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ABSTRACT

The characteristics of a VHF power amplifier that is to be
electronically tuned in the VHF band are theoretically and experi-
mentally analyzed. This tuning method involves varying the elec-
trical length of a transmission line by electronically short circuiting
the line at different positions. PIN diodes are selected to perform
this short circuiting function.

The optimum characteristic impedance of the transmission
line and the location of the PIN diodes along the line are determined
with the aid of a computer.

This memorandum also discusses problems of multiple
resonance frequencies and bandwidth reduction. Experimental mea-
surements of diode locations, multiple resonance frequencies, and
bandwidth substantiate the theoretical considerations.

Finally, a proposed configuration for fabricating the ampli-

fier is presented.
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I. INTRODUCTION

This memorandum discusses design considerations for the
development of an electronically tunable VHF power amplifier. The

basic design objectives are:

(1) Output power - 100 watts
(2) Tuning range - 60 Mc to 300 Mc
(3) Instantaneous bandwidth - 10 Mc to 20 Mc

(4) Tuning rate (from one center frequency to
another center frequency) - 5 to 10 usec

(5) Overlap between adjacent bands - 0.5 Mc to 2 Mc

(6) Load impedance - 509 nominal with maximum
VSWR of 3

(7) Plate circuit efficiency - 30 percent to 40 percent

Power amplifiers covering this VHF frequency range have been
developed which utilize distributed amplifier techniques. However, such
distributed amplifiers generally possess low plate circuit efficiencies.

A narrow bandwidth Class C amplifier is capable of providing improved
efficiency characteristics. Thus, it is desirable to develop a method for
rapidly tuning a narrowband power amplifier across the VHF band.
Such a scheme should be able to provide effective wideband coverage
without the sacrifice of efficiency.

A relatively straightforward scheme for rapid tuning is selected

to simplify the analysis. Considerations of similar but more complex



tuning methods can be made once the characteristics of the basic tuning

problem are determined.

2. PRELIMINARY CONSIDERATIONS

The configuration under consideration is shown in Fig. 1.
A common cathode gain stage utilizing a 4X250B power tetrode was
selected to provide the necessary gain, output power, and frequency
range (Ref. 1). The voltage and current requirements of the trans-
mission line shorting switches are of primary importance. An approxi-
mate determination of these switch requirements is given in the
Appendix. A switch in the "open' position must be able to withstand
peak potentials of about 1000 volts. A switch in the "closed" position

will have to conduct RF currents on the order of 7 amperes RMS.
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3. SELECTION OF SWITCHING DEVICE

Several types of devices were considered for performing the

switching function. These were:

(1) Reed relays
(2) Silicon controlled rectifiers
(3) High voltage transistors

(4) PIN diodes

3.1 Reed Relays

Reed relays can satisfy the voltage and current requirements;
and, they also have very small "on'" resistances. However, the
switching speeds of reed relays are much too slow to satisfy the switch-

ing requirement of 5 to 10 usec per step.

3.2 Silicon Controlled Rectifiers

High power silicon controlled rectifiers can also satisfy the
voltage and current requirements at low frequencies. Unfortunately,
they possess relatively large anode capacities and are difficult to turn
off. A more fundamental limitation of SCR's in this application is a
result of capacitive coupling from the anode to gate. With typical high
power SCR's, the rise time of the anode potential must be limited to a
maximum of about 500 volts/usec to prevent the anode to gate capaci-
tance from coupling sufficient current into the gate to turn the device on.
The approximate rise time encountered in this application is 50,000

volts/usec. Therefore, SCR's are not allowable.

3.3 High Voltage Transistors

Recent developments in the state of the art have yielded silicon
transistors with collector-base breakdown voltages of several hundred
volts. It would be possible to series connect two or three high voltage
transistors to produce a switch capable of withstanding the 1000 volt

peak potential. However, the large collector junction areas required

4



to handle the high RF current cause large collector capacitances

(100 pf to 1000 pf). In addition, the low collector doping concentrations
consistent with high breakdown voltages cause increased series resis-
tances (19 to 5Q). For these reasons, transistors are not suitable in

this switching application.

3.4 PIN Diodes

PIN diodes seem to offer the most feasible solution to the
switching problem. A source of silicon PIN diodes meeting the current
and voltage requirements has been found. The devices are manufactured
by the Semiconductor Division of Sylvania Electric Products, Inc., and
bear a special part designation D5618. Typical device characteristics
are as follows:

Minimum reverse break- BV_. > 1kv at 10 pa
min =
down voltage:

Maximum average forward ImaxAvg = 8 Amp

current:
Typical total capacitance: Cp ~ 5 pf at -50 v, 1 Mc
Typical series resistance: RS ~ 0.5Q at 100 ma, 500 Mc
Maximum series induc- Lsmax < 2nh

tance:
Typical junction-to-case 9 = 8°Cc/w

. J-C
thermal resistance:
. . (o}

Maximum operating TJmax = 175" C

junction temperature:

Three diodes of this type were tested. They exhibited breakdown volt-
ages of 820 v, 850 v, and 980 v; average capacitances of 8.9 pf, 8.4 pf,
and 8. 9 pf; and series resistances of 0.41Q, 0.45Q, and 0.45Q. The
manufacturer has indicated that breakdown voltage and capacitance
specifications can be met by selection of diodes from their existing

PIN production.



4. DIODE CHARGE STORAGE EFFECT

Experimental measurements were also made to determine the
amount of forward bias current (Idd) necessary for maintaining diode

conduction during both half cycles of the RF current (IRF).

For example,

Liiode = lga * gy sin ot
where

IRF

u

7V2 amperes, according to the Appendix

I diode = total diode current.

In general, to maintain diode conduction

Requiring

Iia ~ Rr

Thus, the peak diode current would be

Liiode peak ~ Iyg * Inp > 2(7V2) ~ 20 amperes

and a PIN diode with current capability of more than 8 amperes would
be required. However, at high frequencies, charge stored across the
diode junction during the forward half-cycle of the RF current can con-
tribute the carriers necessary for sustaining the current during the re-
verse half-cycle. This effect was measured at a frequency of 60 Mc.
It was found that the charge storage effect was sufficient to sustain the
reverse half-cycle RF current even without the application of the for-
ward bias current.

The series "on'' resistance of the PIN diodes is reduced by a
conductivity modulation effect under the influence of forward bias cur-
rent. Due to this effect, a forward bias current of about 100 ma is

required to reduce the series resistance to the 0. 5Q value.

6



5. DETERMINATION OF Zy AND SWITCH LOCATIONS

Given the diode switch characteristics, it is possible to select
an optimum characteristic impedance (Zo) for the transmission line and
to determine the switch locations along the line. The choice of ZO affects
the degree to which a reverse biased diode appears as an open switch and
a forward biased diode appears as a closed switch across the transmis-
sion line. The choice of Z0 also affects the magnitude of the RF current
flowing through a closed switch, the length of the transmission line, and
the instantaneous bandwidth of the single tuned plate circuit. In all these
considerations, except that of simulating the open switch condition, it is
desirable to make Z0 as large as possible.

A computer solution was obtained to determine the switch loca-
tions to cover the frequency band in 20 Mc steps (Figs. 2 and 3).

Figure 2 is the solution for ideal switches. In Fig. 3, an "on'" diode
was approximated as an ideal switch with zero series resistance; and
an "off'" diode was approximated as a 5 pf capacitor. The output capaci-
tance of the tube plus the stray and trimming capacitance was assumed

to be 20 pf. By using Z, as a variable parameter, its effect on the

0

diode locations can be readily seen. For the stated assumptions, Z0
must be limited to a maximum of about 30Q to prevent the diode loca-

tions from being too close physically for practical diode packages.

6. REASON FOR ASSUMING DEFINITE CT VALUE

If the total plate circuit capacitance is other than the assumed
20 pf value, the change in center frequency corresponding to a change
in equivalent inductance will vary accordingly. The relationship between
the change in center frequency resulting from a change in inductance has

been found to be:

_ _9.2¢ 3
Afo = =27 fO CTAL
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where

fO = center frequency
Afo = change in center frequency

CT = total plate circuit capacitance
AL = change in equivalent inductance

CT can be adjusted to a predetermined value with trimming capacitance
so that center frequencies and changes in center frequencies correspond

to calculated values.

7. MULTIPLE RESONANCES OF PLATE CIRCUIT

The use of a shorted transmission line to simulate an ideal in-
ductor introduces additional problems into the design of the plate tuning.
For an ideal transmission line, the plate circuit will be resonant for

those frequencies at which:

1 2mf

= Z,tan — x
anCT 0 v

In general, if this transcendental equation is satisfied at a frequency fo
and the line length x is on the order of a quarter wavelength; it will be
satisfied at higher frequencies approximately equal to 3f0, 5f0, 7f0, etc.
This multiple resonance phenomena may be especially troublesome in a
Class C amplifier since the plate current pulse is rich in harmonics
and only the fundamental voltage component is desired. The multiple
resonances of the plate circuit would allow not only the fundamental
voltage component but also all odd harmonics of it. This would distort
the output waveform and could reduce both the fundamental output power
and the efficiency of the amplifier. Perhaps it will be desirable to pro-
vide some tuning of the output matching network to prevent the dissipa-

tion of power in the load at the harmonic frequencies.

10



8. BANDWIDTH LIMITATIONS

Another problem resulting from tuning the plate circuit with a
transmission line instead of an inductor is one of reduced instantaneous

bandwidths. For example, the bandwidth at a simple resonance pole is

given by:
f
0
BW = —
Q
where
“o
fO = 5, = resonance frequency
1 dB
Q = 2 wOZw do w (Ref. 2)
0 0
Zw = Z(w) = network impedance at
0 w = w, resonance
B = total network susceptance
4B - 4B = slope of network suscep-
dw wo dw
w = w, tance at resonance

For the network shown in Fig. 4, the total susceptance is given by:

1
B = wC - E

Also at resonance wg! L = 12 , 2 = R
wo C wo

From these relationships the resulting bandwidth is determined

to be:

1

BW = 21RC

Now if the inductor is replaced with a lossless short circuited transmis-
sion line (Fig. 5), the expression for total network susceptance is

changed.

11



where
7Z . = characteristic impedance of transmission line
x = physical length of transmission line

v = velocity of propagation in transmission line

Now for resonance at Wy, We require:

1 0
wOC =7 cot o X
0
or
“o
cot T X = ZO(.OOC
. dB
The expression for o becomes
w
dB X 2 _0
W w, ~ O TNg, ¢ T
and since
w w
2 0 _ 2 0
cse” — X = 1 + cot - X
we can write
dB B X 2
= 0, = C + _UZO [1+ (ZOwOC) ]

Thus, for the case of transmission line tuning, the bandwidth may be

expressed as:

BW = P 1/ -
RC + U_ZO [1 + (ZOCwO) ]

The above expression indicates that the bandwidth is not limited simply
by the RC product as it was in the case involving the inductor tuning.

In fact, in the range of interest, the denominator term 5—2x6 is larger
than the RC term. As a result, bandwidths associated with transmis-

sion line tuning will be narrower than those associated with inductor

tuning.

12



Fig. 4. Inductor tuning.

o
-C0
B —— R§ C=
-00-
> Bline = _Zl—o cot % X

Fig. 5. Transmission line tuning.
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9. EXPERIMENTAL TRANSMISSION LINE TUNING

To verify the computer solution for the switch locations along
the transmission line, and to study the multiple resonance effect and
bandwidth limitation effect; an experimental stripline was constructed.
In consideration of the computer solutions, an arbitrary characteristic
impedance of 1092 was selected.

The transmission line for the experimental measurements
was constructed in the form of a parallel plane stripline (Fig. 6).

The ZO of such a parallel plane transmission line is given by

=3
o[

Z. = — Ji— , h << w

where

width of narrower plane

€
1]

h = distance between planes

The experimental line was constructed using two planes, one 9" wide
and the other 10" wide, with Ti” air spacing between the planes. The

line, with these dimensions, had a ZO of about 10©2. After determin-
ing the physical size of the line, a convenient method for approxi-
mating the PIN diodes was selected.

As was previously mentioned, the manufacturer's specifica-
tions indicate that the diodes have total reverse bias capacity of 5 pf
and a forward bias series resistance of about 0. 5. These
characteristics were simulated by using a switched parallel RC network
as illustrated in Fig. 7.

Measurements for reverse bias conditions were conducted with
5 pf capacitors connected between the top and bottom planes of the strip-
line. The capacitors, used to simulate the diode reverse biased condi-

tions, were constructed using -1% inch diameter brass rods and 0. 0075

inch thick teflon sheets. The brass rods were mounted on the upper

14
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plane and separated from the lower plane by the teflon sheets. This
structure yielded capacitances of 4. 6 pf across the transmission line.

The 0. 59 resistance required for simulating a forward biased
diode was difficult to obtain with high frequency resistors. For that
reason, the series resistance was omitted and a forward biased diode
was simulated by short circuiting the transmission line planes with a
wire. These shorting wires were placed in the center of the line,
alongside of their corresponding capacitors. The wires were soldered
directly to the lower plane; extended through the upper plane; and then,
soldered to lugs on the outside surface of the upper plane (Fig. 6).
Preliminary measurements indicated that such a single wire in the
center of a wide transmission line did not produce an adequate short.
Therefore, the shorting wires were replaced with shorting bars that
could be extended across the entire width of the transmission line.
Hence, the shorting bar method was used in obtaining the experimental
data. In the actual stripline, it will be important to reduce the line
width so that a diode will produce an adequate RF short.

Eleven of these diode equivalent networks were placed at equal
intervals along the line so that the longest and shortest line lengths
would resonate the assumed tube output capacity of 5 pf at 70 Mc and
290 Mc, respectively. Measurements were made to determine the reso-
nance frequencies and the bandwidths as a function of the simulated ""on"
diode positions. The experimental measurement method is shown in
Fig. 8. The results of these measurements are shown in Figs. 9, 10,

11, and 12.

16
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10. DISCUSSION OF EXPERIMENTAL RESULTS

The experimental results in Figs. 9 and 10 are for the 109
transmission line with equivalent diode capacitances (5 pf) placed at
the location of each switch. Figures 11 and 12 are corresponding re-
sults for the case with no equivalent diode shunt capacitances being
placed down the line (i. e., ideal diode case). Comparison of the two
sets of curves indicates that the effect of the 5 pf shunt capacitance
at each switch location was negligible for this case of 102 charac-
teristic impedance.

Figure 9 illustrates the multiple resonances resulting from
the periodic nature of the transmission line. Higher harmonic modes
were not measured because they were outside the frequency range of
the test equipment. It should be noted that the modes shown exhibit an
approximately odd-harmonic relationship to the fundamental resonance
curve.

As discussed previously, the bandwidths shown in Fig. 10

are narrower than predicted by the simple relationship:

1

BW = 54—
ZnRCT

For example, consider the bandwidth measured for the fundamental
resonance curve at a center frequency of 290 Mc. The equivalent
resistance (R = 2582) and the equivalent capacitance (CT = b pf) predict

a —1_ bandwidth of 1.28 Gc instead of the measured 124 Mc.
2‘ITRCT

However, if the previously developed bandwidth expression for trans-

mission line tuning is applied:

BW = Rx L 2
RC + .lﬁ(; [1 + (ZOCOJO) ]

18



where
R = 25Q
C = 5pf
x = 0.239 meter
v =3x 108 meter/sec
Z, = 10Q

w, = 27(290 Mc) = 1.82 x 109 rad/sec

Then a bandwidth of 138 Mc is predicted. This predicted bandwidth
agrees reasonably well with the experimentally measured bandwidth
of 124 Mec.

The experimental curve of Fig. 10 also indicates an approxi-
mate four-to-one instantaneous bandwidth variation as the center fre-
quency is tuned across the desired band. This information can be
used to improve the assumption of a constant 20 Mc bandwidth which

was used in the original computer solutions.

19
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Fig. 9. Experimental transmission line resonance frequencies.
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11. PROPOSED AMPLIFIER CONFIGURATION

The configuration proposed, at present, for realizing the wide-
band amplifier is shown in Fig. 13. The transmission line will be
realized in enclosed stripline form. The diodes will be embedded in
the stripline and biased via feed through capacitors as illustrated in
Fig. 14.

The use of a dielectric filled stripline with a center conductor
enclosed between two ground planes allows the width of the center
conductor to be reduced while maintaining a low characteristic line
impedance. As a typical example, a 2092 characteristic impedance
can be realized with a center conductor width of 0. 6 inch if the distance
between ground planes is 0. 25 inch and the relative dielectric constant
is about 2. 3. Thus, effective RF shorts should be produced by diodes
placed along the 0. 6 inch center conductor.

The plate voltage supply may be introduced through the center
conductor of the stripline, thus, eliminating the need for an RF choke
at the plate. This also eliminates the self resonance problems of
such a choke. The current source is necessary for supplying the
100 ma forward bias to the ""on' PIN diode and Edd will be on the order
of 5 volts. Hence, the diode bias power required will be approximately
one-half watt. The electronic circuitry for performing the switching
logic and driver section has not been developed and will be considered

only after most other details of the amplifier have been determined.

The input and output matching networks have not been developed, but it
is anticipated that they will employ wideband transformers realized in

the form of strip-transmission lines.
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APPENDIX

ESTIMATE OF THE SHORTING SWITCH REQUIREMENTS

For "off" voltage requirements consider the following circuit:

c2o— ——=

clo— ———

For Class C operation neglecting harmonics:

ep ] Ebb + (Ebb - Ecz) sin th

Typical design values for a 4X250B tube are:

E 750 v

bb

E 250 v

c2

21



Giving

ep = 750 + 500 sin wot

For the case of S1 through Sn_1 being open and Sn closed (lowest fre-

quency):

e = 500 sin w,t
o] 0

and the voltage across Si is:

e . = ——2——— cos 2 (x,-X)+2
si WX, v i n 2
cos & - —=2
2 v

The voltage across switch S1 is approximately:

W
= e costlge

e
sl o) o)

Thus, a peak to peak voltage swing of about 1000 volts appears
across Sl' Also €1 > €9 > .02 esn_1 and S1 has the most
severe voltage requirement.

For the current requirements: assume

' =~
RL 1K

and that CT can be adjusted to give the desired bandwidth.

e
0
P.'®= —— = 125W
L RL
eo
I, , = =— = 0.354amp RMS
Ry Ry
Now at resonance:
]
€ IRL'RL
I = I T e D ee——— 2 Q I '
L c Xc XL RL

28



To determine the maximum Q to be encountered in meeting a bandwidth

requirement of 20 Mc consider:

_ fo 290 Mc_ 14. 5
" BW max 20Mc =~ 7
Now IL , the maximum current flowing into the terminals of the
transmission line becomes:
IL =~ Q IR , = (14.5) (0.354) = 5,13 amp RMS

L
The current through a shorted switch (IS) at distance x from the input

terminals to the line is related to the input current by the expression:

L

COSwX
v

Now if

cle

X is less than 7771 radians

Is < 1.41L = 7.18 amp RMS

29
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