
3
MODULATORS

The purpose of the modulator, or pulser, is to provide a voltage
or current waveform that will permit the selected microwave source to
operate in a proper manner [8,21]. There are a number of important
considerations in the selection and design of a modulator for a particular
transmitter tube, including:

• Pulse length

• PRF

• Operating voltage and current

• Tube protection (from arcs)

• Spurious modes

• Pulse flatness (amplitude and phase)

• Cost

• Size and weight

• Efficiency

• Reliability and maintainability

There are several basic types of modulators, and numerous offshoots
of each type. All of the modulators have one characteristic in common:
they contain some means for storing energy and a switch to control
the discharge of energy into the load, as is shown in Figure 3-1 (a).
The energy-storage element may store energy in a magnetic field or
in an electric field. The energy in the energy-storage element must be
replenished from II\(" pOW<T supply, and an isolating element to prevent
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interaction is often included. A block diagram of such a complete system
is shown in Figure 3-I(b).

There are two principal types of modulators: line-type and hard-tube.
In the line-type modulator all the energy stored in the energy-storage
device is dissipated in the load during each pulse, while the hard-tube
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I"IGURE 3-1 Basic modulator configurations, illustrat
inK discharge of stored energy into the load.

modulator dissipates only some fraction of the stored energy during
each pulse. These modulator types will now be discussed in greater
detail.

3-1 HARD-TUBE MODULATORS

The hard-tube modulator is essentially a class C pulsed amplifier.
A simplified diagram of a hard-lube modulator is shown ill Figure
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3-2. A positive pulse on the grid turns on the tube, and the capacitor
couples the resulting step in plate voltage to the load. The hard-tube
modulator is usually larger and more complex than other types of modu
lators, but it is also more versatile, not being as strongly influenced
by load characteristics, and its output pulse length may be easily changed.
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FIGURE 3-2 Simplified hard-tube modulator schematic
diagram.

Hard-Tube Modulator Configurations

There are a number of variations on the basic hard-tube modula
tor, several ofwhich are shown in Figure 3-3. Figure 3-3(a) is the conven
tional capacitor-coupled hard-tube modulator already outlined earlier;
Figure 3-3(b) is the transformer-coupled hard-tube modulator; while
Figure 3-3 (c) is the capacitor- and transformer-coupled hard-tube modu
lator; and Figure 3-3(d) is the series-discharge, parallel-charge hard
tube modulator with capacitive coupling. The conventional capacitively
coupled hard-tube modulator is by far the most common configuration
encountered, and one which we will consider in some detail [5]. A num
ber of different loads may be attached to such a modulator, including
a resistive load (which is usually a good approximation of a klystron
or TWT); a biased-diode load, such as a magnetron, with resistive charg
ing; or a biased-diode load with an inductive recharging path.

A special form of hard-tube modulator is sometimes used with tubes
containing a modulating anode, such as TWTs and klystrons. This is
the floating-deck modulator; it is illustrated schematically in Figure 3-4.
When the microwave tube is off, tube 1 is turned on and tube 2 is
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nonconducting. In order to turn on the microwave tube, tube I is turned
off and tube 2 turned on. At the end of the pulse, tube 2 turns off
and tube I turns on. The gating pulses to each tube may be capacitively
coupled, transformer-coupled, optically coupled, or coupled by means
of RF energy. Floating-deck modulators are typically utilized with large
klystrons, and swings of 200 kV are not uncommon for this application.
There are a number of different means of implementing such floating
deck modulators; several of the more common implementations are sum
marized in Figure 3-5. Also, floating-deck modulators are sometimes
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FIGURE 3-5 Various floating-deck modulator configurations [6]: (a) dual-tube,
hiKh-I. coupting transfornU'rs; (b) single-tube, high-L coupling transformers; (c) Iight
pipe inh-I'fun-; «I) "hlo.·kinl(·nsdlllltnr" regenerative modulator.
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used to ca thode-p ulse tubes di rectl y when a very wide range of pulse
wid ths with rapid rise and fall tim es must be accommodated.

Types of Hard-Tube Modulator Switches [5,19]

The switches that are typically utili zed for hard-tube modulat ors
Illay be tri odes, tetrodes , or pen todes; however, mainly tri ode and tet
rode tube co nfigura tions ha ve been util ized for such ap plica tions .

Triodes

A triode vacuum tube co ns ists of a ca thode , whi ch emits electrons,
a ~rid, which co n tro ls the flo w of electro ns, and a pl at e , or anode, which
receives th e electrons. The total current flow in a triode tube is deter
milled by the electrostatic field in the re gion of the cathode, which is
ill l' 11 '11 controlled by both th e grid potential and the anode potential.
The lolal cathod e current of an ideal triode may be approximated as

wlu -n: t,.. ca l lH>de current
h," IH"I' Vl 'all Ce

I',~. " grid-call rod e voltage
I';" = p lat e-to-cathode voltage

J.L = am p lification factor

()I\(' or th e more important parameters associated with a triod e is
its vo llag-e amplification factor J.L. T he J.L of a triode can be ap proximated
as fo llows :

with plat e current held constant

where t:.Hb = change in plate voltage
t:. He= change in grid voltage

Tetrodes

A tetrode is a tube containing four elements: the cathode, the
c01l11'01g-rid, the screen grid, and the plate or anode. Tetrodes are often
III ilizcd in hig-h-power modulators as switch tubes because relatively small
cOlli1'0( vo llag"c swings are required in order to control large amou nts
01' POWl ~1' in th e tube, This is due to the presence or the addit ional or
SlTl T II ~rid he-twee -n t ln : conu'ol grid and the anod e; the SI"'ITII gTid
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serves as an accelerating element and also screens the control grid from
the effects of the anode. As in any vacuum tube, the field near the
cathode controls the current through the tube; the current is given by

lk = k (ECl + EC2+ Eb)3/2
fLs fLp

where J<."'cl = control-grid voltage
EC2= screen-grid voltage

fLs = screen amplification factor
fLp = plate amplification factor

The effect of the additional grid is to largely decouple the effect of
changes in plate voltage from the cathode current; thus, a tetrode tends
to operate as a constant-current device for a given value of control
grid voltage, regardless of the particular plate voltage applied. It should
also be noticed that variations in screen-grid voltage can affect the cur
rent through the tube; therefore, the screen grid must either be driven
from a well-regulated source, or bypassed sufficiently with a low-induc
tance capacitor so as to minimize screen-grid voltage variations during
the time the tube is turned on.

Under certain conditions not uncommon in high-power tubes, the
screen grid can actually become an emitter, and current will appear to
flow out of the screen. It is essential that the tube designer provide a
sufficiently low-impedance path for any such reverse electron flow in
order to prevent a resultant increase in screen-grid voltage and possible
damage to the tube. Thus, the screen-grid voltage supply must be well
regulated, must be thoroughly bypassed, and must represent a low im
pedance to any reverse current that might flow out of the screen grid.

It is also possible for electrons to be emitted from the grid, particularly
for tubes operated under conditions of high average power. For that
reason, one should be prepared to accommodate reverse currents from
the control grid when designing the control-grid driving circuit. Often
tube elements are gold-plated in order to reduce secondary emission,
and it should be kept in mind that the amount of secondary emission
from both the control grid and the screen grid may increase during
the life of the tube, particularly when the tube operates with oxide
cathodes.

Operation of Vacuum Tubes in Hard-Tube Modulators [5]

Important in determining the suitability of a given tube for a
particular application are the maximum values of plate voltage, grid
voltage, grid dissipation, and plate dissipation. However, since it is diffi-
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cult to give an analytical representation that connects grid voltage and
current and plate voltage and current over a wide range of operating
parameters, graphical representations are often utilized. In order to de
termine the interaction of the tube with the load, static-characteristic curves
are normally utilized representing (1) plate current as a function of
plate voltage with constant grid-drive curves as parameters, or (2) grid
voltage as a function of plate voltage with constant plate and grid current
curves as parameters.

In addition to designing for the interaction of the tube with the load,
it is necessary to control the plate current during the interpulse period
in order to control the overall anode dissipation of the tube. For this
reason, a curve of plate voltage as a function of negative grid bias for
cutoff conditions is normally given, as shown in Figure 3-6. This curve
is particularly important, since even a relatively small current flow during
the interpulse period may contribute substantially to overall anode dissi
pation, and because the negative bias voltage must be added to the
positive grid-drive voltage in order to determine the total required grid

o

',00

1000

"':JJ
1!i00

"n

0)

u
0 2000

2500

:J(lOO

~
~\. ,, .>. Approx. cutoff1', ~te current" 20 mA

\.

\

I"'",
'\ -.,

, -.Recommended V r-,bias voltage '\
:'
'\

\ .., ,
\.

\.

----
o 10 20 30 40 50 60 70 80

DC plate voltaqe IkV)

I,'I(;URE 1l-(j Grid bias versus plate voltage for cutoff con
cliliull fur Ill(' MI.·75(jO triode tube. [5]



MODULATORS 95

voltage swing. The required cutoff-bias voltage will vary with the plate
voltage of a triode and with both the plate and the screen voltages of
a tetrode. All high-voltage tubes may exhibit some field emission from
the grid, and it should be noted that this field emission is independent
of grid bias. Plate current flowing during the interpulse period may
give rise to appreciable X-radiation, necessitating adequate shielding
for personnel protection.

The constant-grid-drive voltage curves for a typical triode, the ML
7560 tube, are shown in Figure 3-7, which gives plate current and grid
current as functions of plate voltage. Operation in the region at the
left of the constant-grid-drive characteristic curves, on the so-called diode
line, represents saturated operation of the tube.

The use of so-called shielded grid tubes can result in an appreciable
reduction in grid current, as shown in the characteristic curves of Figure
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3-8 for a shielded-grid triode. There are a number of advantages that
favor the use of shielded-grid tubes at higher power levels, including
the following: (I) grid-control current is reduced; (2) the shield-grid
current is zero; (3) an arc to the shield grid will not transfer to the
cathode; (4) grid dissipation is relatively low; (5) the structure is rugged;
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(Ii) 110 screen-grid power supply is required; (7) the amplification factor
is high; and (R) negative-grid-bias requirements are relatively low.

Ar low and moderate power levels, tetrode-type vacuum tubes are
11101"(' often utilized as switches. Figure 3-9 shows a set of tube character
i~,;( ics lor the 4 PH. 1000A tetrode; a screen voltage of 1500 V was used
lor rh« constant-gTid-vo"age and constant-current characteristics. Noll'
thaI II\(' n-quirr-d gTid hias lor cutoff is a Iunrrion of" hoi h the- scrccl\



MODULATORS 97

and plate voltages. The screen grid shields the cathode from the plate
potential, with the result that cutoff bias is determined primarily by
the screen-grid voltage. The total grid voltage required to obtain rated
cathode emission is less in a tetrode than in a triode, and relatively
little control-grid current is drawn. The grid current in a tetrode is
not appreciably affected by plate voltage variations, but if the plate volt
age is reduced sufficiently, this may no longer be the case. Of course,
in a tetrode, appreciable screen-grid current is usually drawn when the
control grid is driven positive, and both a low-impedance power supply
and sufficient capacitive decoupling are required in order to achieve
stable operation over a wide range of conditions.

Occasionally, pentodes or specially designed tetrodes are utilized in
high-power modulators, usually for those applications where their ap
proximately constant-current capabilities are a particular advantage [1].
In such applications, the relatively high tube drop required in order
to achieve constant-current operation often necessitates an undesirable
amount of switch-tube power dissipation and considerably increased
dc supply voltages.

Whether a triode, tetrode; or pentode is selected for the switch tube
during the design process, it is first necessary to specify the required
pulse voltage and pulse current for the load. If a pulse transformer is
utilized, then the peak pulse power can be used to select the tube and
the turns ratio adjusted to match the tube ratings. If it is desired to
capacitively couple the pulse-modulator tube directly to the load, then
a modulator tube must be selected such that the maximum dc plate
voltage is approximately 10% greater than the required pulse voltage
delivered to the load, and the tube must be capable of switching the
full output pulse current. .

Once a tube has been selected, the next step is to determine the
cutoff bias required during the interpulse period in order to limit plate
dissipation to a reasonable value. This value then determines the cutoff
condition for the tube. One next picks a positive grid drive from the
grid voltage versus plate voltage characteristic curves so that the tube
can deliver the required plate current to the load; this is the switch
ON condition, and it involves a compromise between low plate voltage
and grid-drive power requirements. One should check carefully at this
point to ensure that neither the control- nor screen-grid dissipation
has been exceeded. For triodes, the operating point will normally be
where the grid current is from 10 to 30% of the peak plate current.
In tetrodes, the operating points should be picked so that the screen
grid current is not excessive and so that screen-grid dissipation remains
within safe limits.

The choice of operating point is particularly critical in considering
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the effects of changes in high voltage and grid drive on the pulse deliv
ered to the load. These dependences may be treated by using con
ventional load-line analysis, using a simplified set of static tube
characteristics. Such a set of simplified static characteristics and load
lines is shown in Figure 3-10 for saturated operation below the knee
of the plate-current curve, and for an unsaturated operation above the
knee of the plate-current curve. The two sets of load lines shown in
each of the diagrams of Figure 3-10 are the straight load line, which
connects Ebb and OP 1, valid for resistive loads, and the bent load line,
connecting Ebb, Ed, and OP 1, which is valid for a biased-diode load
such as a magnetron.

If adequate positive grid-drive voltage is available to keep the operat
ing point for the tube OP 1 saturated [below the knee of the characteristic
curve, as is shown in Figure 3-1O(a)], irregularities in the top of the
grid-driving pulse will not be observed in the output pulse. However,
since such operation results in high grid currents in a triode and high
screen-grid currents in a tetrode, care must be taken to keep the grid
dissipation within appropriate limits. The disadvantage of operating the
tube saturated is that any changes in Ebb are transmitted directly to
the load, thus necessitating a well-regulated high-voltage supply.

If the tube is operated in an unsaturated region, as shown in Figure
:~-I()(b), and the g-rid-drive voltage changes over the range from C to
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FIGURE 3-10 Idealized tube characteristics and load lines for
hard-tube modulator operation with resistive and biased-diode
loads showin~ (a) saturated (below knee of curve) and (b) unsatu
rated (above knee of curve) operation. [5]
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D, then the operating point changes by an amount that depends upon
the nature of the load (whether biased-diode or resistive). Changes in
load current are greater for the low-dynamic-resistance biased-diode
load (ail> ai:z), while the change in the output voltage is less than
would be the case for a purely resistive load (aVi < aV2) . Thus, when
the switch tube is operated in an unsaturated condition, irregularities
in the grid-voltage drive pulse are transferred to the load.

Expressions for plate current as a function of various tube parameters
may be differentiated in order to obtain the sensitivities of plate current
to changes in other circuit parameters. An important utilization of these
relationships is to determine the changes in load current associated with
changes in plate voltage. For the triode operating above the knee of
the circuit and a magnetron load, the appropriate relationship is

dip I dEoo
1p 1+ (p,peg - Ed)!Eoo Eoo

and for a tetrode,

dip dEbb

1p p,p(eg + Esg!p,sg - Ed!p,p)+ 1 Ebb

Ebb

where ip= instantaneous value of plate current
eg = instantaneous value of grid voltage

p,p = plate voltage-amplification factor
P,Sg= screen-grid voltage-amplification factor
Ed = magnetron diode voltage

Esg = screen-grid voltage
Ebb = plate supply voltage

For the triode or tetrode operating below the knee of the curve, the
appropriate equation becomes

dip dEbb
1p 1 - Ed! Eob Ebb

To compare hard-tube modulator regulation for saturated and unsatu
rated switch tube operation, consider a magnetron load that requires
at 11 kV and 10 A. Assume Ed will be 9.7 kV. For a 4PR60 switch
tube operating below the knee of the curve, the plate voltage Ebb will
be approximately 11.7 kV, the screen-grid voltage 1250 V, and the grid
voltage 0; then

dip "'" 5.85 dEbb
il' 1~'1>I'
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For operation above the knee of the curve, Ebb will be approximately
13 kV, J-tSg approximately equal to 4, and J-tp approximately equal to
70. Eg will equal -35 V, and

dip = 0.57 dEbb

ip Ebb

Thus, regulation in plate current due to variations in supply voltage
is improved by a factor considerably greater than 1 when operating in
an unsaturated condition. Of course, for operation in an unsaturated
mode it is necessary to carefully regulate both the control-grid and
screen-grid voltages. A similar comparison with a pure-resistance load
(J~d = 0) would result in a ratio of approximately 2.5, rather than the
ratio of slightly greater than 10 achieved above with a biased-diode load.

The use of grid-drive saturation to give flat-top pulses is normally
confined to low- to medium-power applications, since it often produces
excessive screen-grid dissipation in tetrodes and excessive control-grid
dissipation in triodes. However, if a shielded-grid triode is utilized, grid
drive saturation is usually satisfactory even in higher-power tubes, be
cause the grid is capable of handling the required dissipation. In a
II,trode, the flow of pulse current to the screen grid and the plate
screen-grid capacitances necessitate the use of a large bypass capacitor
between the screen grid and the cathode. Iffast-rising pulses are utilized,
tlu: sell-inductance of the capacitor must be small enough to present
a low impedance at the maximum useful frequency component of the
pulse. The sensitivity ofoutput voltage to screen-grid voltage in a tetrode
usually necessitates the regulation of this power-supply voltage; it is
sometimes possible to compensate for changes in plate voltage by adjust
ing the screen-grid voltage, which may be simpler than regulation of
the plate power-supply voltage.

In the event of arcing, it is necessary to limit arc dissipation within
the tube to a few joules or less, and at low to medium power levels
sufficient series resistance may suffice for this purpose; however, at power
levels above 10 kW, it is essential to use fast-acting crowbar circuits
10 divert stored energy from the tube to a safe discharge path. This
crowbar circuit must act in less than approximately 10 J-ts, to divert
cnergy from an arcing tube to a shunt circuit and to prevent damage
to the switch tube. This energy diverter must, in general, be some form
of gaseous-discharge device such as a thyratron or a spark gap, so that
it will have a low internal impedance. It is also necessary to utilize fast
aCling circuit breakers, since once the crowbar fires, energy will be fed
in from the lines until the primary power is removed. It should be empha-
sized thai I he design of the crowbar circuitry must he such that the \,
discharge through the crowbar is <Tit ically damped. II' a resonant, under-
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damped condition exists, damage to the tube may be encountered even
if a crowbar circuit is utilized, because the oscillatory discharge may
cause the crowbar to deionize before the stored energy is dissipated.

In order to protect the switch tube from transients produced when
the load arcs, the control grid may be clamped back to the bias whenever
an arcing condition is sensed. Of course, the plate current should not
be cut off too abruptly; otherwise large transient plate voltages associated
with the interruption of current through an inductor may be generated.
A thyratron in the switch-tube grid circuit, as shown in Figure 3-11,

..1
0----

20llF

C

ST

o = Cathode follower drive tube
T = Hydrogen Thyratron
B = Bias supply
ST = Switch tube
RFT = Series pulsed RF tube
C = Crowbar energy diverter
C, = Tube and circuit capacitance

FIGURE 3-11 Circuit with thyratron in switch-tube grid circuit to ensure tube cutoff
in the event of an arc in the load. [5]

with a proper time constant can be of considerable value in protecting
high-power switch tubes. In fact, with this circuit it is sometimes possible
to shut off the switch tube without using the crowbar to short the plate
power supply when the load device arcs.

Output Waveforms

The loads analyzed up to this point were either purely resistive
or of a biased-diode nature; of course, any realistic application involves
the consideration of the effects of various reactive elements associated
with or connected to the load. Various stray capacitances and inductances
and additional reactive elements affect peak currents and voltages in
(he switch tube and (he load and also strongly influence the achievable
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rise times, fall times, and flatness of pulse. The analysis of the output
pulse shape is simplified by subdividing the pulse into regions, as shown
in Figure 3-12.

A particularly simple case is that of a resistive load with some associ
ated stray capacitance, giving rise to the equivalent circuit shown in

I
Vo,taqe / ,-_.,...._

Fro nt of
pu lse

--.,..Time

FIGURE 3-12 Hard-tube modulator output pulse, showing princi
pal parts of the pulse.

Figure 3-13. In Figure 3-13, the vacuum switch tube is represented
as an equivalent plate resistance Rp and an ideal switch, while the load
is represented by a load resistance R, in parallel with some stray capaci
tance Cs. For calculation of the rise time, assume that the value of Ce,

the coupling capacitor, is much larger than Cs, and that Rp is much

--,
I
I

rpi

: Sw itch
I tube
I
I
I

---'

c,

FIGURE 3-13 Simplified equiv
alent circuit for a hard-tube
modulator.

less than the value of the recharging resistor Re. For this configuration,
the equivalent charging time constant is

c. rpR,
rp + R,

which gives a rise time (from 10% to 90% of full amplitude) of
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The top of the pulse can be analyzed by assuming that the voltage
droop is relatively small, enough that Cs can be essentially disregarded,
and the appropriate time constant is then given by

Ce(RI + rp )

and the corresponding current droop is given by

T
Droop =-----=-

Ce(RI + r p )

where T is the pulse duration.
Once the switch opens, the fall time may be calculated by noting

again that the value of Ce is much greater than Cs, so that the time
constant for discharge is dominated by the time constant determined
by R l and R, in parallel and C; Thus the fall time (from 90% to 10%
of full charge) is given by

RIRe
t.r=2.2Cs R +

I Re

Note that in general the fall time is substantially longer than the rise
time for such a resistive load.

Next, consider a biased diode with a resistor Rs in parallel with the
load in order to permit the recharge of the coupling capacitor. An equiva
lent circuit for the modulator is given in Figure 3-14(a). If one assumes
that during the rise time R, has a value much greater than Rp and that
the biased-diode switch does not close until almost the full output voltage
is reached, then an equivalent circuit for the rise time is as given by
Figure 3-l4(b). The time constant for the rise time is dominated by
the stray capacitance and an equivalent resistance given by the parallel
combination of Rs, R', and rp. In general, rp is by far the smallest of
these resistances, so that the 10% to 90% rise time is given by

t,.= 2.2Csrp

The analysis of the top of the pulse is critically dependent upon particular
circuit parameters. However, if the change in output load current is
small, then this change in current is

III T
Current droop = - =--

10 Ca«

For the fall of the pulse, the stray capacity and the parallel combination
of Rs , Re , and r' dominate, since the switch is open. Thus, the fall
time is
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FIGURE 3-14 Equivalent circuit for (a) hard-tube mod
1I111lur with biased-diode load and resistive recharging and
(I» ri ,~(' lime calculation.

The third co mmonly encoun tered configuration utilizes a biased
diode load with an inductive recharge path. An equivalent circuit for
surh a co nfiguration is given by Figure 3.... 15(a). The equivalent circuit
lor the rise time is given by Figure 3-15(b) ; since it is usually good
desig-n practice to choose L, so that its initial current is sm all, its contribu
I io n during the rise time ma y be ignored. Thus the rise time is

r r'
I = 2.2C -p--
r s +'rp r

During the top of the pulse, again assume that the droop is small
cllollg'h that the equivalent circuit is that given by Figure 3-15(c) . Then
the current drawn from the capacitor may be approximated by a constant
L, and the change in output current may be approximated by

J = T 10 + Im/2

" rdCc

The performance of the equivalent circuit valid for the tail of the
pul se g-iven hy Fig'lIre 3- J(i is a relatively complex function of a number
ofparallH'll·rs . ILlII air- core inductor is liSCO so thatlinear cinui: anal ysis
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r"

(b)

(a)

r"

(e)

FIGURE 3-15 (a) Equivalent circuit for hard-tube modulator with biased-diode load
and inductive recharging path. Simplified circuits are given in (b) valid for the rise
time and in (c) valid for the top of pulse.

may be employed, then the tail-of-pulse performance is primarily a func
tion of circuit damping and the ratio of current in the inductor to the
load current at the end of the pulse. Figure 3-17 shows underdamped
(oscillating), critically damped, and overdamped responses for increasing
values of I:i., which is the ratio 1m/1o, illustrating the decreased fall time
but increased value of backswing associated with increased values of
I:i.. In general, the underdamped condition should be avoided to prevent
any spurious outputs if the cathode voltage should go negative, and
large values of backswing voltage should be avoided to reduce any chance
of tube arcing. It is desirable to have the voltage fall to zero quickly

FIGURE 3-16 Equivalent circuit
for the hard-tube modulator of Fig
ure 3-15 which is useful for calcula
tion of the fall of the pulse.

+
c,

I,~ 1 L,

r,

r'
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but to have little backswing and not to become negative again (to prevent
spurious oscillations). One approach to achieve this is to provide enough
damping that the voltage never recrosses the baseline; this corresponds
to the critically damped condition

u, 2
i, vCsLs

In practice, achieving this desirable condition often requires an exces
sively long fall time. Thus, some small amount of negative overshoot
is typically allowed. The amount of negative overshoot is dependent
on the specific circuit parameters and the initial current flowing in the
inductor. Smaller values of Ls, and higher values of inductor current
at the end of the pulse, result in faster fall times but larger values of
overshoot, as shown in Figure 3-17.

It may be that requirements for fast fall time and minimum negative
overshoot with no recrossing of the axis cannot be met simultaneously.
In this case, it is often necessary to incorporate a clipping diode in
order to limit the backswing on the output voltage. In some cases, it
may be desirable to incorporate additional coupling elements to improve
output pulse shape [16,17]. In cases where extremely rapid fall time is
required, a "tail biter," which is an active switch connected directly
across the load, may be used to rapidly discharge the stray capacity.

3-2 LINE-TYPE MODULATORS

The Pulse-Forming Network (PFN)

The line-type modulator derives its name from the similarity of
the behavior of its energy storage element to that of an open-circuited
transmission line [8,11]. If a length of transmission line having one
way propagation 7/2 is connected as in Figure 3-18, charged to voltage
V, and then discharged through its characteristic impendance lo, a pulse
length of 7 and amplitude V/2 is generated across the load. For practical

Initially charged to voltage
Va

Propagation time 7/2
Characteristic impedence Zo

•

FIGURE 3-18 Generation of a rectangular pulse by discharge
of a charged open-circuited transmission line into its characteris
tic impedance.
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pulse lengths and voltages, the required bulk of cable often becomes
excessive, and in practice a network of lumped inductors and capacitors
is often used. Such a network is shown in Figure 3-19 and is called a
pulsejorming network (PFN). The PFN resembles the lumped-circuit ap
proximation of the actual transmission line, but there are some significant

Important relationships are:

Z = rr;,
o 'Ie;,
T=v'LnCn

where Cn = total network capacitance
Ln = total network inductance

T = pulse width at 50% points
Zo= characteristic impedance
n = number of sections

Ln= TZo

2

[=4
d 3

~=L 1.1 to 1.2

L = inductance per section Ln/n
L:: = inductance of section on closed end
C= capacitance per section Cs/n
l> length of coil in one section
d= coil diameter

FIGURE 3-19 Guillemin E-type pulse-forming network circuit arrangement and key
design parameters.

dillcrcnces. The PFN shown in Figure 3-19 is sometimes called the
(;lIillcmin E-type network. It consists of equal-valued capacitors and a
continuously wound, tapped coil whose physical dimensions are chosen
so as to provide the proper mutual coupling at each mesh. The total
capacitance and inductance are given by

c =~
n 2Zo

rZo

/"'=2
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where en = total network capacitance
Ln = total network inductance

T = pulse width at 50% points
20 = characteristic impedance

The number of sections is chosen to provide the desired rise time.

Operation of a Line-Type Modulator

The load for a line-type modulator often requires extremely high
voltages. In order to reduce the voltages on the PFN, a step-up trans
former is often inserted between the PFN and the load. Bifilar secondary
windings on the step-up transformer often provide a convenient means
to provide heater current for the transmitting device.

A device must be used to isolate the switch from the power source.
A resistor could be utilized, but it would limit the maximum efficiency
to 50%. An inductor is often utilized because of the increased efficiency
obtained, and because it is then possible to charge the PFN to approxi
mately twice the dc supply voltage. A charging diode is often utilized
to prevent discharge of the PFN once it is charged. A more typical
schematic diagram of a line-type pulser is shown in Figure 3-20; it in-

Charging
diode

DC power
supply

Shunt
diode

Pulse
transformer

FIGURE 3-20 Simplified schematic representation of a
typical line-type modulator. PFN = pulse-forming network.

eludes a shunt diode and resistor to damp out any reflected voltage
due to load mismatch.

Analysis of the operation of a line-type modulator can be perhaps
best understood by breaking the operation into subintervals: a recharge
interval, during which time the energy stored in the PFN is replenished,
and the discharge interval, during which time the energy stored in the
PFN is discharged into the load, normally through the pulse transformer.
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Recharge Interval

Since the energy-storage element is completely discharged on
each pulse, some means of efficiently replenishing this energy must be
provided. It is conceptually possible to incorporate charging through
a resistor from a dc power supply, but efficiency with such an arrange
ment is limited to no more than 50%. A more customary means of
replenishing the PFN charge is by so-called inductive charging.

Analysis of the charging circuit ofa line-type modulator may be accom
plished by assuming that the equivalent series inductance of the energy
storage element is relatively small so that the equivalent circuit shown
in Figure 3-21 suffices for analysis. If one assumes that en is initially

FIGURE 3-21 Equivalent circuit for
inductive charging of PFN.

discharged and the current in Lc has not yet begun to appreciably in
crease at the beginning of the recharge interval, then an expression
[<)I' the voltage is given by

He
where a=-

2Lc
1

wo = vLnCn

w = Vw~ - a
2

= .JLn1Cn - 4~
The natural oscillations are thus damped sinusoids; however, note

that the first peak is only slightly less than twice the supply voltage
and that the resonant frequency is given by
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FIGURE 3-22 PFN voltage charging waveform
for resonant charging condition, when the switch
closes at the peak of the charging waveform.

If one picks the pulse-repetition frequency equal to twice the resonant
frequency, then

1
PRF=--===

7T vLcCn

and the peak voltage on the network is approximately twice the dc supply
voltage. In order to achieve maximum voltage output for minimum dc
power-supply voltages, it would be desirable to close the switch at the
peak of the charging voltage, as shown in Figure 3-22; this is called
resonant charging. However, this would then require complete control
of the interpulse period. More flexibility may be achieved if a series,
or charging diode is incorporated in series with the charging inductor,
giving rise to a subresonant charging voltage waveform of the form shown
in Figure 3-23. For this condition, the peak voltage is normally between
1.9 and 2.0 Ebb, for an inductor Qgreater than 10.

FIGURE 3-23 PFN voltage charging waveform
for subresonant charging, with a charging diode
used to prevent discharge of the PFN until the
switch is closed.
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T he average cur re nt is give n by

[clavI = PRFenVn lpeak)

and th e ratio of rms to average current for resona nt charging by

Ic (rm s) = 1.11
[ c (av)

and th e rati o of peak to average current by

[ C<max) = 1.57
Ic lav)

If subresonant charging is used, then th ese values must be adj us ted
appropriately.

T he charging efficiency of such a line-type modulator is given by

7T

7/c = I - 4Q

energy stored per cycle
where Q= ------''''-'-----'---~-

energy lo st per cycle

Th is charging efficiency is th e ra tio of th e energies extrac ted from the
po wer supply to the energy tran sferred to th e pulse-form ing network.

In the eve n t the load arcs, a negat ive initial vo ltage may be reflected
to en. In this cas e, th e peak cha rgi ng voltage may exceed twice the dc
supply voltage, and may be limited by th e Q of the charging cho ke.
Such high voltages are undesirable and may result in damage to th e
modulator, th e load, or bo th . Fo r this reason, a shun t, or clipping, diode,
is often con necte d across the switch to remove any resid ua l voltage
present on en.

Discharge Interval

In ana lysis o f th e d ischarge interval , we ass ume th at th e capacitors
in the pulse-forming network have been charged to th ei r peak voltage ,
and th at th e switch is clo sed. If the PFN then has th e basic characte ristics
of a tr an smission line, if th e pulse transformer is ideal , and if th e load
is purely resistive and mat ched to th e transmission lin e, then a rectangu
lar outpu t pulse will be obtain ed.

In th e even t that the load does not match the characteri sti c impedance
of the transmission lin e, th e pulse ge nerated will no longer be rectangu
lar, but will have steps , as show n in Figure 3- 24. The middle wave fo rm
in Figu re 3-24 for th e co nditio n where the terminat ion is lar ger than
th e rharncrc ris: ic impeda nce ofthe line, show ing a se ries ors.unc- po larity
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steps, while the bottom waveform shows the condition where the load
impedance is less than the characteristic impedance of the line. It is
customary to mismatch the load slightly in order to promote formation
of a slight negative voltage on the switching device in order to enhance
recovery of the switch.

Time

FIGURE 3-24 Discharge waveforms produced by
charged transmission lines for various terminating im
pedances.

Unfortunately, (1) the load is rarely a pure resistance, biased-diode
loads such as magnetrons of CF As being more common; (2) the pulse
transformer is not ideal, but has some magnetizing inductance, leakage
inductance, and stray capacitance; and (3) the pulse-forming network
is not an ideal transmission line, but is a lumped constant network having
certain specific properties.

As indicated earlier, the choice of pulse width and impedance level
determines the properties of the pulse-forming network. The pulse width
is usually set by system requirements, but the impedance level of the
PFN can be varied over a fairly wide range by the choice of the output
transformer turns ratio. A choice of too high an impedance level results
in high voltages on the pulse-forming network, while utilization of ex
tremely low impedance levels results in high currents, high switch-tube
drops, and losses in the pulse transformer primary, which make it difficult
to achieve efficient op(-rat ion. When hydrogen thyratron switches are
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used, pulse-forming-network impedance levels of 25 and 50 0. have
proved to be a reasonable compromise between high currents and high
voltages, and a variety of hydrogen thyratrons have been designed so
that their power-handling capability is maximized at the 50- or 25-0.
impedance level. However, if silicon controlled rectifiers (SCRs) are be
ing utilized as the switch for the line-type modulator, a lower-impedance
PFN may be indicated, because of the limited peak forward voltage
handling capability of most SCRs. It is normal practice to slightly mis
match the PFN to the load in order to reflect a small negative voltage
onto the switch to promote rapid turnoff.

An important characteristic of the modulator is its regulation for
changes in line voltage and with the load. Transmission-line theory indi
cates that a relatively simple equivalent circuit will permit a meaningful
calculation ofregulation during the principal output pulse; such an equiv
alent circuit for the line-type modulator is given in Figure 3-25. In

Zn
(the PFN impedancel

V (the network
n charging voltaqe)

r (equivalent
P switch resistance I

R"

FIGURE 3-25 Equivalent circuit of line-type modula
tor used to analyze regulation.

this equivalent, the switch ON voltage drop is represented by resistance
'rp and the transformer loss by an equivalent parallel resistance Rs: Analy
sis of this circuit is given in Glascoe and Lebacqz [8], where the expres
sion for the load voltage is given by

Vnrd + EdZnf3V = ........:..:...-=----==-...:.:::...
Znf3 + rda

Zn+ rpwhere a = 1 + --.:.:'-----.!:
Re
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and voltage regulation for changes in network voltage is obtained by
taking the derivative

dVI rd

dVn Znl3 + rda

which can be rearranged to give the change in load voltage for a change
in PFN charging voltage as

sv, 1 t.Vn

VI 1 + (Ed Znl Vnrd)13 Vn

If the modulator is operated under conditions which result in maximum
power transfer to the load, i.e., if

Vs 1 - rdalZnl3

Vn 2a

the equation for voltage regulation becomes

t.VI 2 t.Vn

VI 1 + Znl3lrda Vn

In a similar manner, an expression for current regulation for changes
in network voltage is given by

t./z 1 t. Vn

II 1 - (EdiVn)a Vn

In the event that no dc regulation or charging regulation is used,
this change in network voltage will be equal to the change in line voltage;
however, if suitable circuits are incorporated to improve the regulation
of the network voltage, this regulation must be included in the calcula
tions to obtain the overall change in voltage and current with changes
in line voltage.

It is interesting to evaluate some changes for representative choices
of parameters. If

Znlrd= 10

a=l3=l

then

Thus, for a biased-diode load such as a magnetron, the changes in load
current lI\ay he subsrantially worse than the changes in input voltage.
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T he outp ut pulse produced at the load of a line- type modulat or devi
a tes from the ideal rectan gul ar pulse becau se of a numbe r of factors .
A pho tograph of the output pulse associated with a line-t ype modulato r
driving a magnetron load is given in Figure 3- 26 , which illu st rates the
princi pa l regions to be considered in ana lyzing the outp ut pulse: the

!
Rise l ime

Fall

To p of Pulse

FIGURE 3-26 Line-type modulator output
pulse showin g principal portions of th e pulse.

rise tim e, th e top of the pulse , the fall time, and pulse backswing. It is
usually desired that the rise time be sufficien tly sho rt for reasonable
pulse shape, but not so sho rt as to int roduce moding or starting problems
in the load . The top of the pulse sho uld be reasonably flat and free
fro m osci lla tions that would in tro duce frequency modulat ion th rough
pu sh ing, and the fall of the pulse should re mo ve the voltage fro m the
magn etron fai rly rapidly and should not have excessive backswing, which
co uld break down the tube . T he tube voltage sho uld no t significan tly
recr oss th e zero line, sin ce even small negative voltages applied to the
cathode may produce low-l evel RF noise outputs.

Detailed calculations of the pulse shape of a line-type modulator can
be quite involved, but for man y cases of interest, the particular choice
of circuit constraints in a well -design ed modulator may permit a cons id
erable simplification . The analysis of the circuit is simplified , as was
th e case for the hard tube modulat or. by breaking the circu it do wn
into three time intervals: the rise of the pulse , the Ilat lop. and the
fall of the pulse .
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While , in general, the analysis of the rise-time behavio r involves the
so lution of a modera tely complex network , for a number of situations
one may consider that the pulse-fo rm ing network and th e pulse tra ns 
former are two independent components such that th e rise tim e of th e
overall combination is given by th e square root of th e sum of the squares
of their rise times .

(3- 1)

Behavio r of the top of the pulse is simplified by the fact that mos t
well-de signed modulators produce approximately flat- top pulses, and
the dominan t circuit element that influe nces any droop on th e to p of
the pulse is the magn etizing curren t of the tr an sformer; it can be shown
that for a biased-diode lo ad , the change in load curren t is app ro xima tely
equa l to the magn etizing cur re n t. It is ge ne rally considered good design
practice to design for approximately 10% of the load current to cons ti
tute magn et izing curren t at the end of the pulse; it is usually th e case
th at thi s amo un t of current droop can be compen sated for by adj ustmen t
of th e pulse- forming network in order to obtain a reasonably flat top
on th e pulse.

Analysis of th e tailin g edge of the pulse is com plicated by th e nonlinear
behavior of the pulse transformer and by the opening of th e switch in
th e pr imary circ uit durin g the recovery interva l; sinc e the det ails of thi s
ana lysis are in tima tely bound with the design of the pulse tra nsformer,
detailed consideration of th is behavior will be deferred until Cha p te r
4, on pulse tran sformers.

The Variable Pulse-Width Line-Type Modulator

T he line-type modulator has been widely used becau se of its rela
tively sma ll size and weight and good efficiency . However, so me se rio us
disadvantages of a line-type modulator are, first , that the interpulse pe
riod may not eas ily be varied ove r a wide range and, se cond , that the
pulse wid th may not easily be vari ed . Whil e the variation in interpulse
period is largel y fixed by the values of the recharging compone nts, it
is p ossible to arrive at a number of schemes for varying th e pulse width
in a line-type modulator.

Figure 3- 27 illustrates a number of circuit configurations that can
result in th e ability to vary the output-pulse width of a line-type modula
tor [14 ,21] . Each of these schemes ess en tially involves first a dis char ge
initia tion of the line in a manner ana logous to normal lin e-t ype rnodula
10" operation, foll o wed hy a second switching ac tio n that tends to te rrni
nal e III<' ourpur pulse 1)('« 11 '(' (he line no rmally com ple tely discha rges
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FilterI capacitor

(a)

(b)

(e)

FIGURE 3-27 Three circuit configurations for obtaining variable output
pulse width from a line-type modulator by varying the relative closing times
of switches 8, and 82 • Arrangements (b) and (c) provide for return of a portion
of the unused stored energy to the power supply.
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itself into the load ; the leftover charge ma y be either diss ipated in an
auxi liary resistor, as in Figure 3-27(a) , or returned to th e power supply,
as shown in Figure 3- 27( b).

Fig ure 3-27(c) is a sche matic d iagram of another successful vari ab le
pulse-width line-modulator concept. Charging of the pulse-forming net
work and initiation of network di scharge by closin g 51 is conven tional
with this arrangemen t. However, when it is desired to te rminate the
puls e , switch 52 is closed, with the result that the outpu t pulse terminates
an d the voltage reverses across th e PFN; this vo ltage reversal is coupled
to the power supply through tran sform er T 1 and the diodes, so that a
p orti on of the unused store d ene rgy is re turned to the power supply.
One of the keys to a successful circuit of th is type is the careful design
of transformer T 1 in o rder to minimize losses due to fringing at the
air gaps of the core; in some cases, the use of several distributed air
ga ps has been re sorted to in an attemp t to increase efficiency .

f++++ ftlH- HI+tttttt+ttttlttttt+t+ftttt-ttttttttlffi

Time base 0.5 Ils/cm
tp 3 .0 IlS @ 0 .5 kHz

II \
~
'Y

I "
T ime base 0.1 Ils/cm
tp 0 .2 115 @ 5 kHz

A

\'
\

Time base 0 .2 uslcsr:
tp LO lls @ 1.5 kHz

I i\
\

II

1\
Time base 0.1 Ils/cm
t p 0. 5 IlS @ 3 kHz

Dete cted RF pul se waveforms

FIGURE 3-28 Detected RF pulse waveforms generated by a magnetron pulsed
with a va ri able-wid th line-type modulator with energy return. (Raytheon)

Figu re 3-28 shows the types of waveforms that can be obtained by
using' th is approach, showing det ected RF for a range of pulse widths
from tenths or a micros econd to se vera l microseconds.
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Magnetron-Moding Control in Line-Type Modulators

One of the problems involved with the operation of a microwave
magnetron is the tendency for the tube to oscillate in other than the
desired mode. This type of operation is highly undesirable for a number
of reasons. It has been observed that the rate of rise of voltage applied
to the tube at the time when the tube initially begins to conduct is a
primary factor in determining the tendency of a particular tube-modula
tor combination to operate stably and in the desired mode [7]. As will
be shown in Chapter 4, the rate of rise of voltage may be controlled
to a certain extent by the use of proper design techniques and by achiev
ing specific values of distributed capacitance and leakage inductance
in the transformer itself. However, attempts to reduce the rate of rise
of voltage by increasing capacity often have the result that undesirably
large amounts of energy are stored in the transformer, with a resultant
loss in efficiency and an undesirable heating of the modulator compo
ru-nts. Another approach that can be used to control the rate of rise
of voltag-e is the connection of an RC network, at either the primary
or I he secondary side of the pulse transformer. If it is used at the primary
side. the RC network is often called a despiking network. Such despiking
net works are often used to eliminate a large spike of current occurring
al the beginning of the pulse, often associated with improper transformer
design. An RC network on the output side of the transformer can conven
iently be used to control the rate of rise of voltage on the tube, and
in fact the resistors are often made selectable to tailor the modulator
to a particular tube. Unfortunately, each of these approaches results
in a withdrawal of energy from the modulator, which reduces overall
modulator efficiency, and such approaches may also make it difficult
to achieve a reasonably rectangular pulse shape.

One approach to achieving stable magnetron operation is to use a
so-called pedestal technique [18]. A pedestal technique involves initially
applying a waveform of slowly rising voltage to the tube, bringing the
cathode potential to approximately 90% of its normal operating voltage,
followed by rapidly increasing the voltage to its full value, as shown
in Figure 3-29. Using such techniques, conventional magnetrons have
been made to oscillate stably with pulse widths as short as 10 ns.

Another approach, which may be considerably simpler, is the so-called
corner-cutter circuit, or pulse-bender arrangement, shown in Figure 3
30 [2,12]. This approach places a large load on the output of the line
type modulator at approximately 75% of the normal operating voltage,
slowing the rate of rise ofvoltage to the tube substantially, and permitting
stable operation with reasonably fast rise times, a highly rectangular
RF pulse, and rapid fall time.
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FIGURE 3-29 Detected RF pulse, and volt age and current waveforms of a pedestal
pulsed Csband magnetron. ( Raylheon)

O peration of the corner-cutter circuit involves the charg ing of capa ci
tors C 1, C z, an d C3 to a voltage det erm ined by the zener voltage stack,
typi cally appro ximately 75% of normal operatin g voltage. Thus, for volt
ag es less than this voltage, the diod es disconnect the output, and the
voltage rises normally. However, once the voltage becomes more nega
tive than the zener voltage , a load cons isting of capacitors C 1, Cz, and

From ~

pulse - - - - ----<r-- - - - - - - -----1I--- - - - - - - - ..... Magnetron
tran sformer (33 kV)

100 kn

70 kV fast
recovery diod e
stack

3 X 0.002 I
uFI

: 130 X 190 V

W

Spark
gap

800 n

To
overload

FIGURE 3-30 Schematic diagram of a zener diode "corner-cutter" or " pulse
b ender" drnlil.
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Ca, R l , and the forward impedance of the diodes is connected across
the modulator, substantially reducing the rate of rise of voltage applied
to the tube. Once the tube has reached its full operating voltage, the
capacitors are charged to this voltage and little current flows through
the diodes, so that efficient tube operation results. Between pulses, the
capacitor voltage is stabilized at the zener voltage in anticipation of
the next pulse. A set of waveforms illustrating operation of the corner
cutter circuit is given in Figure 3-31. In the event that variation of
the interpulse period is not required, it may be possible to eliminate
the zener diode stack and operate with the resistors, the diodes, and
the capacitors alone.

\

f+ 4tH- +tH r
--- I--

1"- ._..~"'"1----

1/\. -1----

---
Voltage pulse
amplifier 5 kV/cm

(

RF pulse
Time base 0.5 ps/div

A -
1
'f

Current pulse
amplifier 10 A/div

FIGURE 3-31 Voltage, current, and RF waveforms associated with a magnetron pulsed
by a line-type modulator with the corner-cutter circuit shown in Figure 3-30. (Raytheon)

3-3 SCR-MAGNETIC MODULATORS

In recent years, there have been developed a particular class of
line-type modulators called SCR-magnetic modulators [3,4,13,15]. These
systems utilize saturating magnetic cores as switches in order to provide
improved reliability over the hydrogen thyratron switch or in order to
accommodate higher peak currents or more rapid rate of rise of current
than can be accommodated by solid-state controlled rectifiers.

A simplified schematic diagram of one type of magnetic modulator
is shown in Figure 3-32. Operation of the system is critically dependent
upon the saturable reactors that are involved. These saturable reactors
are typically coils wound on gapless toroids, and are designed to have
a high unsaturated inductance and a very low saturated inductance, and
to make a rapid transition from the unsaturated condition to the satu-
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DC
power
supply

FIGURE 3-32 Magnetic-SCR line-type modulator using SCR switch and saturating
magnetic devices. Bias windings have been omitted for clarity, but 1.0, T" and T.
are all magnetically biased. T. need not be biased, but if it is not, a resistor-diode
combination must be connected across the primary to provide a low-impedance path
for charging of the PFN.

rated condition. Such a device can act as a switch. There are two purposes
for which such devices may be useful: to decrease the rate of rise through
the SCR (see Section 7-3), and to reduce the peak-current requirements
of the switch.

The operation of a magnetic-SCR modulator may be broken down
into a number of separate subintervals: the charging interval for Ch

the transfer of charge from C I to the PFN, and the discharge of the
PFN into the load.

The operating cycle begins with C I and the PFN initially discharged,
and both the charging and switch SCRs in the OFF condition. Operation
is initiated by triggering the charging SCR, which resonantly charges
C I through L I to twice the dc power-supply voltage, as was the case
for the line-type modulator. The charging period is given by 7T ...jLI GI •

Once the voltage on C I has reached its maximum value, the current
through the charging SCR attempts to reverse, turning off the SCR
and holding the voltage at C I at.its maximum value.

The next step in the operation of the modulator is initiated by turning
on the switching SCR. Once the switching SCR has been triggered,
the full voltage across CI is developed across L2• During this interval,
only a small amount of current flows through L2 , permitting the switch
SCR to turn on completely; after an interval of time sufficient for the
SCR to completely turn on, inductor L2 saturates, becoming a relatively
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low impedance , placin g much of the voltage across C. across the prima ry
T 1 and resonantly tran sfer ring charge fro m C. to the PFN through T .
and th rough the sa tu ra ted prim ary winding ofTj, In order for this tran s
fer to be efficien t, T 2 mus t re present a low impedan ce fo r charging of
the PF N, and for tha t reason it is often biased to sa turatio n . If thi s is
not don e , a diode may be connec ted across the T 2 primar y.

Figure 3-33 is an equivalen t circuit valid for thi s cha rge-tra nsfer pe-

T i n. r- leakage inductance
er r ,

I::"(sat urat ed)

L~ (PFN induc tance)

r
:~,

(sat urated
inductance
of T 2 referred
to primary of T 1 )

JilG URE 3-33 Equivalent circuit of magnetic modulator dur
inK charge tr an sfer from C, to Cn•

rio d , a resona nt tran sfer of ene rgy fro m C. to the network capaci ty Cn

lakin g' place through an inductan ce co nsis ting of the satura ted ind uc
tan ce of L2 , the leakage inductance of T ., the saturat ed inductance of
T 2 , and the network inductan ce Ln. In Figure 3-33 L;., C~ , and T2(s )

are all values which are referred to the 'primary windi ng of T. ; that is,
if L; is the PFN induc tance, en the ne twork capacitance, T2(sl the sa turated
inductance of 1"2, and n. the turns ratio of Ti.

L;.= ~
n1

C~ = n~Cn

and

To
1" =~2(0 ) 2

n
1

The tran sfer of charge from C1 to the PFN takes place in a time given
by

CC'
(T + T + To' + T ') • nHll '-'2(0) 2 (0) Ln (' + ("

-I 4"
(3-2)
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Any attempt to discharge the pulse-forming network back through T 1

is defeated by back-biasing action of both the switch SCR and the satu
rated inductor L2 •

At this point in time, the pulse-forming network is fully charged,
and the full voltage appears across the secondary of transformer T 1.

Once the required volt-time integral has been applied to T 1 , T 1 saturates,
discharging the PFN into the load through transformer T 2. An equivalent
circuit for the discharge of the pulse-forming network is given in Figure
3-34. However, if more detailed calculations of output-pulse shape are
required, the methods of Kadochnikov [9,lD] may be used.

FIGURE 3-34 Equivalent circuit of
magnetic modulator during discharge
of PFN into load.

There are a number of design considerations that impact the choice
of component values in such a modulator. The values of C1 and the
charging inductors are chosen so that resonant charging' is accomplished
within a relatively short interval, yet the charging current through the
charging SCR and transformer T 1 should remain relatively low. L2 in
the unsaturated condition should represent a high impedance, and in
the saturated condition an inductance that dominates the resonant trans
fer ofcharge from C1 to the pulse-forming network. This saturated induc
tance should be small, in order to rapidly charge the pulse-forming
network, but too rapid a charge of the pulse-forming network results
in excessive peak currents flowing through the switching SCR. Trans
former T 1 should be designed to have a low value of saturated reactance,
and a volt-time integral product sufficient to permit complete charging
of the pulse-forming network with some "guard" interval to accommo
date variations in the temperature and voltages. Design equations for
L2 and T 1 are presented in Section 7-5. The design of transformer T 2

is more conventional in nature and follows the guidelines in Chapter
4, but magnetic biasing of the transformer core may permit larger flux
excursions. A set of waveforms is given in Figure 3-35, which shows
magnetic modulator operation. Figure 3-35(a) shows the PFN voltage,
illustrating the resonant charge transfer to en, the guard interval (the
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FIGURE 3-35 Magnetic modulator wave
forms showing (a) PFN voltage, (b) current in
It TWT load, and (c) output voltage.

constant-voltage interval), and the switching period where the voltage
rapidly reduces to zero when the saturable inductor saturates. This dis
charge then produces the output-voltage.pulse shown in 3-35(c). Note
that in this modulator a diode-resistor pair was used across the trans
former primary and so a portion of the PFN charging process was re
flected in the output voltage,

Figure 3-32 is a much simplified diagram, and additional circuits are
necessary in order to provide for proper functioning of the circuit. In
order to ensure correct saturation, both L2 and T 1 require an auxiliary
bias supply for resetting; T 2 may require a bias winding also. In order
to realize a truly constant peak charging voltage on C 1 (to reduce time
jitter), some form of charging regulator, such as those discussed in Chap
ter 6, must be incorporated in place of the simple charging choke. The
biased-diode nature of the load usually results in the reflection of some
small voltage at the anode of the switch SCR. This voltage must be
monitored, since arcing in the load, transformer, or pulse-forming net
work can result in excessive voltages reflected back at this point. Of
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course, dc power-supply overload circuits and appropriate protective
circuits for the load (such as magnetron or TWT) must be provided if
reliable operation is to be achieved.

The transfer of energy from C1 to Cn and the discharge of energy
stored in C« into the load is accompanied by an increase in voltage
level and a decrease in discharge or transfer time at each stage of the
process. Typically, in a single stage, ratios of charging times to discharg
ing times on the order of 10: 1 can be achieved. Additional sections
may be added in order to provide the additional compression required
for shorter pulse lengths, but care must be used to ensure complete
transfer of charge between stages in such circuits [3].

3-4 DC POWER SUPPLIES

A common feature of these modulators is a dc power supply.
Conventional design practice may be utilized for such systems, but a
few special precautions are necessary. For the lower-voltage supplies
such as are used with line-type and magnetic modulators, three-phase
rectifiers and choke input filters are typically utilized. A simplified sche
matic diagram of such a system is shown in Figure 3-36, showing provi
sions for measuring overload current drawn from the supply directly,
as well as conventional protection in the primary power lines. It must
be emphasized that the power supply should be capable of sustaining

Power
--o---~ transformer

;:~~~~tr ! ]II'-----+-------+
..---.. 1.- Voltage

-0 O---O--j C adjust

L
Main contactor

Filter
choke

Filter
capacitor IDisch

bar

: Triggered
• gap

Modulator
or

regulator

To overload sensor

FIGURE 3-36 Representative modulator de power supply, showing some overload
circuits and sensing points.
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occasional virtual short-circuit operation and of rapidly restoring normal
operation once the short circuit has been removed. In order to provide
adequate protection, the overload circuits must be rapid-acting.

Higher-voltage dc supplies such as are encountered with hard-tube
systems will often involve the use of conventional voltage doublers in
order to reduce output-voltage requirements on the power-supply trans
formers. With hard-tube modulators, particularly at higher power levels,
crowbar circuits are often incorporated across the power-supply output
in order to protect the relatively expensive tube, and the power supply
must be specially designed in order to withstand the severe stresses
imposed by such operation.

Finally, there are cases where the use of a high-frequency inverter
is desirable in order to provide a high ripple frequency and to achieve
small size and weight, or for operation from available low-voltage dc
supplies.

For cases where the filtering provided by choke input filters is not
adequate, series vacuum-tube regulators may be incorporated, as shown
in Figure 3-37, in order to provide adequate power-supply regulation
and ripple reduction. Where filtering is adequate for ripple reduction
hilt additional regulation against line or load variations is desired, it
llIay he adequate to sense a parameter such as tube current or peak

'-,'- ...... To
modulator

DC
power
supply

Diff.
amp

Reference
voltage

Voltage
adjust

FIGURE 3-37 Series regulator that may be used for a high-stability, low-ripple modu
lator power supply.



MODULATORS 131

charging voltage and to use a motor-driven autotransformer to vary
the input voltage so as to keep this parameter constant.

In any of these high-voltage circuits, adequate provisions for operator
safety must be incorporated, including interlocks, shorting switches, and
bleeder resistors on all high-voltage capacitors.

3-5 OVERLOADS AND PROTECTIVE CIRCUITS

Throughout the book, the subject of safeties and overloads for
various faults is discussed. In this section, a number of these will be
brought together, both to have them readily available in one location,
and also to indicate the extreme importance of a properly designed
overload-protection and performance-monitoring system if a successful
and reliable transmitter design is to be achieved. Because of the high
voltages and substantial amounts of power associated with a high-power
microwave transmitter, a certain number of malfunctions (such as occa
sional arcs) will normally be encountered, and the modulator and tube
must be designed to accommodate these without damage to either the
tube or the modulator. In addition, in the event of catastrophic failure
either of a modulator component or of the RF tube itself, the overloads
and monitoring circuits should be such that damage is confined to that
particular unit and other portions of the system are not permanently
affected. Finally, transmitter performance should be monitored to give
an early indication of problems that might be encountered. In a high
power microwave radar transmitter, the protection requirements can
be associated either with the microwave tube itself, or with the modulator
utilized to drive the tube; in addition, there are often requirements for
overall performance monitoring in order to verify proper operation of
the entire transmitter.

Microwave Tube Protection

The requirements for protection of the microwave tube are partic
ularly important, since the microwave tube is often a relatively expensive
part of the system-one that requires considerable time to replace
and many of the high-power tubes occasionally evidence occasional arcs
or abnormal operation which if not properly monitored and accommo
dated could permanently damage the device.
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The particular type of protection required is dependent upon the
type of microwave tube being utilized. For magnetrons, the peak and
average current through the tube are particularly sensitive indications
of tube operation and should be monitored; operation outside normally
acceptable bounds should immediately terminate operation of the modu
lator. In the event that the magnetron fails to oscillate, if a line-type
modulator is utilized, the cathode voltage will rise to unacceptably high
levels; in order to avoid this, a spark gap that breaks down at a voltage
slightly in excess of the normal operating voltage is often connected
to the magnetron cathode. Cooling of high-power magnetrons is quite
important; temperature should be monitored at the point specified by
the manufacturer, and the presence of appropriate cooling media, either
air, liquid, or both, should be monitored and lack of adequate cooling
or overtemperature should result in the removal of voltage from the
tube. Since the output load has a significant effect on the operation of
a magnetron, its status should be monitored by means of a voltage
standing-wave ratio (VSWR) monitor or reflected-power monitor, and
excessive reflected power should terminate operation. Waveguide arcs
Gill he extremely damaging if they propagate through the waveguide
systcm to the output window of the tube; optical arc detectors that
xcnsc the presence oflight within the waveguide system have been devel
oped and are often recommended for monitoring the output waveguide
system.

A crossed-field amplifier has protection requirements essentially iden
tical to those of a magnetron, with some additions necessitated by the
fact that the CFA is an amplifier rather than an oscillator. In particular,
provisions must normally be made to ensure that high voltages are not
applied to the CFA if adequate RF drive is not present at the tube
input, and the frequency of the RF signal at the input must be such
that the CFA is in a region of normal operation. The alignment of RF
drive pulses is perhaps one of the more difficult requirements for CFA
operation to achieve reliably, particularly for short-pulse operation.
While magnetron coolant and temperature monitoring requirements also
apply to CFAs, because of their higher average power such monitoring
may be much more critical to reliable CFA operation than is the case
for many magnetrons.

In the linear-beam tubes, such as the TWT and the klystron, the
requirements for tube monitoring are perhaps more severe than is the
case for the crossed-field devices. In particular, the monitoring of various
features that indicate the defocusing of the electron beam and the corre
sponding intercept of current by the physical tube structure are particu
larly important. In many tubes, collector current, beam current, focus-
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coil or solenoid current, and temperature and coolant flow must be
monitored, and modulator operation must be disabled if abnormal values
are sensed. The rapid protection of the tube in the event of catastrophic
beam defocusing is particularly important, since tube meltdown can oc
cur in a relatively short period of time. Particularly for gridded tubes,
the presence of arcs within the tube body must be accommodated. In
order to protect the grid-driver circuitry, it is often desirable to include
a spark gap from the grid to the cathode in order to prevent excessive
grid voltages in the event of a tube arc; in addition, if the tube arcs,
the high voltage must be removed from the tube for a sufficient time
for the arc to dissipate; this often necessitates the incorporation of a
crowbar circuit directly across the tube, and the power supply must
be such that it will withstand repeated firings of this crowbar circuit
without damage. Also, as was the case in the crossed-field devices, re
flected power should often be monitored, to indicate any abnormal
VSWR of the load and to prevent the possible self-oscillation of the
linear-beam tube.

Modulator Monitoring and Safeties

Monitoring of various test points in the modulator itself is impor
tant to ensure proper transmitter operation, since in many cases abnor
mal operation of the microwave tube is reflected in unusual modulator
operation, and also to protect against failures in the modulator compo
nents. All modulator designs should have adequate interlocking and
safeties to prevent inadvertent operator contact with the potentially lethal
high voltages that are often present within the modulator. Complete
enclosure of all high-voltage areas, shorting bars with which to discharge
all high-voltage capacitors if the enclosure is open, bleeder resistors
to discharge capacitors, and interlocks to disable the modulator if access
can be achieved by the operator are all important features that are nor
mally an integral part of the modulator design. The specific additional
safeties that may be required in a modulator are to a certain extent
dependent upon the type that is being protected. Differing requirements
exist for line-type, SCR-magnetic, and hard-tube modulators.

In a line-type modulator, if the magnetron fails to oscillate for any
reason, the output voltage on the magnetron can double its normal
value. Since this might lead to a breakdown of the output transformer
or damage to the microwave tube, often a spark gap with a breakdown
voltage slightly in excess of the normal operating voltage is connected
across the magnetron.

In the event of a mismatch of the load, a portion of the stored energy
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will be reflected back into the modulator, producing a negative voltage
at the switch. In order to remove this voltage, and to prevent the resultant
abnormal operation of the modulator, it is customary to connect an
inverse diode (also called a shunt or a clipping diode) and a resistor in
series with it across the switch so as to clip off any negative voltage
that appears; current through this resistor is often monitored and exces
sive inverse voltage thus sensed and used to disable the operation of
the modulator. This is particularly critical, since a negative voltage at
this point at the beginning of the charging cycle results in a correspond
ing increase in the peak charging voltage, which can in turn further
increase the negative voltage at the beginning of the next charging cycle,
producing ever-increasing peak charging voltages on the PFN that can
permanently damage the modulator.

Power-supply current should be continuously monitored, and exces
sive power-supply current should disable modulator operation; this is
partirularly important, since occasionally the switch may go into a condi
I ion of continuous conduction, which could rapidly damage either the
switch, the power supply, or the charging choke. In addition, breakdown
(l(,(,uITing within the modulator will often cause excessive power-supply
,'UI"I'('n( to be drawn; normally, the energy stored in the power supply
will have to be carefully considered to determine whether disconnection
1'1'0111 the power-supply line is sufficient, or whether a more rapidly acting
ove-rload device such as a crowbar is necessary. Finally, the temperature
of various oil-filled, high-voltage components and the pressure of the
oil within these units can be monitored and often provides an early
indication of device failure.

For an SCR-magnetic modulator, in addition to providing a spark
gap on the magnetron and monitoring temperature at certain critical
points, it is normal to monitor inverse voltage on the SCR, peak power
supply current, and magnetron average current. Excessive values of peak
power-supply current or magnetron average current will typically be
used to interrupt the charging of the modulator by disabling triggers
to the charge SCR and turning off the main power-supply contactor.
A small amount of inverse voltage on the SCRs at the termination of
the pulse is often desirable to aid in SCR recovery; however, excessive
voltage at this point indicates abnormal operation ofeither the modulator
or the load and should promptly initiate interruption of the modulator
operation.

In a hard-tube modulator, protection is usually centered about the
high-voltage switch tube and the load, since arcs can occur in either
the switch tube or the output load, particularly for voltages above the
30- to 40-kV region. For these voltages, incorporation of a crowbar
circuit across the high-voltage power supply is a virtual nc-rc-ssity fill'
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reliable operation. When utilizing such a crowbar, one needs to carefully
ensure that an oscillatory discharge will not be encountered if the crow
bar is fired, since such a condition could result in crowbar deionization
and potential damage to the circuit. Initiation of the crowbar firing can
often be accomplished by the sensing of peak currents through either
the switch tube or the load, and excessive current should promptly initi
ate crowbar firing. In some cases, adequate protection can be achieved
for the switch tube by connecting the grid voltage to a large negative
voltage in the event of a malfunction, as was discussed in Section 3-2.
Again, as with any high-power tube, coolant interlocks and temperature
monitoring should be an integral part of the protection for the modulator
tube.

Transmitter-Performance Monitoring

Perhaps the most important overall performance monitor associ
ated with a radar transmitter is the power output of the device, either
peak or average, which can be monitored at the device output. In addi
tion, reflected power or VSWR is normally monitored both as an indica
tion of normal system operation and as protection for the high-power
RF tubes. It may be desirable also to monitor a number of additional
circuits or functions, but most of these are satisfied by the requirements
for tube or modulator protection already outlined. The advent in recent
years of microprocessor technology provides a means not only for moni
toring a number of these various tube, output, and modulator parame
ters, but also for providing a permanent record of overall transmitter
performance and for monitoring trends or combinations of monitored
variables that are indicative of incipient failure, permitting their rectifica
tion during normally scheduled maintenance operations, with a resultant
increase in system availability.

3-6 LOAD EFFECTS ON MODULATOR DESIGN

The modulator must provide proper operating voltages to the
load, but in many instances the characteristics of the particular load
will influence the design of the modulator. Tubes requiring extremely
high voltages may require special techniques, such as Blumlein or Marx
generators, and if short HV pulses are utilized, rise-time enhancement
networks may be required. Oscillation and excessive backswing must
be avoided after the pulse to prevent the generation of spurious signals.
If the tube arcs or shorts regularly, protection must be provided to
allow the arcs to extinguish. Also, in line-type modulators, arcing loads
may cause excessive voltages to appear on the modulator if the shunt-
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STABIliTY FACTORS [20]C!' TABLE 3-1

Current or volta ge
change to 1rochange

in HVPS voltage

FM or PM Ratio of dynamic to Line-type Hard-tube

Type sensitivity static impedance modulator modulator

6.F M 0.05-0.1 M= 2% 6./= 10-20%
Magnetron F =0.001 +0.003 [

Ma gne tro n 6.: = 0.0002 + 0.0005 6./ 0 .05-0.1 M= 2% 6./= 10-20%
(stab ilized)

Backward-wave 6.<f> = 0.4-1 0 fo r 0.05-0.1 6./= 2% M= 5-1 0%

CFA 1% 6.I//

Forward-wa ve 6.<f> = 1_30 for . 0.1 - 0.2 M= 2% 6./ = 5-1 0%

CFA 1% M I/

Klyst ron 6.<f> = 1/2 6.E <f> "'"'5A 0.67 6.E=0.8% 6.E=l %
<f> E

TWT ~ "'"' 113 6.E <f> "'"' 151. 0.67 6.E=0.8% 6.E= l %
<f> E

6.E
6.<f> = 20 0 for 1% Ii

T r iode or 6.<f> = 0-0.50 1.0 M=l % 6./= 1%

te trod e for 1% 6.I//

TABLE 3-2 MODULATOR COMPARISON

Flexibility Pulse length
Size

Pulse Workin g and
Type Switch Duty width Long Short Flatness voltages Application cost

Line - T hyratron Limited by Large High Small size
No Good Ripples Most commontype SCR charg ing circuit PFN Medium Smallest size

higher cost

Hard- Capacitor- Limited Yes Large Good Good High Fairly common Large
tube coupled capacito r

T ransformer- Limited Yes Capaci tor and Goo d Fair High Not often used Large
coupled xfmr gets

large

Modulatio n-an ode No limit Yes Good OK Excellent High Usually high- Quite
(floating-deck) power large

Grid No limit Yes Goo d Good Excellent Low Widely used at Small and
low power inexpensive

SCR- SCR and mag- Limited by Normally Large Losses Rippl es Low in Becoming Small; init ial
magnetic netic cores charging circuit fixed PFN may initial more design costs

and magne tic be stages common high
core s high

~
~
'I
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diode circuitry is poorly designed. Crowbar circuits may be necessary
in order to fully protect the microwave source and modulator.

Of particular importance are the stability factors achievable by using
the various tube-modulator combinations. Some of these data are sum
marized in Table 3-1 [20].

From this brief discussion, we can appreciate the interaction of tube
characteristics with modulator design. An optimum selection of a micro
wave transmitter should include the modulator requirements as a prime
consideration, and optimum modulator design is only achieved when
the modulator designer has a thorough knowledge of the characteristics
and peculiarities of the modulator load. In summary, the characteristics
of a number of important modulator types are compared in Table 3-2.

3-7 COMPARISONS OF COST
Comparisons of cost associated with various modulator types are

often of major interest to the radar designer, and are one parameter
associated with a radar transmitter that is difficult to accurately define.
This difficulty is complicated by the variation in overhead rates, employee
efficiency, and materials cost from manufacturer to manufacturer, and
from design concept to design concept. Cost also varies with the level
of performance required and with the environmental requirements.
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FIGURE 3-38 Engineering labor hours for transmitter design
and integration for ground-based radar operating over the
0-55"C temperature range.
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H owever , the est imation of lab or hours for var ious phases of modulator
design, fab ricati on, and checkout may be a useful piece of info rmat ion
for the engine er, and may se rve as the basis for more detailed es timates
to be ge nerated lat er in the design process. Estimates of lab or require
ments for design, fabrica tion, and checkout, for ground-based rad ar
tran smitters design ed to operate over the temperature ra nge from 0
to 55°C are presented in Figures 3-38 , 3-39, an d 3-40 . It should be
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FIGURE 3-39 Labor-hours for transmitter assembly
for g ro und -based radars operating over the 0-55°C
temperature range.
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140 RADAR TRANSMITTERS

emphasized that these are general, representative guidelines only, and
that stringent performance or environmental requirements will result
in increases, while lenient requirements may result in substantial de
creases. Of course, if similar designs can be adapted, there may be a
substantial reduction in the design labor requirements.
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