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PROBLEM

Perform an empirical evaluation of the efficiency, stability, attenuation,
and cross-modulation characteristics of high-power hf power amplifier coupler
(PAC) equipment to expedite an objective comparison with conventional multi-
coupling techniques.

RESULTS

1. An evaluation of integrated PAC equipment showed that:

a. Its essential performance characteristics are in substantial agreement
with predictions based on analytical studies.

b. Compared with a transmitter and a two-mesh coupler, the integrated
three-mesh assembly affords increased selectivity urgently needed in alleviating
interference aboard ships from their own high-power hf transmitters.

c. As presently designed, the experimental PAC equipment provides
operation that is electrically and operationally stable at the 10 kilowatt (PEP)
plate-power level.

2. Auxiliary tests in this program did not support the theory that magnetic
material used in Type UG-30 D/U and UG-30 E/U feedthrough connectors is
itself a significant source of nonlinear products, even at extreme power levels
for fittings of this type. Since these spurious signals can originate from dirty,
corroded, and poorly made connections, however, cable fittings should be of high
quality and kept to a practical minimum.

RECOMMENDATIONS

1. Procure sufficient PAC and bandpass distribution line (D-line) equip-
ment to facilitate a full-scale testing and evaluation program in a simulated
shipboard installation.

2. In the meantime, perform analyvses and tests to more completely delineate
the capabilities and limitations of the modular bandpass D-line. In addition to
single coupler groups, this investigation should include the use of two comple-
mentary D-lines with a common antenna load (both real and simulated).

3. Extend the integrated PAC concept to radio receiving systems.
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4. Conduct design studies, as required, to facilitate the integration of trans-
mitting and receiving couplers with a common antenna. This capability is espe-
cially needed with directional broadband antennas such as log-periodic structures.

5. Perform analytical and empirical studies to permit realistic predictions of
cross-modulation products generated in representative power amplifier tubes,
taking into account forward and reverse characteristics of PAC equipment.
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INTRODUCTION

In October 1966 comparative tests were undertaken involving\'rltemative
transmitting multicoupling approaches being considered under the Nava
Advanced Communication System (NSACS) project. These tests were intehded
to assist in preparing specifications for ultra-reliable hf radio equipment for
ships such as the Numbered Fleet Flagship (NFF) having major command and
control functions

Because of limited time and manpower, testing had to be restricted to the
efficiency, stability and selectivity characteristics of the coupling networks.
Studies involving the capabilities and limitations of alternative combining or
distribution schemes were not included.

Two small task groups investigated the two alternative approaches under
consideration. One group tested AN/SRA-35(V)(XN-2) multicoupling equipment }
with two AN,’FRT-39A radio transmitters; the other tested integrated power amplifier
coupler (PAC) equipment.

DESCRIPTION OF EQUIPMENT UNDER TEST

Equipment tested in the PAC phase of the evaluation (fig. 1) included two
PAC assemblies {seen in the foreground) interconnected by a bandpass distribution
line (D-line). Two AN/FRT-39A radio transmitters are shown in the background.

Figure 2 shows one of the experimental PAC assemblies with certain panels
removed to illustrate components and other details. Modular construction permits
different power amplifier uniis to be used. Also, by removing the central resonator,
the number of meshes in the coupler assembly can be reduced from three to two.
This particular D-line can accommodate as many as six PAC assemblies.

A typical resonator unit (fig. 3) contains a large inductor made of silver-
plated copper tubing. The inductor is cradled by three supports fabricated of
grooved sheets of Teflon that are supported in turn by sheets of silicone fiber
glass and special brass brackets (as shown at left in the sketch). The inductor is
connected in series with a Jennings ceramic vacuum variable capacitor. Ground
connections are made at top and bottom of the enclosure. Resonators of this
general design have satisfactorily passed shock and vibration requirements of
MIL-E-16400E.

Each resonator is cooled by air and water. A blower mounted below each
enclosure supplies 140 cubic feet of air per minute. Tap water is circulated at a
rate of about 2 gallons per minute through the large inductor by means of a 3/8-inch
plastic tube within the large copper tube. A small coil of 1/4-inch copper tubing
carries circulating water to the stationary plate assembly of the capacitor. The
main inductors were originally fabricated of flattened copper tubing soldered to-
gether, as shown in figure 2, but the use of plastic inner tubing affords significant
savings and, it now appears, will give long, trouble-free service.




Figure 1. Photograph of PAC equipment tested.
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Figure 2. Photograph of experimental PAC and D-line equipment
with side-panels and cover-plates removed.







Experimental equipment used in this study was designed to utilize certain
commercial units already installed in the NELC Transmitter Laboratory. For
early tests at moderate power level, excitation was obtained from an AN URC-32B
radio set. For testing at nominal 5-kilowatt power levels, a 4CX5000A beam
tetrode was usea in each power amplifier module. Since the same tube is used in
each of the two AN 'FRT-39A radio transmitters in the Laboratory, excitation, as
well as proper polarizing potentials, for operating the PAC equipment was obtained
by relatively simple interconnections with the AN 'FRT-39A transmitters. This
arrangement also afforded essential safety measures, permitting interlocks on the
PAC units to be connected with the interlock circuits of the commercial transmitters.

A complete schematic diagram of a 5-kilowatt PAC assembly is shown in
figure 4. A special L-type matching network is used to provide a nominal 50-ohm
load for the intermediate power amplifier stage (IPA) of the AN'FRT-39A trans-
mitter. While the metering circuits were not changed, the bypassing scheme
originally used with the 4CX5000A tube was modified by adding a 0.02 p F
capacitor between screen and ground and a 1000 pF capacitor from grid to ground.
This additional bypassing reduced the amount of negative feedback employed in
the commercial transmitters but significantiy improved the stability of the power
amplifier. (A tendency toward parasitic oscillations was particularly troublesome
during initial cross-modulation tests.)

The distribution line is a form of bandpass structure that has been described
in an earlier report." Design details and performance characteristics of this distri-
bution technique are not within the scope of this study. It is sufficient for present
purposes to note that the structure in figure 2 will accommodate as many as six
separate PAC assemblies with a common load. It is designed for a nominal 50-ohm
impedance level with the geometric mean frequency of its passband being set at
2.828 MHz. (This early experimental structure was subsequently redesigned to
form, in effect, an essentially 50-ohm rectangular *‘trunk,’’ thus minimizing effects
of lead inductance between the six coupling links.)

'Superscript numbers denote references at end of report.
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ADJUSTMENT AND OPERATING PROCEDURE

The procedure used in tuning and loading the meshes of a PAC assembly
was that of Dishal,’ modified by an important final step. Beginning with the out-
put mesh, each resonator was tuned and loaded in turn to reduce the unloaded @
by a factor of 7. Having pre-established the desired positions of the adjustable
apertures in this manner, a VT'VM (loosely coupled Ll) was used as an indicator
as the following steps were performed in succession:

1. €}, was tuned for maximum deflection of the VTVM with vacuum relay
S, closed,

2. C; was tuned for VTVM minimum with S, opened and S, closed,

3. C, was tuned for VTVM maximum with S, and S, opened (and the output
coupling set for proper 7-to-1 loading of the output mesh, as explained above);
and finally

4. Cla was readjusted to provide a purely resistive load at the plates of the
power tubes, as indicated by minimum plate current.

The capacitor C,, in figure 4 was preset to give the proper value of the plate
load resistance at each frequency.

To obtain an indication of the precision of adjustment obtained by the
modified Dishal procedure outlined above, the input impedance of a three-mesh
coupling network was measured at frequencies extending some 5 percent above
and below the operating frequency f, at the low end, the middle, and the high end
of the operating band. As shown in figures 5 through 10, these measured data
compare favorably with input resistance and reactance obtained by digital computer,
using measured values of network components and resonator Q-factors. The data
in figures 5 and 6 apply to the low end of the band, the data in figures 7 and 8
apply to the middle, and the data in figures 9 and 10 apply to the high end of the
band for which this coupling network was designed.
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TRANSMISSION LOSS AND EFFICIENCY

With the apertures and output coupling adjusted to reduce the unloaded
Q-factor of each resonator by a factor of 7, the computed efficiency of each mesh
should be 85.714 percent and the overall coupler efficiency should be 62.974
percent. This result corresponds with a total forward transmission loss of

1

Y R

L,= 10 log

Table 1 shows the degree to which these design objectives are approached on the
basis of loss and efficiency measurements performed at the low end, the middle,
and the high end of the 2-to-4 MHz band.

TABLE 1. TRANSMISSION LOSS AND EFFICIENCY MEASURED
AT THE CENTER OF THE PASSBAND OF PAC-1A-1000

Frequency Measured Coupler Efficiency* Transmission
(kHz) q": T I e= PL/Pin Lf’ (dB)
2000 0.612 0.608 2.12
2828 0.618 0.618 2.09
4000 0.618 0.618 2.09

*n,” = product of measured efficiencies of the three resonators

t

’

n,””= measured overall efficiency

t

STABILITY AT 5-KW POWER LEVEL

Using water and air cooling as described earlier, we performed stability
tests with PAC-1A-5000 operating at the low and high ends of the 2-to-4 MHz
band. With the 4CX5000 beam tetrode furnishing 5.1 kilowatts, the power in the
50-ohm load was 3.2 kilowatts. Having observed significant changes in the output
of the IPA stage of the AN/FRT-39A transmitters, explained in part by rather
large fluctuations in line voltage, we made an effort to hold the IPA output reason-
ably constant during stability measurements. A Bird Model 8781 rf coaxial load
was used throughout these tests. This load is rated at 7.5 kilowatts when cooled
by 4 gallons of water per minute at a water temperature of 30°C or less.

Data recorded during two continuous stability tests of 1 hour each are
given in table 2. Note that efforts to keep the driving power constant were
somewhat more successful at 4 MHz than at 2 MHz, reflecting the small time
delay and experimental error inherent in reading incident and reflected power on
a single reflectometer (requiring rotation of the sensing element). The data on
input VSWR show that the input impedance of the PAC assembly was relatively
constant throughout each test.

20




The greatest change observed during these tests was the increase of
some 10 percent in PA plate current during the first 50 minutes of the 4 MHz
run. Immediately after this test, the input capacitor (Cla in figure 4) was re-
adjusted to give minimum plate current. A reduction in capacity from 755.0 to
749.9 pF (a change of 0.68 percent) reduced the plate current from 1.60 to a
(minimum) value of 1.50 amperes. A similar test showed that somewhat less de-
tuning of the first mesh was experienced after an hour’s operation at 2 MHz.
Capacitor C 1a Was reduced from 2050.0 to 2046.4 pF (a change of 0.18 percent)
in reducing the plate current T, from 1.39 to a minimum of 1.38 amperes. These
small changes in C| , may be due in part to temperature changes on the PA side

of this large ceramic capacitor.

| TABLE 2. OPERATING STABILITY OF POWER AMPLIFIER COUPLER AT
i 5.-KW POWER LEVEL

Lapsed Excitation (watts) Input PA Currents Output
Time Incident Reflected Driving Plate Screen Power

(minutes) Power Power Power VSWR | (amp) (mA) (watts)

(a) At low end of band (2.000 MHz)
(start) 535 125 410 2.87 1.38 15.0 3250
5 525 120 405 2.83 1.39 15.0 3300
10 510 110 400 2.73 1.38 15.0 3200
15 510 110 400 2.73 1.38 15.0 3200
20 510 110 400 2.73 1.38 15.0 3200
25 520 115 405 2:.77 1.39 15.0 3400
30 520 115 405 2.77 1.40 15.0 3400
35 515 115 400 2.79 1.39 15.0 3350
40 500 105 395 2.69 1.39 15.0 3300
45 515 115 400 2.79 1.40 15.0 3400
50 815 115 400 2.79 1.39 15.0 3400
55 510 110 400 273 1.38 15.0 3400
60 515 115 400 2.79 1.39 15.0 3400
(b) At high end of band (4.000 MHz)
(start) 465 80 385 2.42 1.45 14.0 3200 1

5 465 80 385 2.42 1.45 15.0 3100
10 465 80 385 2.42 1.45 15.0 3100
15 460 80 380 2.43 1.46 15.0 3100
20 460 80 380 2.43 1.48 15.0 3100
25 460 80 380 2.43 1.50 15.0 3100
30 460 80 380 2.43 1.53 15.0 3100
35 460 80 380 2.43 1.55 15.0 3100
40 460 80 380 2.43 1.56 15.0 3100
45 460 80 380 2.43 1.58 14.5 3200
50 460 80 380 2.43 1.60 14.5 3200
55 460 80 380 2.43 1.60 14.5 3200
60 460 80 80 2.43 ) 1.60 14.5 3200

In order to test the PAC at full-rated peak envelope power, a 20-minute
test run was made with two sinusoidal (cw) excitation signals of 3998 and
4002 kHz, respectively. With approximately 10.2 kW (PEP) supplied at the plate
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and 6.4 kW (PEP) at the dummy load, there was no indication of vo;/lage break-
down or instability of operation. No corona discharge was visible, but a small
audio tone could be heard inside the third (output) mesh. Investigation indicated
that this tone originated from one of the Steatite insulators that e;’upports the main
inductor L3 (perhaps from a small air gap between the ceramic #nd the metal cap
secured to the coil). Since the coil is supported by other meay{s (described in
connection with figure 2), it seems likely that these Stcatitc/[(nsulators will prove
to be unnecessary. /

/

/

’

/

ATTENUATION CHARACTERISTICS

Multicoupler attenuation studies involve ahumber of special problems. Along
with network components, proper consideration must be given to basic characteristics
of the source and load; and in transmitting application, both the forward and reverse
attenuation characteristics are of special interest. Some of these characteristics are
extremely difficult — if not impossible — to measure accurately, necessitating a
combination of analytical and empirical studies.

A brief description of the analytical approach and a few basic definitions
will assist in understanding the results of these studies. The three-mesh PAC
is first represented as an equivalent ladder. Assuming that the network is both
linear and passive, we may readily obtain various branch currents and node-pair
voltages with a digital computer assuming, say, unit voltage at either end. Of
course, all circuit elements must be known from measurements or obtained from
prescribed design conditions. Values of impedance are computed from corre-
sponding voltages and currents at various nodes throughout the network. In
computing reverse characteristics, we assume unit voltage at the plate-input
terminals and the source of excitation is assumed to be at the nominal output
terminals of the coupler.

Network analyses are greatly simplified when the source of energy can
be accurately represented as a constant-voltage or constant-current generator.
A high-power tube cannot be accurately represented in this manner, however,
since its dynamic characteristics are both nonlinear and nonanalytic. To fazili-
tate comparison with characteristics of conventional two-mesh coupling units
that are often measured in a so-called 50-ohm system, computations have been
extended to include effects of a constant-impedance generator that matches the
PAC network at its various operating frequencies.

Several important forward and reverse characteristics of the three-mesh
PAC assembly will be defined with reference to the generalized network in
figure 11. Compared with the schematic in figure 4, terminals @ and b are assumed
to represent the PA plate and ground, while i and j denote terminals connected to
a resistive load R; . Effects of the parasitic suppression elements, rf choke,
plate coupling capacitors, bypass capacitors, and distributed parameters were
neglected in the computations. Apart from unavoidable experimental error, the
comparative analytical and experimental results in this study show the general
agreement that is realized under these simplifying assumptions.
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Figure 11. General network forms used in computing forward and reverse characteristics.
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Forward attenuation properties of the networks describe their power transfer
characteristics from the plate to the (anfenna) load. The situation is complicated
by uncertainty regarding effects of power tube loading.® In this program the problem
is attacked by analyzing coupling netwarks under two different conditions: First,
assuming that generator loading is negligible, we define the forward transmission
loss by the expression,

Power Input Go dB)

gl o tior S el (1)
Power Output

L[ = 10 log,,
In figure 11, this gives

P(lb

L[= 10 log,, B

(in dB)
L (2)

with Y, denoting the susceptance of the input capacitor Cy, in figure 4. Second,
assuming that the network provides a purely conductive input equal to the gener-

ator’s conductance G, at the design or operating frequency [, we define forward
attenuation as

Power Available .
L_ =10 log , ———————  (in dB)

% 810 Power Output
Assuming that the generator supplies unit voltage V , across a 50-ohm load, we
may compute forward attenuation from

12,51,

L,= 10 log,, (in dB) (4)

=g

where I, is supplied by the current source and G is combined with By , in the
shunt admittance Y,. Equation (2) is convenient for comparisons involving basic
coupler-design criteria, being independent of the generator’s impedance. Equation
(4) is convenient in comparing PAC attenuation characteristics with coupler
measurements using so-called standard (50-ohm) terminations. The selectivity
actually achieved will probably fall somewhere between the characteristics given
by equations (2) and (4).

Reverse attenuation characteristics of transmitting multicouplers are
used to show the effectiveness of the networks in preventing cross-modulation in
the system. With several signals present in the common load circuit, undesirable
radiation products can originate from high-level modulation by energy fed from the
load to the plates of various power amplifier tubes. Since these sources of
energy are effectively in the antenna circuit, any reverse voltage at the plate
obviously depends upon the output impedance of the power tube and this is another
highly uncertain factor. In consequence, computations have been performed
neglecting tube effects (i.e., assuming infinite output impedance) and also assum-
ing a matched conductive termination G, . Assuming a reverse voltage V,




of 1 volt in figure 11B and neglecting tube effects, the reverse voltage attenuation
1s given hy

- . ".‘4 .
a, = 20 log,, Vo= 20 log,, V., (log units)
ab
With (.'g t jBy, forming Y, the reverse power attenuation is

P’S })fS .
L, =10 log,, g =10 logmz;—— (in dB)

ab 4 g

with V, assumed constant at 1 volt.

Means for computing various impedance and power relationships are self-
evident, if one knows the relative currents and voltages in figure 11 under unit-
output conditions. Time limitations do not permit consideration of all these
network characteristics in this study, so only those computed results that are
most applicable to prescribed experimental tests will be included.

Figures 12 through 17 show measured and computed data giving the
forward transmission loss characteristics of the three-mesh PAC at 2.000, 2.828,
and 4.000 MHz. The values measured at these operating frequencies are identified
by L,' in table 1. Note that the data extend 5 percent above and below the nominal
operating frequency, identified by frequency parameter w = f/f, = 1 in ail cases.
These curves show that the measured transmission loss 5 percent below f, is
somewhat larger than the computed values, while the loss measured 5 percent
above f, is smaller than the computed loss. Auxiliary tests indicate that this is
due primarily to intercoupling between the first and third meshes of the PAC
assembly. The cross-coupled energy is out of phase with the normally coupled
energy below f,, but these energy components are in phase above f,. For best
harmonic suppression it would be desirable if this situation were reversed and,
therefore, it is desirable that cross-coupling effects be kept small.

Figure 18 gives computed data showing the difference between the forward
loss characteristics of a three-mesh PAC with and without effects of a matched
generator. The insert gives details in the vicinity of f,. The influence of
generator loading is seen to be appreciable at frequencies as little as 0. 5 percent
removed from the nominal operating frequency, the differences increasing with
frequency separation. It is emphasized that the curve of L, gives the relative
power that would be delivered to a 50-ohm resistive load from an equivalent
Thevenin’s or Norton’s generator, assuming that the coupling network matches the
generator (i.e., accepts maximum power) at the design frequency f,. The curve
marked L/, computed by equation (1) or (2) denotes the relative efficiency with
which the network delivers power to the load. Figure 19 shows computed values
of transmission loss for various terminal pairs c-d, e-f, and g-h in figure 11A.
(Since Cl » and other network components in the PA plate circuit to the left of the
dashed line in figure 4 are assumed lossless, the curves of L and L., in figures
18 and 19 are identical.)

(6)
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Figure 13. Transmission loss of PAC-1A-1000 computed at 2.000 MHz.
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Figure 12. Transmission loss of PAC-1A-1000 measured at 2.000 MHz.
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Figure 14. Transmission loss of PAC-1A-1000 measured at 2.828 MHz.
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Figure 15. Transmission loss of PAC-1A-1000 computed at 2.828 MHz.
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The relative performance characteristics of a PAC assembly composed
of either two or three resonators are of special interest. As explained earlier, it
is relatively simple to delete or add a resonator unit of the type shown in figure 3
in experimental tests of PAC assemblies illustrated in figures 1 and 2. Conse-
quently, transmission loss measurements were performed at 2 and at 4 MHz using
both two-mesh and three-mesh PAC assemblies. The results are summarized
in table 3.

TABLE 3. TRANSMISSION LOSS OF TWO-MESH AND THREE-MESH
POWER AMPLIFIER COUPLERS MEASURED AS A FUNCTION
OF PERCENTAGE SEPARATION FROM THE NOMINAL
OPERATING FREQUENCY (EXPRESSED IN dB)

Separation from f -» | -5-0% l—z.s% | 0% | +2.5% | +5.0%

a. Using nominal operating frequency of 2.000 MHz

Two-Mesh PAC 15.4 9.98 1.34 10.2 15.8
Three-Mesh PAC 50.0 30.5 2.0 23.0 33.5

b. Using nominal operating frequency of 4.000 MHz

Two-Mesh PAC 16.6 11.6 1.42 12.6 19.3
Three-Mesh PAC 60.5 37.5 2.10 30.5 41.5

The attenuation properties of the PAC assemblies have been investigated
briefly at frequencies extending throughout the hf band. Because of practical
difficulties in directly exciting these highly selective circuits at the plate termi-
nals when the frequencies are some 5 percent or more removed from the operating

point, these general stop-band properties have been analyzed in an indirect manner.

The approach is indicated in figure 20. The AN/SRT-16 radio transmitter was
connected to the output link through a 50-ohm dummy load. The power supplied at
each frequency was computed from measured values of output impedance Z _ *and
voltage V; identified in the figure. With a ‘‘noninductive’” resistor R, connected
from plate to ground, the reverse power was computed using readings from milli-
voltmeter V,. In view of the large uncertainty in V, (in the presence of some

6 millivolts of noise) and other unavoidable errors, the measured data in table 4
are at best approximations intended primarily to indicate the absence of significant
nulls in the attenuation characteristic at the higher frequencies in the 2-to-30 MHz
band. This conclusion is supported, also, by similar empirical measurements
performed with the PAC assembly tuned and loaded at 4 MHz. Supplementary
tests showed that secondary attenuation nulls do exist above 30 MHz, depending
somewhat upon PAC adjustments. When tuned to 2 MHz, the attenuation of the
PAC dropped to about 35 dB at 32.9 MHz; and when tuned to the 4 MHz, an
attenuation null of some 42 dB was indicated at 33.2 MHz. The foregoing are
values of attenuation relative to the response at f,. These nulls appear to be
related to the self-resonant frequencies of the main resonator inductors which
occur around 33 MHz in this instance, as indicated by a grid-dip meter.
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Figure 20. Instrumentation used in exploring the (reverse) attenuation characteristics of
the PAC from 2 to 30 MHz. ’

TABLE 4. SOME MEASURED AND COMPUTED TRANSMISSION LOSS
CHARACTERISTICS OF THE PAC AT FREQUENCIES
CONSIDERABLY REMOVED FROM THE OPERATING

FREQUENCY (2 MHz)

Test p Grs' Reverse Loss L, (dB) Forward Loss
Frequency w=— (measured
(MHz) fo in umho) Measured | Computed (computed in dB)
2.100 1.050 12,300 34.7 37.92 36.66
2.500 1.250 1,740 70.1 63.70 59.42
3.000 1.500 1,660 iy 73.62 66.19
5.000 2.500 410 * 87.45 71.37
8.450 4.225 148 *
10.000 5.000 101 72.1
15.000 7.500 34.6 70.4
20.000 10.000 28.2 65.6
25.000 12.500 19.5 62.8
27.000 13.500 19.5 66.1

Note 1 - The (*) signifies that the desired signal was masked by noise.

Note 2 - No computations were performed with w > 3.

The computed values of forward and reverse transmission loss in the two
right-hand columns of table 4 serve to emphasize that these loss characteristics
are not identical. Thus, even assuming optimum source and load terminations,
the selectivity characteristics of a PAC assembly depend somewhat upon the
direction of power flow. The explanation is simple: matched conditions do not
normally exist at both input and output terminals. With extremely different
impedance levels at the source and load, a perfect ‘‘match’ at both input and
output requires a particular relationship between the intrinsic loss components of
the circuits. For example, assuming two inductively coupled circuits with effective




(series) generator and load resistances R ,” and R, ’, respectively, the loss com-
ponents of the circuits must satisfy the relationship,

R - it

RL T

if both circuits are resonant (i.e., X,, = X,, = 0).

The measured and computed values shown in figure 21 and in table 5
illustrate several impedance relationships applicable to one of the PAC assem-
blies under test. On the basis of the measured values of unloaded @’s, the
circuit was designed to present a purely resistive load of 2500 ohms to the plates
of two 3-400Z power triodes employed in early studies. The internal coupling
coefficients were chosen to reduce these values of @, by a factor of 7, as
noted earlier. The digital computations were carried to ten significant figures,
but certain values in table 5 have been rounded off at six figures or less because
of space limitations. With a 50-ohm resistive load, the desired 2500-chm input
is seen to be realized quite closely. On the other hand, with R, of 2500 ohms

L M2 Lo Mo3 Lz Maq u c
’ Cb e27h ¢ "\ 6.33un ¢\ 40sphy  \ b4 G4

4—-2,5

0 . d
3

Figure 21. Simplified diagram of a ‘‘three-mesh’’ PAC designed for testing from 2 to 4 MHz
(other measured and computed parameters are given in table 5).

TABLE 5. MEASURED VALUES OF UNLOADED Q-FACTORS AND COMPUTED VALUES
OF INPUT AND OUTPUT IMPEDANCE OF THE NETWORK IN FIGURE 21
DESIGNED AND ADJUSTED FOR 2500-OHM PLATE-LOAD RESISTANCE AT
EACH FREQUENCY

Frequency Measured Q-Factors Z,, (ohms) er (ohms) Z.e ’ (ohms)
(MHz) Ou] Qu2 ng with RL = 50 with Rg = 2500 with Rg =™
2.000 994 ([ 980 | 847 | 2500.00-;0.0091 |38.87~-;0.00017 | 151.31+8.06
2.828 1232 | 1211 ] 1008 | 2500.00+;0.0002 | 38.86+0.00000 | 151.24+;8.73
4.000 1463 | 1449 | 1232 2500.00+70.0000 |38.86+/0.00000 | 151.17+9.27
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connected across the input terminals a-b, table 5 shows computed values of Z
(the impedance looking left at terminals r-s in figure 21) to be about 38.86 + j0
in each instance. Clearly, this would not match a 50-ohm generator in reverse
power measurements and explains the fact that the reverse transmission loss is
1.9396 dB with a 2500-ohm termination whereas the forward transmission loss is
. 2.0084 dB with a 50-ohm termination.

Further evidence of the absence of undesirable moding of the PAC assembly
is furnished by the stop-band impedance characteristics in figures 22 and 23. These
data were measured at the plate terminals after the network had been adjusted for
proper operation at 2 and 4 MHz with a 50-ohm load. Note that the resistive com-
ponent remains quite small throughout the 2-to-30 MHz band except, of course, near 4
the operating frequencies.
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Figure 22. Measured components of stop-band impedance of PAC-1A 1000 tuned to
‘ 2.000 MHz.
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Figure 23. Measured components of stop-band impedance of PAC-1A-1000 tuned to
4.000 MHz.

ATTENUATION OF HARMONICS

Much time and effort were spent attempting to develop a technique that
would give accurate and consistent harmonic measurements. The instrumentation
used at the outset is indicated in figure 24. Various voltage divider schemes were
tried. A 1000:1 capacitive divider was used to indicate the levels of various low-
order harmonics at the plates of the two 3400Z power triodes used in PAC-1A-1000.
After trying several voltage-divider arrangements at the main 50-ohm dummy load,
the use of a 70-watt 1210-ohm metal deposited resistor R, in series with the 50-ohm
measuring line was finally adopted. To insure proper termination of this line in the
screened room, the two-section bandpass filter was adjusted to present an input
impedance of approximately 50 ohms (resistive) at each measurement frequency
using the rf bridge. The use of terminating ‘‘pads’’ was held to a practical minimum
in order to achieve maximum dynamic range from the measuring system.
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Figure 24. Block diagram of experimental setup used in measuring level of major harmonic

signals from a 1-kilowatt PAC assembly.
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The sensitivity of the system was controlled at each frequency of measure-
ment by the following procedure:

1. The noise reference level was established with no signal input by setting
the receiver’s gain controls to give a reading of 0.2 volt (6 dB) on the VTVM.
During these adjustments the signal generator was connected and the variable
attenuators were set to zero.

2. A 10 dB signal-plus-noise-to~noise ratio was established by adjusting the
signal generator’s output to give a reading of 0.63 volt (16 dB) on the VTVM. The
antenna trimmer on the receiver was adjusted for peak VI'VM reading at each frequency.

3. The filter’s coupling and tuning controls were adjusted for an input of
approximately 50 + jO using the rf bridge. With the filters adjusted in this
manner, separate tests showed their midband insertion loss to range from 3 to
4 dB at the frequencies employed in these tests. Thus, with an additional
10.5 dB of fixed loss introduced by the impedance-matching pad at the receiver’s
input, there was a total of roughly 14 dB of residual loss in the system.

By means of the instrumentation in figure 24, the levels of the second,
third, and fourth harmonics were measured relative to the 500-watt power output
supplied by the PAC assembly at 2 and 4 MHz. A direct substitution technique
was employed. With a measured power of 500 watts into the 50-ohm dummy
load at the fundamental frequency, the variable attenuators were adjusted for
10 dB (S+N)/N ratio. This required the addition of 134 dB of attenuation in each
case, thereby establishing the dynamic measuring range of the system. The data
in table 6 show the amount by which this variable attenuation had to be reduced
to maintain the same reference level on the Ballantine VTVM at the various
harmonic frequencies.

TABLE 6. MEASUREMENT OF RELATIVE HARMONIC LEVELS
OF THREE-MESH AND TWO-MESH 500-WATT PAC,
USING INSTRUMENTATION IN FIGURE 24

Operating DB Level of Harmonic Signals at Load
Frequency Relative to Power at Fundamental
f, (MHz) At 2, At 3f, | At 4f,
(a) Using three-mesh PAC-1A-1000
2.0 -134* =133 —134*
4.0 -134* -134* -134*
(b) Using two-mesh PAC-1A-1000
2.0 -108 -113 -134*
4.0 =126 =127 -132

Note: The (*) denotes the fact that the harmonic level was equal
or below the measuring capability of the system at the
500-watt level.
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For the three-mesh PAC, table 6 shows that all harmonics tested were
about 134 dB or more below the fundamental signal at both 2 and 4 MHz. The
need for greater dynamic measuring range is self-evident; but, since the problem
objective called for measurements at a much higher power level, no further
attempt was made to increase the measuring range of this setup. Tests were
extended, however, to indicate the harmonic attenuation of the two-mesh PAC
configuration, with the results shown in the (b) part of table 6.

It is interesting to compare the (doubtful) second harmonic levels in
table 6 with the values predicted by computer an:lysis, for the particular PAC
network under consideration. As shown in the right-hand column in table 7, a
total forward attenuation near 135 dB is computed at 4 MHz when operating at
2 MHz and the expected second-harmonic attenuation is some 10 dB larger at
8 MHz when operating at 4 MHz. Effects of cross- coupling, as explained earlier,
would be expected to reduce these values somewhat.

TABLE 7. LEVEL OF SECOND HARMONIC ENERGY MEASURED AT PLATES OF TWO
3-400Z POWER TRIODES WITH RELATED COMPUTATIONS OF LOSS
CHARACTERISTICS OF THREE-MESH PAC

PAC Data Computed at Second Harmonic Frequency

Operating Harmonic
Frequency | Measured |Plate-Load Impedance Level Trans. Loss | Total Forward
f, (MHz) at Plates Rop + iXap at Plates of PAC Attenuation
L (d4B) (ohms) Lop (dB) | L g (dB) Ly (dB)
2.0 —47.4 0.0042309— 22.76007 | —64.81 -70.25 -135.06
4.0 —63.9 0.0018531— 24.69986 —68.39 -77.30 -145.69

Note: With the two tubes supplying rated power output of 1330 watts, the ratio of the
second harmonic to the fundamental component of plate current is assumed to
be 0.442 (as obtained from 13-point Chaffee analysis).

The measured and computed data in table 7 were obtained using a three-
mesh PAC assembly with a pair of 3-400A power triode tubes operating in a
grounded-grid circuit. Norma! operation with 3000 volts on the plate was assumed,
the plate power output being 1330 watts. Using the Chaffee 13-point harmonic
analysis* with published constant-current characteristics of these tubes, the ratio
of second-harmonic to fundamental component of plate current was found to be:

(),

),

=0.442 (8)

with the two tubes supplying 1330 wattsto a resistive load of 2500 ohms. The
rms value of (lp)l is readily computed from the power output and load resistance.
The value of (lp)2 is then obtained from (8), and the power supplied to the PAC
network is computed using the value of input resistance R, given in the third
column of table 7. When compared with 1330 watts, this gives the level of second
harmonic energy L, at the plates. Computed values L ., " in column four




of table 7 are to be compared with measured values L, in column two, obtained
by using the 1000:1 capacitive divider in conjunction with the screened-room
instrumentation in figure 24. The agreement is much better at 4 MHz than at

2 MHz. If the harmonic energy at the plates and the forward transmission loss of
the coupler can be correctly established, the sum of these quantities obviously
gives an accurate determination of the total harmonic attenuation of the com-
plete assembly.

Several harmonic measurements were made with a three-mesh PAC
operating at higher power levels with a 4CX5000A beam tetrode in a *‘grounded-
grid” circuit. Polarizing potentials of 1250 volts on the screen and -280 volts
on the grid were obtained from an AN/FRT-39A transmitter. Initial tests were
performed using the instrumentation in figure 24. For the direct substitution
technique described earlier, table 8 shows the levels of the second and third
harmonic products relative to the fundamental signal at the dummy load. It is
noted that there is considerably more third harmonic than second, particularly at
the lower frequency.

TABLE 8. MEASURED SECOND AND THIRD HARMONIC PRODUCTS OF THREE-MESH
PAC OPERATING AT 5-KILOWATT PLATE POWER LEVEL

Operating Measured Harmonic Attenuation in dB
Frequency
fo (MHz) At 2f, At 3f,
¥
2.05 133 1.5 '
3.99 134.8 127.1

Note: Two PAC assemblies were tested at 2.05 MHz, the results being averaged above.
Power output P, was approximately 3200 watts in all cases.

Additional harmonic measurements were made with the setup shown in
figure 25. The 4CX5000A beam tetrode was operated in the same grounded-grid
circuit with polarizing potentials of 7500 volts on the plate, 1250 volts on the
screen, and ~280 volts on the grid (as before), but a number of changes were
made in the instrumentation and in the test procedure. The intermediate power
amplifier (IPA) stage of the AN/FRT-39A and the AN/URC-32 radio set were
used to study possible effects of different sources of excitation and, in some
tests, a two-mesh bandpass transmitting filter was employed to insure a pure,
sinusoidal driving signal. Figure 25 also shows a capacitive divider in place
of the metalized resistor assembly at the dummy load and several changes, as
compared with figure 24, regarding instrumentation in the screened room. The
signal generator was used in these tests to establish relative harmonic levels at
point *“B.”” These data were transformed to the common load, point “‘A,”* from
knowledge of the capacitive divider’s attenuation which ranged from 23 to 26 dB
at the frequencies of interest.
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Results of typical measurements for three different levels of output power
P, in the dummy load are shown in table 9. These data at 2 MHz compare in a
general sense with data in table 8 at 2.05 MHz when the same output power was
supplied. If we make allowances for unavoidable experimental error, we find that
the different test setups and procedures described in connection with figures 24
and 25 give similar results when measuring harmonics. The data in tables 8 and 9
lead to the following general observations:

1. The 4CX5000A beam tetrode gives appreciably more output at 3f, than at
2f, when operated under conditions employed in the AN/FRT-39A radio transmitter.
(Note that the 3-400Z power triodes gave comparably low distortion products at
all harmonics shown in table 6.)

2. As the driving power of the 4CX5000A tetrode is reduced, the second and
third harmonics are reduced, in general, about the same as the fundamental
output level.

3 The level of harmonic energy in the output clearly depends upon the
purity of the excitation. This is shown by the improvement afforded by the
auxiliary filter and indicated by the high level of the third harmonic when the
AN/URC-32 transmitter was hard pressed to give enough drive for an output
power of 3200 watts in the (¢) part of table 9.

TABLE 9. MEASURED SECOND- AND THIRD-HARMONIC SIGNALS OF THREE-MESH
PAC WITH 4CX5000A TUBE OPERATING AT DIFFERENT POWER LEVELS
WITH DIFFERENT SOURCES OF EXCITATION

Measured Harmonic Attenuation in dB

Sources of Excitation (P, denotes power in 50-ohm load in watts)

Operating at f, = 2 MHz

Second Harmonic (4 Mi"Tz) ~_ Third Harmonic (6 MH2)
P,= 3200 | P,= 1600 | p, = 800 P, = 3200 | pP,= 1600 | P, = 800

(a) IPA of AN/FRT-39A
without filter -134.5 -137.0 -141.0 -109.5 -111.0 ~111.5

(b) IPA of AN/FRT-39A
with auxiliary filter —138.0 -142.0 -143.0 -110.5 ~113.0 -116.0

(¢) AN/URC-32 transmitter
‘ without filter -135.5 -137.5 -140.0 -107.0 -115.0 ~116.0




CROSS-MODULATION MEASUREMENTS

Cross-modulation is defined as modulation of a desired signal by an un-
desired signal.®* This form of modulation (sometimes called intermodulation)
occurs in a transmitting multicoupling system when one or more signals in the
common load circuit are not sufficiently attenuated by the coupling networks,
causing a form of high-level modulation at the plates of the power amplifier tubes.

The major cross-modulation products of two three-mesh PAC assemblies
were measured using the instrumentation shown in figure 26. The IPA sections
of two AN/FRT-39A transmitters were used as drivers in obtaining nominal plate
power outputs of 4.9 and 3.6 on successive tests. This power reduction of some
1.3 dB was used with operating frequencies separated 2.5 and 5 percent in the
vicinity of 2 and 4 MHz. Table 10 gives measured levels of third- and fifth-order
cross-modulation products relative to the fundamental power levels at the 50-ohm
load under the foregoing conditions.

The measuring technique was similar to the one used in measuring
harmonics at high-power. Referring to figure 26, after the receiver and all three
filters had been tuned to the frequency of each cross-modulation product, its
level at point ‘‘B’’ was determined by means of the standard signal generator.
The attenuation of the capacitive divider was added to give the level at the
load, point ““A.”’

The results in table 10 illustrate in a general way the levels of major
cross-modulation products to be expected with these particular power tubes
operating under the specified conditions with two three-mesh PAC assemblies
and a standard dummy load. The data show that cross-modulation levels decrease
with wider frequency separations and lower operating powers, as expected, but
the scope of the study was too limited to warrant any conclusions regarding the
cross-modulation levels that are realizable in a well-designed transmitting
installation employing the PAC approach.
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Figure 26. Block diagram of setup used in measuring major cross-modulation products
with two PAC assemblies operating simultaneously into a 50-ohm dummy load.
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TABLE 10. MAJOR CROSS-MODULATION PRODUCTS FROM TWO PAC ASSEMBLIES
OPERATING AT TWO DIFFERENT POWER LEVELS AND DIFFERENT
FREQUENCY SEPARATIONS WITH 50-OHM LOAD

Fundamental Frequency Measured Levels of Cross-Modulation
Frequencies (kHz) Separation Relative to Fundamentals (dB)
o (percent) 2, | 24—, -2y | 3= 26,
(a) With each 4CX5000A supplying 4.9 kW at plate and 3.1 kW to load.

2000 | 2050 2.5 -110.5 -106.5 -138.0 -137.5
2000 | 2100 5.0 -121.5 -123.5 () -142.0
(b) With each 4CX5000A supplying 3.6 kW at plate and 2.3 kW to load.

2000 | 2050 2.5 -112.0 -109.0 -142.0 —-140.0
2000 | 2100 5.0 -123.5 -127.5 (%) -141.0
(c) With each 4CX5000A supplying 4.9 kW at plate and 3.1 kW to load.

4000 | 3900 2.5 -110.0 -116.0 -135.0 ~135.5
4000 | 3800 5.0 -118.5 -120.0 -136.0 -138.0
(d) With each 4CX5000A supplying 3.6 kW at plate and 2.3 kW to load.

4000 | 3900 2.5 -111.0 -117.0 -137.5 -137.0
4000 | 3800 5.0 -121.0 -122.0 -138.0 -138.5

(*) One filter would not tune to 3, - 2y = 1800 kHz.

SPECIAL PROBLEMS OF HF TRANSMITTING
MULTICOUPLER EVALUATION

A sound evaluation of alternative multicoupling approaches requires that
a clear distinction be made between coupler characteristics and system
characteristics. As we have seen, both the forward and reverse attenuation
properties of passive transmitting networks are of special interest with due con-
sideration being given to the nature of the source and load experienced in practice.
This section pinpoints a number of special problems inherent in this particular
evaluation effort, describes several alternative procedures available, and indicates
the magnitude of some sources of error experienced in this limited test program.

It is important to understand the true nature of the alternative approaches
under investigation. As illustrated in figure 27, the conventional approach in-
cludes several radio transmitters and couplers with a form of matching network
that facilitates multiple operation with a common broadband antenna. The pro-
posed PAC approach in figure 27B shows the power amplifier and coupling network
integrated with a common distribution line. The immediate objective is to evaluate
the relative merits of these alternative approaches and the present series of tests
was prescribed for this purpose.
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Figure 27. The two alternative multicoupler approaches under consideration.
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Electrical Performance

The electrical performance characteristics of typical transmitting couplers
are specified today ‘‘in standard 50-ohm systems.” As explained in MIL-STD-220A,
insertion loss is measured by use of a standard signal generator with attenuator
calibrated fora 50-ohm termination. This technique is straightforward and reason-
ably precise for the comparison of filter and coupler units designed for these
standard terminations, but it is apparent from figure 27 that neither coupler is in
any sense terminated in 50 ohms through the frequency bands of interest.

The present multicoupler evaluation affords an excellent example of the
importance of analytical methods in network design. It is a simple matter to
compare different coupler configurations under similar terminal conditions at the
source and load and, for this purpose, idealized conditions are often indicated.
For example, consider the question of the relative selectivity afforded by two-
and three-resonator coupler assemblies that give the same midband insertion loss.
By analytical means convenient charts for answering this question were developed
several years ago.® These charts show that the three-resonator design affords
considerably better selectivity than the two-resonator design having the same
minimum midband loss and resonators with the same unloaded @-factor (table 11).
Moreover, temperature stability is improved by distributing the power dissipation
(37 percent in this example) over three resonators rather than two of similar design.

TABLE 11. ANALYTICALLY DERIVED VALUES OF LOSS L_ AT VARIOUS
FREQUENCY SEPARATIONS FROM THE OPERATING FREQUENCY
fo AT WHICH TWO- AND THREE-RESONATOR FILTERS GIVE MINI-
MUM LOSS OF 2 dB WITH UNLOADED RESONATOR Q'S OF 1000
(DATA FROM APPENDIX A OF REFERENCE 5).

Frequency Stop-Band Loss L ¢

Separation (in dB)

(percent) 2 Resonators, Q; = 200 3 Resonators, Q = 138
2.5 36 47
L 48 65
10 61 85

Physical Features

It is unnecessary to stress the importance of major physical differences
in most cost and evaluation studies. The particular combination of equipments
employed in the present tests reflect a number of unique physical characteristics
that are not self-zvident and lead to highly questionable comparisons if not
properly considered. Reference is made to the fact that some of the couplers
possess physical features that enable them to pass standard shock and vibration
tests whereas other couplers do not.

St
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In figure 27A, the particular coupler specified was the AN 'SRA-35(V)(XN-2).
While this equipment has been installed aboard a number of major communications
ships, it was never intended to satisfy shock, vibration, and other environmental
requirements of MIL-E-16400E. Questionable features include the variable
vacuum capacitors with glass envelopes and the large, poorly supported helical
inductors that comprise the main elements of the resonators. The PAC resonators
would be properly identified as exploratory developmental models, as defined in
MIL-STD-243A, and yet resonators of this general design have successfully passed
shock and vibration requirements for shipboard electronic equipment of this type.
Since a major objective of this hf resonator design is (o provide the highest
practicable unloaded @, it is clear that dielectric materials in the form of coil
supports and capacitor envelopes should be of high quality and kept to a practical
minimum. In consequence, it is clearly unreasonable to make direct performance
or cost comparisons between couplers that satisfy standard shipboard requirements
and couplers that do not.

VARIOUS SOURCES OF NONLINEAR PRODUCTS

fests prescribed in this limited evaluation included measurements of
third- and fifth-order intermodulation or cross-modulation products as well as
harmonic levels relative to fundamental energy in the common load. Thus, it is .
important to consider the various sources of nonlinear products that may signifi- '
cantly influence these measurements.

Low-Level Stages

With the high-power amplifier tubes operating in the so-called linear mode,
any major nonlinear or other spurious products in the driving source can be ex-
pected to influence the unwanted products in the common load. Considerable
difficulty was experienced during early tests when the AN/URC-32A was used to i
drive the 3-400Z’s to 1 kilowatt output. As illustrated in figure 28, the waveform
of the excitation used in tables 6 and 7 was monitored on a Tektronics Type 555
Dual-Beam Oscilloscope, and excitation was limited to avoid serious distortion
products. An L-type matching network v =, used to provide a VSWR o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>