowable gain is dependent on the noise figure of the
traveling-wave tube. The 444A has a noise figure of 27 db to 30 db,
which is sufficiently high to make some contribution to the over-all
repeater noise figure. The nominal gain of the repeater is 62 db (37
dbm output, —25 dbm input), and the noise figure of the average-age
radio receiver is about 11 db. If we allow the transmitter amplifier to
make an additional contribution of 0.3 db to the repeater noise figure,
then the average gain allowable for the amplifier is found to be about
33 db. The gain of the amplifier is therefore held to the range of 30 db
to 35 db. In those cases where the amplifier gain exceeds 35 db at +37
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Fig. 26 — Typical gain-frequency response of the traveling-wave tube amplifier.

dbm output, the helix voltage is lowered until the gain is reduced to
35 db.

The gain-frequency response of the amplifier is substantially flat
over the 5925 to 6425-me band, and a typical example is shown in Fig.
26. The input return loss is 25 db minimum to provide a proper termi-
nation for the channel bandpass filter. The active or hot output return
loss is about 10 db and is controlled principally by internal reflections
in the tube. At least 25 db return loss is needed for terminating the
channel separation network, and an isolator is used to meet this re-
quirement.

Spurious radiation requirements call for second harmonic (12 kme)
output at 50 db below the carrier. As the amplifier at +37 dbm output
may have the second harmonic down only 25 db, a low-pass filter pro-
viding a minimum of 25 db attenuation to the second harmonic is in-
serted immediately following the amplifier. Since 12-kme energy can be
propagated in WR 159 waveguide in several modes, it is not attenuated
appreciably by the channel bandpass and channel separation networks,

The carrier supply amplifier output power requirement is +27 dbm
(0.5 watt). Here, zlso, the allowable gain is determined by the noise
figure of the 444A TWT. Noise on the carrier supply at BO frequency
causes phase modulation, which appears as noise on the signal. To min-
imize this noise contribution, an input power of about 46 dbm is used,
and the TWT gain is reduced by lowering the helix voltage. This pro-
vides a high earrier-to-noise ratio.

The structure associated with the TWT must focus the electron beam,
couple energy in and out of the slow-wave structure, and dissipate the
heat generated by the expended electron beam. Other design require-
ments arise from over-all system considerations. The economics of con-
tinuous operation in unattended remote repeater stations dictates that
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the power required to focus the beam and to cool the tube be minimized.
The compact arrangement of the radio equipment demands that the
external magnetic fields of the focusing structure be negligible, or they
will adversely affect the operation of nearby equipment. Furthermore,
as the electron structure is the only part of the amplifier that deteri-
orates with age, its replacement in the field with a minimum number of
simple adjustments is required for desirable operating and maintenance
practices.

3.2 Magnetic Circuit

The deseription of the magnetic cirenit divides conveniently into
three parts. These correspond to the regions surrounding the electron
gun, the helix, and the collector of the TWT. To a greater or lesser ex-
tent, the distribution of magnetic field in all three regions affects beam
focusing, noise performance, and collector efficiency.

A minimum longitudinal focusing field of 580 cersteds is provided for
the proper operation of the 444A tube. To achieve long life, the inter-
cept current to the helix is kept to less than 2 per cent of the beam cur-
rent of 40 ma. This requires that the maximum value of the transverse
field not exceed about two oersteds.

The focusing field could be generated either by a solenoid or by per-
manent magnets in either a periodic or straight field configuration. The
cost of providing electric power to operate the solenoid, however, is
prohibitive. Although the periodic focusing method has the advantage
of a size and weight reduction when compared to the straight-field
method, this is not of primary importance in a ground installation such
as the TH system. The straight-field structure is inherently simple in
form and lends itself more easily than the periodic structure to the in-
troduction of the broadband waveguide coupling circuits required to
provide the necessary transmission performance. Shielding of the peri-
odic structure, to control external fields, is relatively easy compared to
the straight-field structure. However, at the time of this development,
the high coercive force magnetic materials available for periodic struc-
tures were not sufficiently temperature insensitive to be practical. The
strueture chosen was therefore of the straight-field type.

The design of the magnetic circuit, shown in Fig. 25, can be achieved
from the procedures described by M. S. Glass.? A prototype structure,
having no external magnetic shield, required 193 pounds of Alnico VI
to produce the required 580 oersteds in the 7.1l-inch gap between the
pole pieces. In the final design the addition of the external shield in-
creased the magnet loading appreciably. As a result, it was not only
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necessary to increase the amount of magnetic material to 27 pounds but
to use Alnico V, type E, in place of Alnico VI. Fig. 27 shows the B-H
curves for Alnico V, Alnico V type E, and Alnico VI, together with the
load lines for the structure with and without shielding. It can be seen
that the high coercive force of Alnico VI could not be utilized due to
the loading of the shield. A plot of a typical longitudinal field distribu-
tion is shown in Fig. 28.
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Tig. 28 — Typical longitudinal field distribution along axis of tube.
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To realize the transverse field requirements, it is necessary first to
align the axis of the helix accurately with that of the magnetic circuit.
If the net transverse component is to be less than two oersteds, the
maximum mechanical misalignment must be less than 2/600 radian or
about 0.2 degree. Secondly, it is necessary to provide as uniform a mag-
netic field as possible. Since the two magnets in the circuit are poled
alike, minor differences between the magnets generate transverse fields.
In the space between the waveguides these transverse fields are con-
trolled by the field-straightener assembly, which is shown in Fig. 29.
This consists of 18 thin Permalloy discs spaced %-inch apart. The high
permeability of the dises normal to the axis of the tube shorts out the
transverse fields. The discs are assembled in three identical cartridges,
six dises to a cartridge, and are encased in a precision-machined alu-
minum casting. As shown in Iig. 30, the complete field-straightener
assembly, in turn, is suspended between the waveguides by the two
nonmagnetic stainless steel rods that connect the pole pieces. In the
region occupied by the waveguides, field straighteners cannot be used,
and the transverse fields in these regions are controlled by the adjust-
ment of four iron serews inserted through each pole piece. Fig. 31 shows
a typical transverse field plot.

Special attention was given to the shape of the field buildup at the
ends of the structure, particularly at the cathode or input end. The
444A uses a converging Pierce-type electron gun, which is normally
operated with the cathode completely shielded from the magnetic field.?
Best focus results if the magnetie field is introduced in the region be-
tween the accelerating anode and the point where the electrostatic fields
in the gun cause the beam to reach its minimum diameter in the absence
of the magnetic field. However, the noise figure is importantly affected
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Fig. 30 — Magnetic assembly of the traveling-wave tube amplifier,

by the amount of focusing field in the gun region. Measurements made
with a minimum field at the cathode showed that at the 437 dbm rated
output power, the noise figure of the tube increased from about a low-
power output value of 30 db to 40 db or higher. This is attributed to a
growing noise wave on the electron stream, which depends on, among
other things, the drive on the tube.® This growing noise wave can be
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Fig. 32 — Longitudinal field in gun region of the traveling-wave tube amplifier.

reduced by increasing the magnetic field at the cathode. A field of 15
gauss is adequate to maintain the noise figure relatively constant
throughout the tube operating range. The gun region magnetic strue-
ture is designed accordingly. In production, the cathode field is ad-
justed by selection of a suitable size soft-iron ring slipped over the gun-
end shield.

As shown in Iig. 25, the magnetic field configuration in the gun re-
gion is controlled by the end shield and the gun shield, and by the mag-
netic material (Kovar) details used in the base of the tube itself. The
most effective parameter for control of the field is the design of gun
shield. The magnitude and shape of the field depend on the length of
the gun shield, the size of the hole at the helix end of the shield, the
type material and thickness of the gun shield face and walls, and the
longitudinal positioning of the shield with respect to the tube and the
rest of the magnetic circuit. Optimization of the dimensions provides
the desired conditions as shown in Fig. 32.

Besides controlling the field conditions in the gun region, the gun
shield is also used as a fine adjustment of the focus, by two controls
which position it in a plane perpendicular to the tube axis. This move-
ment produces a small transverse magnetic field in the vicinity of the
hole in the gun shield but causes essentially no change in the field con-
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ditions elsewhere. This small transverse field is sufficient to provide a
successful focusing adjustment with the close mechanical tolerances
imposed on the 444A and the magnetic cireuit.

The magnetic field conditions at the collector end of the ecircuit are
not. particularly critical. Excessive helix intercept current results unless
the focusing field is maintained close to a value of 600 cersteds out to
the end of the helix, but the rate of field decay beyond the end of the
helix is not important.

The design of the external shield is controlled by the tolerance of
adjacent equipment to magnetic fields. To keep the size reasonable, the
shield must be located in a region of high field intensity. Under these
conditions, the magnetic properties of low carbon steel are superior to
those of most alloys normally used for shielding. The sides of the shield
are fabricated from 3-inch low carbon steel. The thickness is determined
by the allowable external field. Magnetic iron castings are used at the
ends to complete the shield. The external field is less than one oersted
at one-half inch from the center of the sides of the complete assembly.

A large de-powered solenoid, having an inside diameter of 12% inches
and a length of 24 inches with a magnetic field intensity of 4000 oersteds,
is used to magnetize the complete assembly.

Specialized flux-measuring equipment is required for determining the
longitudinal and transverse components of the focusing field. The helix
of the 444A has an inside diameter of 0.080 inch. To measure the field
in the region of the electron beam, longitudinal and transverse search
coils of approximately the same diameter as the helix are used. These
coils mount in an accurately machined rod which is supported from the
surfaces used to locate the TWT in the magnetic structure.

Two types of search coils and associated equipment are used. The
first type, used primarily for longitudinal field measurement, consists of
an air-core coil and an integrator of a type similar to that deseribed by
Cioffi.!! The second type, primarily for transverse-field measurement,
uses a permalloy-core coil as a magnettor with its associated equipment.'?
In both instruments the field is plotted on an X-Y recorder as a function
of search coil position.

3.3 Helix-to-Waveguide Transducer

The microwave signal is coupled into the TWT by surrounding an
antenna attached to the helix with a section of standard rectangular
waveguide, to form a transducer. As shown in Fig. 33, a radial-line choke
is incorporated to form an effective ground plane at the end of the helix.
Dimensions A and B are both a quarter-wavelength long, and a micro-
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wave short cireuit appears across the opening cc. The performance of
the choke is broadbanded by making the characteristic impedance of
section A high relative to that of section B. Ordinarily, many turns of
the helix are exposed to the field in the guide, which results in weak
coupling. In this transducer the coupling is increased by stretching out
the last turn of the helix to aid in matching it to an antenna or post
which can be coupled to the waveguide. In Fig. 33 the height of the post
is denoted by D and length of the last turn on the helix by =.

To a first approximation, the equivalent circuit of the helix-waveguide
junction, as shown in Tig. 33, may be represented by the parallel com-
bination of a conductance ¢ and a susceptance jB connected across a
transmission line; v, is the characteristic admittance of the waveguide.
For values of ¢ near v, the conductance is determined mainly by the
height of the post and the susceptance by the pitch of the last helix
turn. Increasing the post height increases a; increasing the length of
the last helix turn decreases jB. By proper choice of dimensions, there-
fore, it is possible to obtain a match between helix and waveguide.

For small values of jB, ¢ is almost constant with frequency, while jB
itself decreases somewhat as the frequency is inecreased. If the wave-
guide is terminated by a microwave short eircuit somewhat less than a
quarter wavelength beyond the helix, this termination will look like a
small inductive susceptance at the helix. This susceptance also decreases
as the frequeney increases. By dimensioning the post so that the value
of @ equals v, , and the last helix turn so that its capacitive susceptance,
7B, cancels the induetive susceptance due to the short cireuit, it is pos-
sible to produce a broadband match between helix and waveguide. I'ig.
34 shows the return loss of the typical transducer over the 6-kme band.
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Fig. 33 — Cross section of helix-to-waveguide transducer and equivalent circuit.
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The same transducer arrangement is used at both ends of the helix.
However, while the input match of the amplifier is that of the helix-
waveguide transducer, the output match is controlled by minute periodic
imperfections in the helix.® Any reflection of the output signal from the
cireuits beyond travels backward along the helix, essentially undimin-
ished, to the helix attenuator. Impedance variations along the helix
resulting from mechanical imperfections or at the helix attenuator cause
a portion of the reflected signal to he re-reflected toward the output and
be amplified by the gain existing between the point of reflection and the
output. The output transducer connects to a microwave harmonie filter
whose out-of-band impedance is reactive. Over a wide range of fre-
quencies, therefore, the helix is mismatehed either by the filter or the
transducer. As a result, the traveling-wave tube itself must be short-
circuit stable if the amplifier is not to oscillate.

In addition, it is necessary to control any external coupling between
output and input. The radial line chokes do not provide perfect ground
planes at all frequencies; some energy escapes along the extension of
the helix post, which ean be coupled to the other end of the structure
through a erude cavity formed by the magnetic shield. To reduce the
leakage, beryllium copper fingers between the outside of the choke and
the pole piece are provided. The high-voltage connection from the ter-
minal board at the input end to the collector is a second source of cou-
pling. Lossy beads are put on the collector lead to provide attenuation
in this path.

3.4 Collector Cooling

In normal operation, the beam current of the 444A is 40 ma and the
collector voltage is 1250 volts, providing 50 watts to be dissipated in
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Fig. 36 — Cross section of the collector cooling chamber.

the collector. Since the collector is only about 1% inches long and % inch
in diameter, the heat dissipation is approximately 30 watts/in2. To pre-
vent, serious outgassing, the temperature of the collector must not ex-
ceed 300°T, and forced air cooling is employed.

To minimize the pumping power required for forced air cooling, it is
necessary to minimize the product of pressure drop and volume rate of
flow. Iig. 35 shows a cross section of the collector cooling chamber. For
a given rate of flow, the energy losses in each section are directly pro-
portional to the corresponding pressure drops, but only the energy loss
in the heat transfer section contributes to cooling the collector. The ex-
pansion and compression sections were designed for minimum pressure
drops.

The pressure drop across the heat transfer section and the heat trans-
fer to the cooling air are hoth a function of the air velocity and the
roughness of the collector surface. The collector surface conditions that
would minimize the pumping power for a given heat transfer were de-
termined experimentally. With an initial air temperature of 70°F, the
required static pressure drop and volume rate of flow are 4} inches of
water and four cubie feet per minute. This corresponds to a pumping
power of approximately two watts.

A small quantity of air is piped from the collector inlet to the electron
gun envelope to keep its temperature from exceeding 250°F. The final
pressure and volume requirements for the amplifier, which allow for a
higher ambient temperature, ave eight inches of water and six cubic feet
per minute. The corresponding pump power is approximately 53 watts.
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3.5 Thermal and Ton Oscillation Noise

The contribution of the TWT amplifier noise figure to the repeater
performance has been discussed. To measure the TWT frequeney modu-
lation noise, a microwave signal is applied to the amplifier from a klys-
tron. The carrier and noise sidebands appearing at the amplifier output
are amplified and demodulated by a skeletonized radio receiver and FM
receiver. The recovered video noise spectrum, of the familiar triangular
shape, can be measured with an ordinary selective analyzer or AM de-
tector. The measguring circuit is calibrated by using a known noise source.

A second eause of noise impairment in the system due to the TWT re-
sults from ion oscillation in the electron stream, which gives rise to
spurious modulation of the carrier. In the 444A this modulation appears
as a relatively narrow band of energy in excess of normal tube noise,
usually at about 2.8 me each side of the signal carrier. By using a rela-
tively short period of aging under full RF drive conditions during manu-
facture, it has been possible to hold the ion oscillation noise at baseband
to 10 db or less above normal tube noise. As the ion density within the
tube decreases with operation, the excess noise disappears after a few
hundred hours.

The allowanee of 10 db above thermal noise for ion oscillation assumes
that only a few new tubes would be installed in a 4000-mile system at
any time within the few hundred hours required for tube ion cleanup.
Since the thermal noise contribution of one repeater is 21 db below that
of the system, and the TWT contribution 12 db below that, the increase
in noise due to one tube with ion noise 10 db above thermal in one re-
peater is negligible. In fact, if 10 tubes were changed at once, the in-
crease in noise for a 4000-mile eircuit would be only about 0.3 db, which
would appear in only a few dozen telephone channels for a few hundred
hours.

3.6 Mechanical Design

The over-all dimensions of the amplifier are approximately 9% by 10
by 171 inches, and the complete unit weighs 86 pounds, of which the
permanent magnets account for 27 pounds and the external shield ac-
counts for 36 pounds. The front and rear of the shield are cast iron and
engage interlocking tabs on the ends of the gide covers. Large aluminum
castings which attach to each pole piece suspend the magnetic circuit
inside the shield. Four serews, accessible only through the front door,
run the full length of the amplifier and secure the front and rear cast-
ings. The amplifier mounts on a vertical panel on four large brass pins
that protrude from the panel. These four pins engage the aluminum
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castings through holes on the side cover. The ends of the mounting pins
are tapped to accept captive screws which come through from the oppo-
site side cover. A locked end door gives access for replacement of the
electron tube. To obtain the key to unlock the door, it is necessary to
lock the high voltage power supply to the OFF condition.

IV. EQUALIZATION

Equalization is an area which is still under development, as discussed
in Ref. 1. The description here is confined to the non-adjustable equal-
izers mounted on the broadband receivers. One type is the basic gain
and delay equalizer used in every receiver. It is intended to compensate
for departures from ideal of the transmission characteristics of one com-
plete radio section. Its characteristic will eventually be determined by
the average transmission characteristics of a large number of radio see-
tions. I'ig. 36 shows the average characteristic of the first 30 manu-
factured transmitter-receiver pairs, as determined from factory point-
by-point measurements. The envelope delay distortion (EDD) curve
includes the limiter, but this was necessarily excluded in determining
the loss characteristic.

The present basic equalizer is made up of five delay sections in tan-
dem with a gain-correcting section. The delay seetions are 360° all-
pass networks in a bridged-T, constant-R configuration. The gain sec-
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tion is similar. Each section is individually shielded in cans which are
attached to a common U-shaped chassis. The equalizer matches the re-
peater to about 41 mus over 60 me to 88 me.

The transmission characteristies vary from channel to channel, for
several reasons, although much effort is taken to minimize this. Part of
the variation is due to the differences in frequency, even though the
microwave filters are specifically designed for constant bandwidth. Part
is due to unavoidable manufacturing variations. Part arises from the
varying number of channel separation networks which are traversed on
the path to the antenna. The most important part of this channel-to-
channel variation is linear envelope delay distortion, or delay slope.
Accordingly, two sizes of delay slope equalizer are made available: +1
mus/me and —1 mus/me. Over-all EDD measurements of a switching
section determine the amount of slope correction needed for each channel,
The necessary number of slope equalizers are then distributed among
the repeaters of the channel. Tor the worst channel, one-third of the
repeaters may need delay slopers. They are mounted on the receiver,
as indicated in Fig. 1. Their design is very similar to the basic equalizer:
two delay and one loss sections are used. The delay shapes are linear to
about £0.2 mus over 60 me to 88 me.
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APPENDIX

To show the dependence of AM/PM conversion on circuil parameters.

The phase shift, 6, between the driving voltage V. and the current 7,
across a parallel RLC circuit for small frequency deviations Af from
center frequency is

A
b= —2Q = ) (6)
fo
where f; is the resonant frequency, and

Q = 2nfuRC. (7
In a clipping network, like Fig. 15, but with perfect diodes, the funda-
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mental component V, of the output voltage is constant in amplitude.
At fo the apparent parallel resistance R, is then given by

Ry=Vi/I,. ®)
Now if we assume that (at =V, the diodes are clipping the incident
sine waves symmetrically and so close to the base line that the voltage

across the diodes appears essentially as a square wave, then the funda-
mental component of this square wave is given by

Vi = = Ve. (9)
™
Combining (6) to (9) we obtain

4
o= —16Ve (10)

I,

Now AM/PM conversion is defined by

db

P= dv/V; (11)

where d8 is the infinitesimal change of phase in radians caused by a frac-
tional change dV,;/V; of input voltage. Since [, is proportional to Vi,
(11) may be written as
de
P=——-. 12

dl,/1, (12)
P may be expressed in degrees per db by multiplying by the factor 6.6.
Differentiating # with respect to 7, in (10) and substituting in (12) we
obtain

p =16V (13)
Iy
or if P is expressed in degrees per db,
P = 1056 Ve (14)
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