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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 al leviating
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 U G-30 D/U and UG-30 E/U feedthrough connectors is
itself a sign ificant source of nonlinear products, even at extreme power levels
for fittings of this t~pe. Since these spurious signals can originate from dirty,
corroded , and poorl y made connections , however , cable fittings should be of hi gh
quality and kept to a practical min imum.

RECOMMENDATIONS

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

2. In the meantime , perform analyses and tests to more completely delineate
the capabilities and l imitat ions of the modular bandpass D-line. In addition to
single coupler groups, this investigation should include the use of two comple-
mentary 1)—lines with a common antenna load (bo th real and simulated) .

3. Extend the integrated l’A( ’ concept to radio receiving systems.
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4. Conduct design studies , us required , to facilitate the integration of trans-
mit t ing and receiving couplers with a common antenna. This capability is espe-
cial ly needed with directional hroadban d 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.

ADMINISTRATI VE INFORMATION

This work was performed under 532-78, Task 7398 (NELC J543) by a
special task group in the Electromagnetics Technology Department. The authors
were assisted by C. E. Bartz , P. A. Jensen , H. J. Jourdan , and other Laboratory
personnel too numerous to mention. The work was done between January and
September 1967 , and the report was approved for publication 18 March 1968
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INTRODUCTION -

In October 1966 comparative tests were undertaken involving ~ Itern ative
transmi tting multicoup ling approaches being considered under the Nava hips
Advanced Communication System (NSACS) project . These test.s were into - ed
to assist in preparing specifications for ultra-reliable hf radio equipment for
ships such as the Numbered Fleet Flagship (NF F) 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) mult icoupling 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 (0-line) . Two AN ‘FRT-39 i\ radio transmitters are shown in the background.

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

A typical resonator uni t  (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 vibrat ion 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 l arge 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 afford s signifi cant
savings and , it now appears , will  give long, trouble-free service.
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Figure 1. Phot o grap h of PA~ e q u i p m e n t  t e s t e d .
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Figure 2. Photograph of experimental PAC and 1)-l ine equipment
w ith side-panels and cover-plates removed.
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Experime ntal equ I proent tised iii th is  study ~ as designed to UI I I i  it ’ & - it
colamere i al 1111115 already ins ta l led  i ii t h e  N ELC ‘Frau snil tier I ~alx )ralorv. l’ or
early t ests  at moderate power level , exc i ta t ion  was obtained from WI AN t IR ( ’— 32lt
radio set. l o r  t e st ing at t i ouii inal  5—kilowatt  power levels , a 4( ’X5(X)( IA beam
tetr ode was tiscu in each power ampl i tier module. Since the same tube is used in
each of the two AN FR’l’—39A ra(ho trans m itters in the Laboratory, excitation , as
well as proper 1)01 an ii ng potent ia l  s, thr Operating the I ‘A( ‘ equipment was obtai med
b~’ r e la t ive l y  simp le interconn ections wi th  the AN FR’l’—39~\ t ransmi t t ers .  This
arrauigt ’ment al so afforded essent ia l  saI~’t v measures , p ermit t ing interlocks on the
l’A( ’ un i t s  to be connected wi th  the interl ock : ir cuit s  of the conlmer( ’ial t r ansmi t t e r s .

A complete schematic diagram of a 5—kil owat t  l ’A( ’ assembly is shown in
f igure  4. A special L — tv p t ’  mat chii  mi g net\% ork is used to provide a nominal  50—ohm
load for the intermediale Ix wer amp l i f i e r  stage ( IP- \ ) of th~ \N ‘FRT—39 A trans-
mitter.  Whi le  the meter ing  circuits  were not changed , the bypassing scheme
or ig ina l ly  used wi th  the -It ‘XS000A tube was mod i fied by adding a O. t )2 .~ F
capacitor between screen and grotint i and a 101)0 I)~ capacitor front grid to ground.
This additional bypassing reduced the amount of negative feedback employed in
the commercial transmitters but sign i fi c~u iit y improved the s t ab i l i t y  of the power
amplifier.  t .-\ tendency toward parasitic os c i l la t ions  was particularly troublesome
dur ing  ini t ia l  cross—modulation test s.)

The distribution l ine is  a fo rm of bandpass structure that has been described
in an earlier report. Design detai l s  and performance characteristics of this distri-
bution techni que are not wi th in  the scope of this study. It is suff icient  for present
purposes to note that the structure in fi gure 2 w i l l  accommodate as many as six
separate PAt ’ assemblies with a common load. It is designed for a nominal 50-ohm
impedance level w ith the geometric mean frequency of its passban d being sct at
2.828 \lhl z .  (This early experimental structure was subsequently redesigned to
form , in effect , an essentially 50-ohm rectangular - t runk ,” thus min imiz ing  effects
of lead inductance between the s ix  coup ling links. )

‘Supcr~ cri pt 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 ,2 modified by an important final step. Beginning with the out-
put mesh, each resonator was tuned and loaded in turn to reduce the unloaded Q
by a factor of 7. Having pre-established the desired positions of the adjustable
apertures in this manner , a VTVM (loosely coupled L 1 ) was used as an indicator
as the following steps were performed in succession:

1. Cia was tuned for maximum deflection of the VTVM with vacuum relay

~2 closed ,

2. C2 was tuned for VTVM minimum with S2 opened and S3 closed ,

3. C3 was tuned for VTVM maximum with S2 and S3 opened (and the output
coupling set for proper 7-to-I loading of the output mesh , as explained above) ;
and finally

4. C1 a was readjusted to provide a purely resistive load at the plates of the
power tubes, as indicated by minimum plate current.

The capacitor C 1 h in figu re 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 /

~~ 

at the low end , the middle , and the hi gh end
of the operating band. As shown in figures 5 through 10, these measured data
compare favorably with input resistance and reactance obtained by di gital compute r,
using measured values of network components and resonator Q-factors. The data
in figure s 5 and 6 appl y to the low end of the band , the data in fi gu res 7 and 8
apply to the middle , and the data in figure s 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

L1 = 10 log 2.008 dB

Table 1 shows the degree to ~ hich 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. TRANSM tSSION LOSS AND EFFICIENCY MEASURED
AT THE CENTER OF THE PASSBAND OF PAC.1A .1000

Frequency Measured Coupler Ef f i c iency * Transmiss ion
(kHz) 

~1 ~~ ~13 ~It
” F’L~~~in L 1’ (dB)

2000 0.612 0.608 2.12
2828 0.618 0.618 2.09
4000 0.618 0.618 2.09

*31 product of meo ~ ure d e f f i c ienc ies  of the three resonator s

“ measure d ov era l l  e f f ic iency

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 kilowatt s, 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 constan t 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 M h z , reflecting the small time
delay and experimenta l 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 tile PAC assembly was relatively
constant throughout each test.
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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 (C 10 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 C10 was reduced from 2050.0 to 2046.4 pF (a change of 0.18 percent)
in reducing the plate current ‘b from 1.39 to a minimum of 1.38 amperes. These
small changes in C10 may be due in part to temperature changes on the PA side
of this large ceramic capacitor.

TABLE 2. OPERATING S T A B I L I T Y  OF POWER AMPL IF IER COUPLER AT
5- KW POWER LEVEL

Lapsed ~~~ Exci tat ion (wat ts)  Input PA Currents Output
Time Incident Reflected Dr iv ing Plate Screen Power

(minutes) Power Power Power VSWR (amp) (mA) (w atts)

(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 US 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
50 515 115 400 2 . 79 1.39 15 .0 3400
55 510 110 400 2 . 73 1 .38 15 .0 3400
60 515 115 400 2 .79 1.39 15.0 3400

(b) At hi gh end of band (4.000 MHz ) -‘

(start) 465 80 385 2.42 1.45 14.0 3200
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 80 380 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 signal s of 3998 and
4002 kllz, 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 voLtage break-
down or instability of operation. No corona discharge was visible , but a small
audio tone could be heard inside the third (output ) mesh. liive sti~ ation indicated
that this tone originated from one of the Steatite insulators that support s the main
inductor L 3 (perhaps from a small air gap between the ceramic ~nd the metal cap
secured to the coil) . Since the coil is supported by other mea~(s (described in
connection with figure 2) , it seems likely that these Steatite~ nsulators wi l l  prove
to be unnecessary . 

/
/

/

ATTENUATION CHARACTE RISTICS
Multicoupler attenuation studies involve a,humber of special problems. Along

with network components, proper consideration raust he 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 anal ytical and empirical studies.

A brief description of the analytical approach and a few basic definit ion s
will  assist in under standing the results of these studies. The three-mesh PA( ’
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 digita l computer assuming, say, uni t  voltage at either end. Of
course, all circuit elements must be known from measuren”~nts or obtained fro m
prescribed design conditions. Values of impedance are computed from corre-
sponding voltages and currents at various node s throughout the network. In
computing reverse characteristics, we assume uni t  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 greatl y simplified when tho source of energy can
he accurately represented as a constant-voltage or consta n t-current generator.
A high-power tube cannot be accurately represented in this manner , ho~ ever,
since its dynamic characteristics are both nonlinear and nonanalytic.  To f a ’ i l i -
tate comparison wi th  characterist ics of conventional two-mesh coupling un i t s
that are often measured in a so-called 50-ohm system , computations have been
extended to include effects of a constant-impedance generato r that matches the
PAC network at its various operating frequencies.

Several important forward and reverse characteristics of thy thre e-mesh
PAC assembly wi l l  be defined with refereilce to the generalized network in
figure i i .  Compared with the schematic in figure 4 , terminals a and b are assumed
to represent the PA plate and ground , whi le  i and j denote terminals  connected to
a resistive load R L . 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 simp li f ~ving assumptions.
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Figure 11. General network forms used in computing forward and reverse characterist ics.
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Forward attenuation properties of the networks describe their l s twvr transfe r
characteristics from the plate to the (ant enna ) load. ‘l’he situation is complicated
by uncertainty regarding effects of power tube loading. 3 in this program the probl em
is attacked by analyzing coupling networks under two different coiid it ions : First ,
assuming that generator loading is negligible , we define the forwar d 1r a nsmis.~io~i
loss by the expression ,

L 1 = 10 log Pov.er Input ( in  dB) ( 1
Power Output

In figure 11, this gives

‘j abL 1 10 log ,0 -~--— ( i n  dB)
1- ( 2 )

with 12 denoting the susceptance of the input capacitor 
~~~ ~ 

in f igure 4. Second ,
assuming that the network provides a purely conductive input equal to the gener-
ator’s conductance G g at the design or operating frequency [~, \ \ C  define fo ruard
at tenuat ion as

Power AvailableL 10 log ( in  dB) I . ) )
0 ~o Power Output

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

12.5 11
2 

-L~~= 10 log,0 ( in dB)
G g

where I , is supplied by the current source and G g is combined with B 10 in the
shunt admittance Ii. Equation ~2) is convenient for comparisons involving basic
coupler-desi gn 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 effectivel y in the antenna circuit , ally 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 inf ini te  output impedance) and also assum-
ing a matched conductive termination G g . Assuming a reverse voltage %~~,
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of I vol I in f igure 1113 and n eglect i rig ttj ht ~ p IThe ts, the rci ’crse I oltage (ll t ( ’n Uul , of l
is giveii h

~~ 44 —20 log,0 ~ = 20 log 10 V 44 ( log uni t s )
oh

t l t i t h  (i’~~ j B 1 (2 fbrm ing ‘ 2 ’ the r ci crse poll er  (Z !f ( ’f l u a t i of l  is

p . p
L = 10 log 10 log —~~~— ( in  dB) I t ;

2 (Joh g g

with 4 (7(3 assumed constant at I volt.
Means for computing various impedance and power relationships are self-

evident , if  one knio ~ s the relative currents and voltages in fi gure 11 under unit—
output con( li ( ions. Time l imitat ions 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 wi l l  be included.

Figu res 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 1 ’ in table 1. Note that the data extend 5 percent above and below the nominal
operating frequency, identified by frequency parameter a f/fe = I in all cases.
These curves show that the measured transmission loss 5 percent below Jo is
somewhat larger than the computed values , while the loss measured 5 percent
above 10 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 1~. For best
harmonic suppression it would be desirable if this situation were reversed and ,
therefore, it is desirable that cross-coupling effects he 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 detaiL, in the vicinity of f 0~ 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 0 gives the relati ve
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 L1, 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 , c- f ,  and g-h in fi gu re h A .
(Since C1 ~ 

and other network components in the Pt\ plate circuit  to the left of the
dashed l ine in figure 4 are assumed lossless, the curves of L 1 and ‘ cd in figure s
18 and 19 are identical. )
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Figure 12. Transmission toss of PAC- 1A-1000 measure d at 2.000 MHz.
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Figure 13. Transmission loss of PAC-1A- 1000 computed at 2.000 MHz .
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Figure 14. Transmission loss of PAC- 1A-j00 0 measured at 2.828 MHz .
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Figure 15. Transmission loss of PAC-IA- 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 inte rest. As explained earlier, it
is relatively simple to delete or add a resonator unit of the type shown ui figure 3
in experimental tests of PAC assemblies illustrated in figure s 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.MES H AND THREE.MESH
POWER AMPLIFIER COUPLERS MEASURED AS A FUNC TION
OF PERCENTAGE SEPARATION FROM THE NOMINAL
OPERATING FR EQUENCY (EXPRESSED IN d B )

Separation from f0 -÷ I —5.0% —2.5% I 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
Thre e .Mesh PAC 50.0 30.5 2.0 23.0 33.5

b . Using no minal operating frequency of 4.000 MHz

Two -Mesh PAC 16.6 11.6 1.4 2 12.6 19.3
Th ree.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 r5 ‘and
voltage V~ identified in the figure. With a “noninductive ” resistor H g connected
from plate to ground , the reverse power was computed using readings from milli-
voltm eter V0. In vi ew of the large uncertainty in V0 ( 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 sign ificant
nulls in the attenuation characteristic at the higher frequencies in the 2-to-30 M l-l z
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 10. 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) at tenuation characterist ics 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)

Tes t  Reve rse Loss L r (d B) 
- 

Forward Loss
Frequency w = — (meas ured

(M Hz) ~o in Ii m ho ) Measured Co mputed (c omputed 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 ,060 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 I - The (*)  si gni f ies that the desired si gna l was masked b y 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
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(series) generator and load resistances H g ’ and H , ‘, respectiv ’ly, the loss com-
ponents of the circuits must satisfy the relationship,

H g ’ r , —(~~)
H
, 
‘ r 2

if both circuits are resonant (i.e., X 11 = X 22 = 0).
The measured and computed values shown in figure 21 and in table 5

illustra te several impedance relationships applicable to one of the PAC assem-
blies under test. On the basis of the measured values of unloaded Q’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 coup ling
coefficients were chosen to reduce these values of Q

~~ 
by a factor of 7, as

noted earlier. The digital computations were carried to ten significan t figure s,
but certain values in table 5 have been rounded off at six figure s or less because
of space limitations. With a 50-ohm resistive load , the desired 2500-ohm input
is seen to be realized quite closely. On the other hand , with k g of 2500 ohms

L 1 M12 L 2 M23 L 3 P434
~~ 6.27~ h ( ‘

\ 
6.33~~~h ( ‘

\ 
4.O5~ h ( \~ L~~~ C4

R~ 

° 

Ci~ 
~~~

I _T I —

Figure 21. Simplified diagram of a “three-mesh” PAC designed for test ing from 2 to 4 MHz
(othe r measured and computed parameters are given in table 5) .

TABL E 5. MEASURED VALUES OF UNLOADED Q.FACT ORS AND COMPUTED VALUES
OF INPUT AND OU TPUT IMPEDANCE OF THE NETWORK IN FIGURE 21
DESIGNED AND ADJUSTED FOR 2500.OHM PLATE-LOAD RESISTANCE A T
EACH F RE Q U E N C Y

Frequency Measured Q.Factors Zab (ohms) Z
rs 

(ohms) Zrs ’ (ohms)

( M H z )  ~ ul ~~~ °u3 wi t h RL = 50 with R9 = 2500 with R9 =

2.000 994 980 847 2500 .00—,0 .009 1 38 .87—j O. 000 17 151.31 +18.06
2.828 1232 12 11 1008 2500.00-+-~0.00O2 38.86+j O .00000 15 1.24+j8 .73
4.000 1463 1449 1232 2500.00+ ,0.0000 38.86 +j0.00000 15 1.17+j9 .27
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connected across the input terminals a-b , table 5 shows computed values of Z~5
(the impedance looking left at terminals r-s in fi gure 21) to be about 38.86 + JO

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 assembl y
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 corn-
ponent remains quite smal l throughout the 2-to-30 MHz band except, of course, near
the operating frequencies.
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Figure 22. Measured components of stop-ba nd impedance of PAC-IA 1000 tune d to
2.000 MHz.
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Fi gure 23. Measured compone nt s 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 fi gure 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 3.-400Z 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 H 1 in series with the 50-ohm
measuring line was fi nally 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. Bloc k diagram of experimenta l setup used in measuring level of major harmonic
signals from a 1-kilowatt PAC assembly.
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The sen sit ivi ty of the system was controlled at each frequency Of nteasur i.~
ruent by the following procedure:

1. The noise rel~ reiice level ~ as established with no si gnal input by setting
the receiver ’s gain controls to give a reading of 0.2 volt (6 dB) on the VTVM .
1)uring these adjustments the signal generator was connected and the variable
attenuators were set tO zeni .

2. A 10 dli si gnal-plus-noise—to .-noise ratio was established by adjust ing the
si gnal generator ’s output to) give a re ading of 0.63 volt ( 16 dli) on the VTVM . The
antenna tr immer on the receiver was adjusted fbr peak \ ‘TV\I reading at each frequency.

~~. The f i l t e r ’s coupl iug  and t u n i n g  controls were adjusted for an input of
approximatel y 50 + i f )  u s ing  the rC bridge. With the f i lte rs  adjusted in t h i s
manner , separate tests showed their midhan d insertion loss to range from : to
4 dli at the frequencies employed in these tests. Thus , with  an additional
1O.~ dli of fixed loss introduced by the impedance—matching pad at the receiver ’s
input , there ~ as a tota l of roughly 14 dli of residual loss in the s~ stem.

mean s of the instrun ientation in figure 24 , the levels of the second ,
third , and fourth harmonics were measured relat ive to the 500—watt po~\er Output
supplied by the PA( assembly at 2 and 4 MHz. A direct subst i tu t ion tc c-hnique

~ as employed. With a measured power of 500 wat t s  into the 50-ohm dummy
load at the fundamental frequency , the variable attenuators were adju sted tOr
10 dli (

~s-\) \ ratio. This required the addition of 134 dB of attenuation in each
case, ther~hy es tabl ishing the dynamic measuring range of the syst efli. The data
in table 6 show the amount by which this variable attenuation had to he reduced
to maintain the same reference level on the Ballantine VTVM at the variou s
harm onic frequencies.

TABLE 6. MEASUREME NT OF R E L A T I V E  HARMONIC L E V E L S
OF THREE .MESH AND TWO .MESI- I 500-WATT PAC ,
USING INSTRUMENTATION IN FIGURE 24

Operat ing DB Level of Harmonic Si gna ls  at Load
Frequency Re la t ive  to Power at Fundamental
fo (MHz~ At 2 f~ At 3f~ At 4f~

(a) Using three-mesh PAC— 1 A- b OO
2.0 —1 34 —133 — 1 34 ’
4.0 _)34* —134 ’ — 134 ’

(b) Using two-mesh PAC- 1A - 1000
2.0 —108 — 1 1 3  —1 34’
4.0 —126 —127 — 132

Note: The (5)  denotes the fac t  that the harmonic leve l  was equal
or below the measuring cap a b ih ty  of the s y s t e m  at the
500-watt level.
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l”or the three-mesh P \ ( ’ , table 6 sho~ s that al l  harmonics tested ~ or e
about 134 dli or more below the flindan ienta l signal at both 2 and 4 \ I liz . The
need for greater dynamic measuring range is self— evident : but , s ince  the probl em
objective called fbr measurements at a much higher po~~’r level , no fur lher
attempt was made to increase the measuring range of t h i s  setup. Tests were
extended, however , to indicate the harmonic attenuat i m of the two—mesh PAC
configuration , ~ ith the results shown in the (b ) part of table f i .

It is interesting to compare the (doubtful ) second harmonic  levels in
table 6 wi th  the values predicted by computer a’ .ly s i s , for the part icular  l’AC
network under consideration. As shown in the ri ght—h an d column in table 7 , a
total forward attenuatio n near 135 dli 5 compute d at 4 \ ll lz  when operating at
2 M h z  and the expected second—harm onic attenuation is some 10 dli larger at
8 MHz when operating at 4 ~.!Hz. EfTh ct s of cross- coup ling,  as explai n ed c ar l let ,
would be expected to reduce these values somewhat.

T A B L E  7. L E V E L  OF SECOND hARMONIC ENERGY MEASURED AT P L A T E S  OF TWO
3-400Z POWER TRIODES WITH  R E L A T E D  COMPUTATIONS OF LOSS
CHARACT ERIST ICS OF THREE-MESH PAC

PA C Data Computed at Second Harmonic Frequency
Operat ing Harmon ic —
Frequency Measure d P la te -Load Impedance Level Trans.  Loss Tota l  Forward
I (M Hz) at P la tes  R0b + at P la tes  of PAC At tenuat i on

L ob ( dB) (ohms) Lob (d~~ L cd (dB ) L 1 (dB )

2.0 —.47 .4 0.OO42309 —j 22.76007 — 64.8 1 —70.25 —135.06
4 .0 —63.9 0.00 1853 1—1 24.69986 —68.39 —77.30 —145.69

Note: W i t h the two tubes supp ly ing rate d power Output of 1330 wa t t s , t he ra t io  of the
secon d harmonic to the fundamen ta l component of p late current is assumed to
be 0.442 (as obtained from 13-point Chaffee anal ys is ) .  —

The measured and computed data in table 7 were obtained using a three-
mesh PA( ’ assembly with a pair  of 3—400A power triod e 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
analysis4 with published constant-current characteristics of these tubes, the ratio
of second-harmonic to fundamental component of plate current was found to be:

— = 0.4-12 (8)

with the two tubes suppl y ing 133() wattsto a resistive load of 2500 ohms. The
rms value of (i a ) , is readily computed from the power output and load resistance.
The value of ( I ~ ) 2 is then obtained from (8), and the power supplied to the l’.\(
network is computed using the value of inpu t resistance R Qh given in the third
column of table 7. When compared with 1330 watts, this gives the level of st.’cttit d
harmonic energy L ab ’ at the plates. Computed valt ies L ab ’ in column fou r
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of table 7 are to be compared with meastired values L0h in colum n two , obtaitie d
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 h armonic energy at the plate s and the forward transmission loss of
the coupler can be correctly established, the sum of these quant i t ies  obviously
gives ant accurate determination of the total harmonic attenuat ion 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 —28k ) volts
on the gr id were obtained from an AN - ’FRT-39 A transmitter. Ini t ial  tests were
performed using the instrumentation in fi gure 24. For the direct substitution
technique described earlier, table 8 shows the levels of the second mid 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 OPERATIN G AT 5-KILOWATT PLATE POWER LEVEL

Operating Measured Harmonic Attenuat ion in dB
F uency

1, (MHz) At 21, At 3ff,

2.05 133 111 .5
3.99 1 34.8 127.1

Note: Two  PAC assemblies were tested at 2.05 MHz , the results being averaged above.
Power output P0 was approximate ly 3200 wat ts  in a l l  cases.

Additional harmonic measurements were made with the setup shown in
figure 25. The 4CX5000A beam tetrode was operated in the same grounded-grid
circui t  wi th  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 I”RT-39 A 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 f i l t e r  was employed to insure a pure,
sinusoidal driving signal. Figure 25 also shows a capacitive divider in place
of the meta lized resistor assembly at the dummy load and several change s, as

compare d 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.

39 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



f l—-— —,- .—‘——. —--.--- -------- _—_-_-,,,--,.- -,-.- V—’ -‘ ~~~~~~ 
- .  

~~~~ ~~~~‘ ~ . ‘ -  —.——-, “ . “.“

TO 
~~~~~~~~~~~~~~~~ ~~~~ 

—

::~ i:: ,~~~ TRANSM iTT l Nc~~~
.$ A

TRANSMITTER I
L_ ~~~~~~~~~ _~~J L_ _ _ ~~~~

_ _ _ _ _ L. __ J L_~~~_ i
OPTIONAL 

C A P A C I T I V E
V DIVIDERI 

-I

“B” \V 
~ 

..J~ HP 606A
t

1

4 51G. GEN.

I 6 d B PAD I
ALL EQUIPMENT B E L O W THIS L I N E  IN SCREENED ROOM L_ ._ ~p.__ 1__ —

1~~~~~~~~~~~~~ 
---I

BANDPA SS FILTER

L_ _ Q_ _ _..J

BANDPASS FILTER

I—-- -
~~~ 1

I MODEL R-390A I
I RADIO R EC E IVER

I MO DEL 300 I
I BALLANTINE VTVM I

— 
_ _._ ._1

Figu re 25. Bloak diagra m of setup used in measuring levels of major harmonic signals
from 5-kilowatt PAC assembly at 50-ohm dummy load.
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l~esu lts of ’ typical rn easur emt ’n its for three different levels of outpt it power
I~ in the dtinmiv load are shown in tabl e  9. ‘l’lit ’se data at 2 \ l l Iz  compare in a
general sense u~ tb data in tab le 8 ,i l 2.05 Ml Iz ~ hen the sant e output I)owc’r ‘A as
supplied. It ’ ~~ fl~ I((~ ~il lo~ an(’es for unavoida b le experin ien ita l error , we find that
the different te.~t setups and procedures (lescr ibe d in connection with  figure s 24
and 23 give similar  results when m ea suring harmonics. The data in tables 8 and 9
lead to the fol lowing general ohserva Ii i  H is:

1. The 4CX50(X)A l)eam tetrode gives appreciably more output at 3f~ than at
2/~ when operated under conditions employed in the AN ’h” RT—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 redticed , in general , about the same as the fundament al
otitput 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 b~ the
auxiliary filter and indicate d 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 (c) part of table 9.

T A B L E  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 (P0 denotes power in 50-ohm load in wa t t s )
Operating at f

~ 
= 2 MHz —— -

Second Harmonic (4 MHz) Third Harmonic (6 MHz)

P0 3200 P5 1600 p0 800 P0 = 3200 p0 1600 p0 = 800

(a) IPA of AN/FRT-39A
without filter —134.5 —1 37.0 —141.0 —109.5 —111.0 — 111.5

(b) (PA of AN/FRT-39A
with auxiliary filter —138.0 —142.0 -143.C’ —110 .5 113.0 —116.0

Ic) AN/URC-32 transmitter
w ithout filter —135.5 —1 37.5 —140.0 —107.0 —115.0 —116.0
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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 mult icoup h ing 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. Bloc k diagra m of setup used in measuring major cross-modulation products
with two PAC assemblies ope rating 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 LEV ELS AND DI F F E R E N T
FRE QUENCY SEPARATIONS WITH 50-OHM LOA D

Fundamental Frequency Measured Levels of Cross-Modulation
Frequencies (kHz) Separation Relat ive to Fundamentals (dB)

(percent) 2f~
_ tb 21b — f o 310— 2fb 31b ’21 o

(a) With each 4CX5 000A suppl y ing 4 9  kW at p late and 3.1 kW to load.
2000 2050 2.5 —110.5 — 106.5 —138.0 —137.5
2000 2100 5.0 — 12 1.5 —123.5 (*) —142.0

(b) W ith each 4CX5 000A supp ly ing 3.6 kW at p late and 2.3 kW to load.
2000 2050 2.5 —112.0 —109.0 —142.0 —140.0
2000 2100 5.0 —123.5 —1 27.5 ( )  —141.0

(c) With each 4CX5000A supp l y ing 4.9 kW at p late and 3.1 kW to load.

4000 3900 2.5 —110.0 —116.0 —135.0 —1 35.5
4000 3800 5.0 —118.5 — 120.0 —1 36.0 —138.0

(d) With each 4CX5 000A supp lying 3.6 kW at p late and 2.3 kW to load.

4000 3900 2.5 —111.0 —117.0 — 137.5 —137.0
4000 3800 5.0 —121.0 —1 22.0 —1 38.0 —1 38.5

(*) One fi lter would not tune to 3f0 — 2
~b 

1800 kHz .

SPECIAL PROBLEMS OF HF TRANSMITTING
MULTICOUPLER EVALUATION

-1 sound evaluation o[ alternative mult icoup ling approaches require s that
a (‘lear distinction be made between coup ler char a cter is tics and system
( ‘har w ’ter is tics. 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 fi gure 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 distr ibution l ine.  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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Electrical Perfor mance
The ele( ’trical performance characteristics of typical trans rn itti i ig couplers

are specified today “in standard 50-ohm systems.” As explained in MlL-ST[)--2~~)A ,
insertion loss is measured by use of a standard signal generator w ith attenuator
calibrated fora 50-ohm termination. rl~his technique is straightf brward arid reason-
ably precise for the comparison of fi lter  and coupler un i t s  designed for these
standard terminations, but it is apparent from figure 27 that neither coupler in
any sense terminated in 50 ohms through the frequen cy bands of inter est .

The present multicoupler evaluation afThrd s an excellent example of the
importance of analytical methods in network design . It is a simp le n.att(’r to
compare different coupler configurations under s imi la r  terminal conditions at tht ’
source and load and , for this purpose , idealized conditions are often indicated .
For example , consider the question of the relativ e seleetiv its afforded by t~%u-
and three-resonator coupler assemblies that give the same midhand insert ion loss.
By analytical means convenient charts for answering this question were developed
several years ago.’ These charts show that the three-resonator desi gn affords

• considerably better selectivity than the two-resonator design having the same
minimum midband loss and re sonators with the same unloaded Q-factor (table I I ) .
Moreover , temperature stability is improved by distributing the power dissipation
(37 percent in this example) over three resonators rather than two of s imi lar  desi gn.

TABLE 11. ANAL YTICALLY DERIVED VALUES OF LOSS L 5 AT VARIOUS
FREQUENCY SEPARATIONS FROM THE OPERAT ING FREQUENCY
f0 AT WHICH TWO- AND THR EE-RESONATOR FILTERS GIVE MINI-
MUM LOSS OF 2 dB WITH UNLOADED RESONATOR 0’S OF 1000
(DATA FROM APPENDIX A OF REFERENCE 5).

Frequency Stop-Band Loss
Separation (in dB)
(percent) 2 Resonators , 0L 200 3 Resonators , 0L 138

2.5 36 47
5 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-evident and lead to highly questionable comparisons if not
properly considered. Reference is ~iiade 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.
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In figure 27A , the particular coupler specified was the AN SRA-35(~ ’ ) XN- 2 .
While  this  equipment has been installed aboard a number of major communication s
ships , i t 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 resoflators
would be properly identified as exploratory developmental models , as defined in
MIL-STD-243A , and yet resonators of this general desi gn have successfully passed
shock and vibration requirements for shipboard electronic equipment of this type.
Since a major objective of this hf resonator design is to provide the highest
practicable unloaded Q, it is clear that dielectric m aterials in the form of coil
support s and capacitor envelopes should be of high quality and kept to a practical
minimum. In consequence, it is clearly unreasonable to make direct per fiirmance
or cost comparisons between couplers that satisfy standard shipboard requirements
and couplers that do not.

VARIOUS SOURCES OF NONLINEAR PRODUCTS

Tests prescribed in this limited evaluation included measurements of
th i rd- and fifth-order intermodulation or cross-modulation products as well  as
harmonic level s relative to fundamental energy in the common load. Thus , it is
important to consider the various sources of nonlinear products that may sign ifi-
cantly influence these measurements.

Low-Level Stages
With the high-power amplifier tube s operating in the so-called linear mode ,

• any major nonlinear or other spurious products in the driving source can he ex-
pected to influence the unwanted products in the common load. Considerable
difficulty was experienced during earl y tests when the AN ’URC-32A was used to
drive the 3-400Z’ s to 1 kilowatt output. As illustrated in fi gure 28, the waveform
of the excitation used in tables 6 and 7 was monitored on a Tektrunics Type 555
Dual-Beam Oscilloscope, and excitation wa.~ limited to avoid serious distortion
products. An L-type matching network v. used to provide a VSWR of 1:1 for
the IPA of the AN/FRT-39A. This materially improved the excitation waveform
of the 4CX5000A power triode ir~ table 8 along with subsequent two-channel PAC

• tests. As noted earlier , however , the 4CX5000A beam tetrodes were not operated
in the same circuit configuration employed in the AN ‘FRT-39A transmitter. The
PAC circuit necessitated changes in the method of supplying high voltage to the
plate of the 4CX5000A. Special plate chokes were fabricated and the feedback
circuits were modified to avoid unstable operation at certain frequencies. (Time
and effort have not been available to determine the effects of these change s on
the operating characteristics of the power tubes.)

47

L - 
.•

~~ ~~~~~~~~~~~~ 
- - ..• • •~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-



-

~~~~~~

-- -

~~~~~~~~~~~~

~~uuw~Ii iu s~uir ia~~iW&IUV4 1I~ I~• u!1tIavAiuuJ~u
NO GRID CURRENT FULL POWER

A. OPERATING AT 2 MHZ

NO GRID CURR ENT FULL POWER

B. OPERATING AT 4 MHZ

I” igure 28. Oscil  lograms showing *‘xe t u l  lu l l  w i v i t o r m s  w i t h  I’M’ opi rating at d iff er ’nl
power levels and at different I ’r i ’quenc it ’s.

Instrumentation and Indicato rs
le s t  in strun ler its w i th  wml  inle ar probes , such as vacuum tube voltmeters

and r( ’flectoml ’ter s , can seriousi in f lu ence the level of’ spurious energy in the
common load. (‘onsequent i v , probes of t h i s  Iy lte were removed when these energy
levels were being nleasur e(l.

Nonlinear Components
R esis tors , I n(ha ’Inr s , an(l capacitors wit i ch exit I h i t  a m a il  incur re f at loll ship

bet wecil r rh ‘— of ’ (‘ha age of ’ curren I a ad volt age are , of course , lo lx ’ av(t I ded.
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Resistors ut i l iz ing a ~ ‘mn ico it du ct ing material m a i t i t e s t  both nonl in eur it~ arid
current noise. 7 For this reason , meta llized resistors and vacuum capacitors were
used in fabricating the voltage dividers used in thi s  study.

It is natural  to expec t sonic nonlinear response from inductors wi th  ferro-
magnetic core material , I)arti c’ular l~ in h igh— po~ cr applications , and a special
effort was made to avoid magnetic material whenever l)Ossihlc in c’on~ tru ct i n g
experimental PA(’ and 1)—line equipment. However , it is observed ( f ig .  4) that
f~’rr ite Is used in the cathode choke of ’ the 4(’X5000A tube , and the AN “FRT—39A
transmitter uses the same arr ani g eni ent , along wi th  adj tistablc ’ iron cores in two
inductors (L  -~h 12 an L-913) in the tr ansmitter ’s output circtiit. A few tests wore
conducted earl y in 1k ’  test program to investi gate possible intermodulation effects
of these core mater ials .  Odd-order products were c ompared on a spectrum analyzer
as the output in ductors wi th  iron core s ( connected in paral lel )  were replaced h~ a
variable coil with the sanu ’ inductance v~ ithout an’~’ core . \~itli  the 3000—kHz carrier
suppressed , two equal ca signals were employed at 2998 and 3002 kHz , respectivel y .
There was no significan t change lit level of the third throtigh n in th  internt odu lat ion
products as equal inductance value~,, wi th  and without iro n cores , were substituted
in the output circuit  of the ,-~N ‘FRT-39A. Later tests were conducted wi th  an(l
without the ferrite core material in the cathode choke and , as before , no signif icant
changes in int ermodu lation levels were discernible.

Nonlinear Characteristics of Dumm y Loads
Tests were conducted early in 1967 to select the most linear dummy load unit

from a group of six different types that were available in the vicini ty of the NELC
Transmitter Laboratory. By measuring the level of third harmonic energy from
PAC-IA-1000 operating at 4 MHz , for example , a special load consisting of
5500 feet of RG-17/U in tandem with 3000 feet of RG-8/U coaxial cable gave a
value of — 134 dB while the levels obtained from five dummy loads of commercial
desi gn were from 19 to 45 dB higher. This group of’ commercial 50-ohm loads
included two different 500-watt units and an 18-kilowatt uni t  without special p ro-
visions for cooling, plus two high-power units cooled by water or oil. While these
limited results must be considered tentative , they clearly indicate that certain
commercial dummy loads can cause si gnificant errors in measuring spurious
si gnals from medium to high-power transmitt ing equipment.

Nonlinear Effects of Cable Fittin gs
The possibi l it y  of serious nonlinear effects from certain coaxial cable

f’itting s was pinpointed by NEL-sponsored studies comiducted aboard
[SS BUNKER [(ILL in 1966. These studies indicated that Type UG-30 fl/U
bulkhead feedthrough connectors caused the third harmonic component of a trans-
niitter (suppl ying 800 watts to a 50-ohm dummy load near ~ MH z) to increase by
20 to 27 dB , depending upon the connector employed. The probable reason for
th i s  was given as the fact that “the connectors were partially made of steel. ”
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With relativel y high currents flowing through the connectors , It was coiiufuded
that “the steel was being driven hard enough to generate substantial third
harmonic levels.” Since a U0-3() fl/U feedthrough conniectA)r had been used
for ~‘ears to supply rf energy to the screened room in the NELC Transmitter
Laboratory, a number of’ UG-30 D/U arid UG-30 E/U connectors were Ol)t ~iiiied
fro m Navy stock and tested using the instrumentation shown in figtnr e 24. With
the PAC-IA-l000 supplying 500 watts to the coaxial load at 4 MHz , no increase
in the level of the third harmonic component was noted using either type of
con nector. Both the UG-30 D’U and the newer UG-3() E’U connectors u t i l i z e
short lengths of’ magnetic material in their inner and outer conductor assei’ ~l U ’s.
Later , additional connectors of this type were tested at a higher p~~~er l ( ’~ ( ’l .
With the PAC supplying 2 kilowatts at 2.05 MHz into the coaxial load ( termi n at e d
in a Jones \lodei 6322 500-watt dummy load unit), the level of second harmonic
energy was measured using three samples of each of the following connector
types: IJG-29 B/IT, UG-30 D/U , and 10-30 E/U. Moreover , after each Connector
was tested, data were recorded with the unit reversed. Except for two of the
Type 10-30 E/U units , the level of second harmonic energy remained constant
(wi th in  ± 1 dB). Using two of the three UG-30 E1 1/ connectors, the h armonic
levcl dropped 9 to 11 dB as the orientation of the connector was reversed in the
load circuit. The drop indicated that some harmonic generation was occurring,
depending upon the effectiveness with which connections were made. This was
confirmed when the harmonic level returned to normal afte r each connector was
rotated and ti ghtly secured in both of the mating UG-57 B~ ‘U fittings used with
adapters to accommodate the RG-17/U cable in the load. These and other tests
show the desirability of keeping unnecessary connectors out of the measuring
instal lation arid serve to emphasize the importance of secure , noncorroded con-
tacts. However , these tests do not support the theory thai the magnetic material
used in Type UG-30 D/U feedthrough connectors is a significant source of
harmonic energy at the frequencies and power levels employed in these studies.

Contact Resistance Eff ects
Apart from corroded or poorly fitting connectors, there are many other

metal-to-metal contacts in a typical transmitting installation that can contribute
to the nonlinear products in the common load. While all mechanical contacts are
potential sources , special problems arise from relays, switches, and spring
contacts in general , since their constriction resistance tends tobe relatively
large. The voltage-current characteristic of this resistance has been shown to
be inherently nonlinear. ’ In consequence, mechanical connections are to be
avo ided wherever possible, particularly in high-power transmitting installations.
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Power Amplifier Operating Characteristics
l t ils ’s of ’ the sante type di 11cr widel y  in their  el ectr ical  (‘harac’tL’ri sl i t’s ,

m i i i even ~~‘ mt t ’r di IThrcmices in I ineari I~ result when their ii ssociated c i r cu i t s
are iii it mdj i ist  ed in a c~ inipar ali l (‘ niaiiiier . The magn it ude of the problem is i l l  i s —

trat t ’d by a lilt ’ variat ions in spurious signals measured as a function of ’ load
I iiils’dance using several comrnt i ir i cations transmitters. ’ This matter deserves

a ‘cia I e nith a s is in ev il u ati rig those mu 1 ticoup l i ng in stal l at ton i s in which the
imit - i l l ar~ coup ler s are not adjusted to give a VSWR exactly equal to uni ty  on the
:il l t ’ l - t t i i i i i i ’ c ’ t  tu g lines to the transmitters. Assuming that the ü~ansinitters are
i n i t i a l l y  t i i i mt ’r j  and loaded with a 50—ohm dummy load , it is clear that system
perlor ant ’e is degraded as the load presented by the coup lers departs from this
va lue , depend ing u pon the values of complex load s provided and the electrical
lengths of ’ the interconnecting lines.

Effects of Distribution System and Complex
Antenna Loads

Direct comparison of’ the nonlinear products of different t ransmit t ing
multicoupler installations is unrealistic unless comparable distribution techniques
are uti l ized.  All schemes now used in combining transmitting couplers are
essentially low-loss passive LC networks and it is inevitable that they i ntroduce
certain reactance values in the common load circuit , considering the rather broad
operating band. Reactance in the common load circuit necessitates compensating
adjustments in the couplers ’ output meshes and this adversely affects the attenua-
tion characteristics, particularly at small percentage frequency separations in the
reverse direction. It follows , therefore, that the levels of nonlinear products in a
practical working system will be higher, in general, than the levels measured in a
two-channel (diplexing ) setup with a 50-ohm resistive load .

PROBLEMS OF MEASURING SMALL SIGNALS

A summary of several power levels commonly used in transmitting multi-
coupler studies may be helpful in pinpointing several additional sources of
measurement error and in appraising the relative effectiveness of the two alter-
native approaches under consideration.

The thermal noise power available from a matched generator of resistance
Rg ~

E 2
kTB (5)
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where I ’~~, the available noise voltage, is given by

= ‘~P!’R7~,z

The remaining terms are:

f~ (B oltzman ’s constant) = I .38 . l0~~’ joule ‘degree
T (absolute temperature) = 273 + degrees centigr ade

and
B = nols( ’ bandwidth in hertz

With T = 293 Kelvin and B = 3000 hertz , the reference noise power is

= kTh = 1.213 I 0 ’~ watt  ( 10)

This is about 210 dB below the power level of a 10 kW radio transmitter.
In communications system engineering, the power available from a re-

ceiving antenna to a matched 50-ohm receiver may be of interest. The level
of received energy is sometimes compared with the signal required to give
I inicrovolt at the receiver ’s input terminals .  This requires an open-circuit
voltage E (~ of 2 microvolts at the receiving antenna ’s terminals , the power
available to the receiver being ( neg lect ing line losses) :

- = 
oc 

= 
4 x l  2 ~ 10~~ watt ( 11)

°“ °“ 4 1? 4~~ 50

in the case of a matched 50-ohm receiver. This reference receiving power level
is roughly 32 dB above kTB in equation ( 10) and 175 dB below the transmitting
level of 5 kilowatts or so employed in many of the present tests.

In attempting to measure weak nonlinear products in the presence of
these strong fundamenta l signals , the problem of providing adequatt fi l tering
for a sensitive measuring device has proved to be rather difficult .  Because of
the number of cross-modulation and harmonical ly related frequencies involved ,
suitable crystal filters were not available and only two two-mesh manual ly  tuned
receiving filters could be found for the range of frequencies of immediate
interest. (The Cente r’s supply of auxiliary fi l ters of this type was recently
exhausted in order to satisfy urgent shipboard requirements. ) Two filters pro-
vided adequate attenuation for harmonic measurements (fig.  25) but had to be
supplemented by another two-section transmitting filter for cross-modulation
measurements (fig. 26). Table 12 gives the measured insertion loss of these two-
and three-filter combinations at frequencies in the v ic in i t y  of 4 MHz. The table
also shows different levels of third- and fi fth-order cross-modulation products
measured with comparable transmitting power levels using these filter combinations.
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T A B L E  12. MEASURED I N S E R T I O N  LOSS OF TWO- AND T H R E E - F I L T E R  COMBINA -
TIONS IN F IGURES 25 AND 26 IN THE V I C I N I T Y  OF THEIR  O P E R A T I N G
FREQUENCI ES NEAR 4 MHz , WITH EFF ECTS OF THESE FILTER
COMBI HATIONS ON M EA S U R E D  CROSS-MODULATION L E V E L S

A. Inser t ion loss measured in 50.ohm sys tem

Measure d Insertion Loss (dB( Di ff erence in
= 4 MHz) Two F i l t e r s  Three F i l t e rs  Measured Loss

0.950 70.0 109.5 39,5
0.975 51.0 78.0 27,0
1.000 17,0 18.0 1,0
1.025 42 .0 66.0 24.0
1 .050 54 .0 90.0 36.0

B, Comparison of cross.modu lat io n leve ls  meas ured using two and three f i l t e rs
(re lat ive to 1 m ic r ov o l t  ac ross  50.ohm dummy load)

Cross- Test  Measured Level Meos urement
Modulation Frequency (dB) Dif ference

Product (kHz) Two F i t  ter s Three F i l t e rs  (d B)

(a) W 1th 2.5 percent ~~~~~~~~ ~ b~~a 0.975)

4100 55.5 37.0 18.5
3800 55.5 30.0 25,5
4200 24.5 12.0 12.5

3fb— 2 f0 3700 29.0 12,5 16,5

(b) With 5 percent spacin g 
~ b’~~0 0.950)

4200 38.0 28.0 10.0
3600 44,5 30 0 14 5

4400 21.0 12.5 8.5
3400 21.5 10 .0 11.5
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BASIC CRITERIA FOR EVALUATING HF
TRANSMITTING MULTICOUPLERS

A sound evaluation of alternative mult icoup l ing approaches must inc lude
a l arge number of important considerations not included in th is  limited test
program . A separate study of the essential cost and efTh ct ivei ies s aspects of ’
this matter has been reported” and it is unnecessary to undertake a complete
review of’ these various factors at this time. The present discussion u s concerned
with criteria that are believed to he essential for a souiid tv ’cluiical appraisal of
any hf transmitting multicoup l ing system.

Shipboard Interference Must Be Substantiall y Reduced
The recent Exercise BASE LINE II showed that serious problems of com-

munications interference are widespread throughout the Fled . ‘Fli us is especially
true aboard ships having major command and control iespuuls ’ ) i l i t i e s  such as
AG\IR and CC classes which are expected to receive weak signals in proxi m ity
to a large number of high-power hf transmitters. The magnitude and seriousness
of’ this problem must not be underestimated, and causes of this  interference must
be identified to facilitate corrective action. In view of the level of interference
normally experienced aboard ship from rusty bolt amid other emivironmen t a l effects ,
are existing hf transmitter and two-mesh coupler design s adequate for most
future needs? As we shall see, this study adds to a growing body of ’ analytical
and emp irical evidence that substantially better equipment design s arid mns ta l l a—
tion practices are needed. ”3

The chart in figure 29 illustrate s major facets of this  problem. In addition
to t~~~caI ambient noise levels experienced aboard ships and the amount ut
isolation commonly realized between hf transmitting and receiving antennas ,
levels of third-order cross-modulation products measured in the present test
program are indicated in relation to kTB. The level of environment or “hu l l
generated” interference aboard a relatively clean ship is also indicated (62 dB
above kTl3) , based on recent tests performed aboard USS BUNKER HILL by
lIT Research Institute. ”

In figure 29, the lower limits of the cross-hatched areas denote average
values of third-order cross-modulation products measured with the conventional
transmitter-multicoupler arrangement , using frequency separations of 2.5 and
5 percent. These average levels may be compared with the levels obtained with
two three-mesh PAC assemblies operating at the same frequency spacings and
fundamental power levels (approximatel y 205 dB above hTB) .  The levels of
third-o rder products from the PAC asseniblies are seen to be 20 and 26 d13 below
the corresponding average levels from the conventional installation. Note that
both installations give average spurious signal s that are appreciably above the
level expected from a clean shipboard environment.
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Figure 29. Measured levels of third-order cross-modulation products from conventional
installation of AN/FIIT-39A transmitters and AN/SRA-35 dip lexer and from three-mesh
PAC assemblies under comnarable conditions. E ffects of four different lengths of
interconnecting li nes are shown by cross-hatching and antenna isolation commonly
realized aboa rd ship is shown by shading.
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All Important Characteristics of Multicou pling Systems
Must Be Considered

By ci inu i n a t i i i g  several components and operations required iii  coilv ( ’iIt iOi i i i l
practic es , the integrated approach affords iniportant a dv ant u mgt ’s  by removing tu ii—
desirable et’fects of interconnecting lines on the at tenuatio n and VSWR character-
istics of ’ opera t imig systems. As shown in figures 30 and 31 , three arbitrary
lengths of l ine  between an :\N- ’FRT 39A tran smitte r anal an AN ‘SRA ’ 35( \’) ( X N — 2 )
coupler , with both tuned and loaded in the reconimende d man n er , u n itrodt u’t ’ major
perturbatiomis in the reverse voltage attenuation characteristics of ’ th e ins ta l la t ion .
In this case , referring to the iiisert in figure 29, reverse voltage attenuation
is defined

20 log,, ~~~-‘ (log units)

Depending upon the particular length of’ li n e used, secondary nu l l s  in these
curves are observed at f requency separations extending well beyond the 10
percent lR ) iI i t s .

It is especially im portant to note that major effects of these line sections
are largely obscured when consideration is l imi ted  to average results. Along
with a succession of displaced m i u l l s , the different l ines  often give increased
attenuation at frequencies above or below the nul l  point. In consequence , the
average level of attenuation across the band rema in s  somewhat constant. For
this reason , the variation in measured third-order products using four different
lengths of line between the “ conventional” t ransmit t ing arid coupling equipment
is indicated by the cross-hatched ar”as in figure 29. No effort was made to
determine line lengths that gave maximum cross-modulation levels and many of
the measurements changed appreciably as the AN ‘ SRA-35( V)(XN-2 ) diplexer was
j arred or “hanged.” Because of the small  number of tests performed , it is un-
realistic to consider these line effects statistically unimportant.

The performance of a practical multicoup ling system may be different
from the performance characteristics of individual couplers or diplexing assemblies.
A meaningfu l evaluation should include a representative number of transmitting
circuits operating at full power with a complete combining or distribution scheme
and with loads that accurately simulate complex antenna impedances commonly
experienced. Under these conditions , interference predictions will be of real
value in shipboard communication system engineering.

Above all , consideration should be given to operating characteristics of
the system. Reliable performance cannot be achieved if operations are complicated
by excessive interaction and are subject to wide variations. The importance of
design simplicity is emphasized both for rel iabi l i ty  and economy in automatic
control , and for speed and convenience in manual operations.
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Figure 30. Reverse voltage attenuation characteristics of AN/FRT-39A and AN/ SRA-’35
(V)(XN-2) measured at 2.4 MHz using different lengths of interconnect ing cable .
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Figure 31. R everse voltage attenuation characteristics of the transmitter-coupler
comb ination in figure 5 measured at 5.4 MHz.
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OTHER FACTORS TO BE CONSIDERED

In p lanning advanced communications systems to satisfy future requirements ,
several broad questions arise that are not directly connected with equipment tests.
Several genera l con siderations having ani important bearing on the present work
will be briefly discussed.

Chan ges in Naval Communicati ons Are Inevitable
No blanket criticism of current procurements of manually tuned ancillary

multicouplers is implied by effort s to develop truly advanced automatic equip-
ments to satisfy future needs. It is self-evident, however , that probl ems and
deficiencies inherent in present-day equipment desi gns and installation practices
must be identified and appraised objectivel y if progress is to be made in naval
communications system engineering.

Major Probl ems Must Be Attack ed Simultaneou sl y
Owing to the long lead time inherent in military equipment development ,

the Navy cannot afford to postpone advanced multicoupler system development
while the search continues for means to alleviate serious problem . in the ship-
board environment. It must be assumed that progress will  be made in eliminating
or reducing rusty bolt effects and other long-standing problems inherent in
traditional methods of designing and fabricating elements of ships ’ superstructure .
Accordingly, advanced equipment designs and specifications should not be pre-
dicted upon the pessimistic view that little progress can be expected in related
problem areas,

Obsolete Equipment Must Be Replaced
With the advent of satellite communications , a growing tendency to

downgrade the importance of high-frequency problems has become apparent.
There is no evidence that the Defense Department plans to abandon its extensive
high-frequency communications capabilities in the foreseeable future, and there
is strong evidence that much of the communications equipment in the F’Ieet is
obsolete and wi l l  have to be replaced soon. The present stockpile of hf multi-
couplers is practically depleted . It follows that additional multi coupler pro-
curements are inevitable in the next few years and , if advanced designs are to
be available when needed, the long cycle of development, procurement, and
evaluation must proceed without further del ay.
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Related Applications Must Be Considered From
the Outset

The importance of commonality has only recently received the emphasis
it deserves in military planning. While the ’ present discussion has been arbi traril y
limited to the shipboard hf transmitting multicoupler problem , the approach was
planned from the outset to apply to comparable hf receiving problem s and to a
wide variety of transmitting and receiving applications at uhf and at the hi gher
frequencies employed by communications satellites. Also, it is self-evident that
automatically controlled , integrated transmitting and receiving multicouplers are
applicable to a variety of land-based , underwater , and airborne applications of
several branches of the military.

CONCLUSIONS

While the following conclusions are based primarily on this limited
empirical study of integrated power amplifier-coupler equipment , certain com-
parisons are made with results obtained with a conventional installation of
AN/FRT-39A radio transmitters and an AN/SRA-35(V)(XN-2) diplexer.*

1. Compared with conventional two-mesh coupler installations, the three-
mesh PAC reduces the average levels of third-order cross-modulation around
20 dB with 5 percent frequency spacing and about 26 dB with 2.5 percent spacing,

2. When effects of four arbitrary lengths of interconnecting lines are con-
sidered with the conventional installation , the PAC gives improvements in third-
order cross-modulation levels of as much as 29 dB with 5 percent frequency
separation and as much as 35 dB with 2.5 percent separation.

3. These substantial reductions in cross-modulation levels are obtained
using a passive three-mesh network whose passband efficiency equals or
exceeds that of the two-mesh coupler and transmitter combination.

4. No sign i fi cant difficulties were experienced operating either the PAC
or the conventional equipment for extended periods at full power. However ,
problems of mechanical instability were noted in testing the AN/SRA-35(V)(XN-2)
diplexer.

5. The PAC and conventional installations attenuate major harmonic radiation
products in a comparable manner.

*Results of tests on the conv en ij on al  ins ta l la t i on  furnished by another NELC group.
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RECOMMENDATIONS
1. Procure sufficient service test models of power amplifier-coupler (PAC)

and bandpass distribution line (D-line) equipment to faci l i tate a full-scale
testing and evaluation program in a simulated shipboard installation.

2. in the meantime, perform analyses and tests to more completely delineate
the capabilities and limitations of the modular bandpass 1)-line. This investigation
should include the use of two complementary 1)-lines with a common antenna load
(both real and simulated) .

3. Extend the integrated PAC concept to radio receiving systems

4. Conduct studies to facilitate the integration of transmitting and receiving
couplers with a common antenna.

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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