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[57] ABSTRACT

A technique for converting electromagnetic pulses to
higher power amplitude and shorter duration, in binary
multiples, splits an input pulse into two channels, and
subjects the pulses in the two channels to a number of
binary pulse compression operations. Each pulse com-
pression operation entails combining the pulses in both
input channels and selectively steering the combined
power to one output channel during the leading half of
the pulses and to the other output channel during the
trailing half of the pulses, and then delaying the pulse in
the first output channel by an amount equal to half the
initial pulse duration. Apparatus for carrying out each
of the binary multiplication operation preferably in-
cludes a four-port coupler (such as a 3 dB hybrid),
which operates on power inputs at a pair of input ports
by directing the combined power to either of a pair of
output ports, depending on the relative phase of the
inputs. Therefore, by appropriately phase coding the
pulses prior to any of the pulse compression stages, the
entire pulse compression (with associated binary power
multiplication) can be carried out solely with passive
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BINARY POWER MULTIPLIER FOR
ELECTROMAGNETIC ENERGY

The invention described herein may be manufactured
and used by or for the U.S. Government for govern-
mental purposes on a royalty-free basis.

FIELD OF THE INVENTION

The present invention relates generally to electro-
magnetic pulse compression techniques, and more spe-
cifically to a method and apparatus for operating on
electromagnetic pulses, typically in the microwave fre-
quency range, to increase the peak power amplitude
and decrease the duration by powers of two.

BACKGROUND OF THE INVENTION

Charged particle accelerators, radar, and communi-
cations systems are but a few of the many applications
that require electromagnetic (“EM”) energy character-
ized by high peak power. For example, in a particle
accelerator, the voltage per unit length gained by a
charged particle traversing an accelerator section varies
as the square root of the peak power. Thus a high peak
power results in high particle voltages for relatively
short distances. This is especially desirable for medical
and industrial accelerators such as those used for steril-
izing hospital equipment and for food processing. Ap-
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plications such as flash radiography require bursts of 30

short pulses (100 ns pulses separated by a fraction of a
microsecond).

One prior art technique for achieving high peak
power is known as the chirp method of pulse compres-
sion. In the chirp method, the frequency of the EM
energy is modulated monotonically, the frequency
modulated pulse is propagated through a dispersive
element, and the propagated pulse is subjected to fre-
quency demodulation. The later portions of the pulse
travel faster and in effect catch up with the earlier por-
tions. The method has the disadvantage of requiring a
dispersive element, and further suffers from the prob-
lem of residual frequency modulation.

U.S. Pat. No. 4,467,284 to Farkas shows a technique
for converting continuous electromagnetic energy to
periodic high amplitude pulses. The technique is effec-
tive, but requires continuous electromagnetic energy
storage and a finite length of time to reach steady state,
rendering it unsuitable for pulse inputs. Moreover, the
system includes active control elements that are re-
quired to operate at high power levels, which can be a
problem. Since the peak power limits of active devices
are typically lower than those of passive devices, the
active control elements themselves operate to place an
upper limit on the peak powers that are attainable by
such systems.

U.S. Pat. No. 4,009,444 to Farkas et al. discloses a
passive radio frequency peak power multiplier. The
device is effective, but because of reflections, the effi-
ciency is limited to a maximum of 81%. Furthermore,
that maximum efficiency can only be obtained at a com-
pression ratio of about 3:1, and drops off sharply as the
compression ratio deviates from 3:1. Moreover, the
compressed pulse power varies with time, which re-
duces the efficiency when the compressed pulse is used
as the power input to an accelerator section.
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SUMMARY OF THE INVENTION

The present invention provides method and appara-
tus for converting electromagnetic pulses to higher
power amplitude and shorter duration, in binary multi-
ples. The necessary active components operate on the
input, and thus are required to operate at low power
levels only. Peak powers in excess of those normally
attainable by prior art techniques are therefore possible.

In broad terms, the invention contemplates splitting
an input pulse into two channels, and subjecting the
pulses in the two channels to a number of binary pulse
compression operations. Each pulse compression opera-
tion entails combining the pulses in both input channels
and selectively steering the combined power to one
output channel during the leading half of the pulses and
to the other output channel during the trailing half of
the puises, and then delaying the pulse in the first output
channel by an amount equal to half the initial pulse
duration in order to render the resultant pulses in the
two channels coincident for possible subsequent pulse
compression operations.

The apparatus for carrying out each of the binary
multiplication operations preferably includes a four-
port coupler (such as a 3 dB hybrid), which operates on
power inputs at a pair of input ports by directing the
combined power to either of a pair of output ports,
depending on the relative phase of the inputs. There-
fore, by appropriately phase coding the pulses prior to
any of the pulse compression stages, the entire pulse
compression (with associated binary power multiplica-
tion) can be carried out solely with passive elements.

The invention is very versatile. As long as the phase
coding apparatus can effect 180° phase shifts in a time
short compared to the compressed pulse duration, as
many pulse compression stages as required can be cas-
caded. If the application requires a series of equally
spaced pulses, a continuous wave input can be used,
although the output duty cycle is constrained to dis-
crete values (powers of 2).

A further understanding of the nature and advantages
of the present invention can be realized by reference to
the remaining portions of the specification and the at-
tached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating a two-stage
binary power multiplier according to the present inven-
tion;

FIGS. 2A-C illustrate a 3 dB hybrid coupler suitable
for use with the invention;

FIG. 3 shows plots of waveguide attenuation as a
function of diameter for several frequencies;

FIG. 4 is a plan schematic illustrating a preferred
embodiment of the two-stage device using folded delay
lines; and

FIG. § is a block diagram of a radar system utilizing
the invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 is a block diagram illustrating a two-stage
binary power multiplier 10 according to the present
invention. Although the present invention has applica-
bility to electromagnetic pulse compression over a
broad range of frequencies, the embodiments to be dis-
cussed herein deal with microwave frequencies, and the
specific applications deal primarily with particle accel-
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erators and radar. While a two-stage device is illus-
trated and described, devices with greater numbers of
stages are possible, and such expansion will be de-
scribed.

In broad terms, multiplier 10 includes a front-end 12
and a plurality of pulse compression binary power
stages (sometimes referred to simply as ‘“‘stages”), de-
noted generally 15. For the two-stage device, there are
two such stages, denoted 15(1) and 15(2). The pulse
compression stages are serially coupled from front-end
12 to a pair of output terminals 20¢ and 205. For consis-
tency of nomenclature, stages 15 may be considered to
be numbered in reverse order, with stage 15(1) being the
downstream-most stage and stage 15(2), or more gener-
ally stage 15(N) for an N-stage device, being the stage
coupled to front-end 12.

Front-end 12 receives an electromagnetic (“EM”)
input, more specifically a radiofrequency (“RF”") or
microwave power input, splits the power into two
channels, impresses suitable phase coding on the elec-
tromagnetic wave in the two channels, and provides
optional amplification if required. Each of pulse com-
pression stages 15 operates on the pulses in the two
channels by halving the duration and doubling the
power amplitude of the pulses arriving at the inputs to
that stage.

As will be described in greater detail below, each of
the stages incorporates a device known as a 3 dB hybrid
coupler (often referred to simply as a hybrid). Although

~the properties of hybrids are well known to those skilled
“+in the art, a brief digression to describe the operation of
«such devices is appropriate. FIG. 2A is a schematic
~-representation of a 3 dB hybrid 25. Hybrid 25 is a four-
-~ port device having two pairs of isolated ports, one pair

'27a-b of which may be designated the input ports and

the other pair 28¢-b of which may be designated the
—~output ports. Hybrid 25 communicates microwave
«power input flowing into input ports 27a-b to output
~-ports 28a-b in a manner that depends on the relative
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~amplitude and phase of the inputs. The properties of 40

such hybrids are well-known, and the relevant proper-

- Power flow through the device is denoted schemati-
cally by a pair of direct paths and a pair of cross paths.
Power at either of the input ports is split equally be-
tween the direct path and the cross path; the power in
the second direct path undergoes a 180° phase change
prior to being recombined with the cross path. Thus, if
power is supplied to one of the input ports only, that
power is split equally between the output ports, and
there is no power at the other input port. If power is
supplied to input port 274, the power at output ports
284 and 28b has a relative phase of 0°, If power is sup-
plied to input port 275, the power at output port 284 has
a relative phase of 0° and that at output port 285 a rela-
tive phase of 180°. Therefore, superposition yields the
following rules:

() If both input ports are supplied with power of
equal amplitude and the same phase, the total input
power exits output port 28a.

(b) If the two input ports are supplied with power of
equal amplitude and opposite phase, the total input
power exits output port 285.

(c) The power exiting either output port has the same
phase as that supplied at input port 27a.

(d) If the two output ports are shorted, and power is
supplied to input port 274, the total power exits input
port 27b.
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FIG. 2B shows a sidewall 3 dB hybrid coupler 29.
Basically, the device comprises first and second wave-
guides 30a and 3056 which have a common wall portion
formed with an aperture 32 to define a coupling region.
Such a device is not, in and of itself, suitable since it
introduces a 90° phase shift in each of the cross paths.
However, if a pair of additional —90° phase shifts are
introduced into the second direct paths, one before the
split and one after the recombination, the device con-
forms to the hybrid representation of FIG. 2A. FIG. 2C
is a schematic representation of coupler 29 with the
additional phase shifts introduced.

The particular elements for the various stages of
power multiplier 10 will now be described with refer-
ence once more to FIG. 1. Front-end 12 comprises a
hybrid 50, a variable phase shifter 52, a pair of biphase
modulators 55z and 556, and a pair of klystrons 572 and
§7b. Hybrid 50 receives an input pulse at one of its input
ports only, and thus acts as a power splitter. The power
from the first output port is subjected to the operation
of phase shifter 52 and biphase modulator 55a prior to
amplification by klystron 57a. The power from the
second output port is subjected to the operation of bi-
phase modulator 555 prior to amplification by klystron
575

The successful operation of the invention depends on
the maintenance of precise phase relationships between
the pulses arriving at each stage. Absolute phase and
common propagation delays have no significance.
Therefore, there is no significant loss in generality in
considering the inputs to each stage to have zero phase
initially, and to measure subsequent phase shifts relative
to that. The description will be primarily in terms of
phases of 0° and 180°, with a + sign indicating a relative
phase of 0° and a — sign indicating a 180° phase shift.
Times are measured in units corresponding to the width
of the output pulse (at output terminals 20g-5). If the
power multiplier is used to increase the peak power into
an accelerator section and yield the maximum possible
voltage, the compressed pulse length is made equal to
the section fill time. That is, the unit of time is made
equal to the section fill time. For the two-stage embodi-
ment shown here, the input pulse is considered to have
a duration of four time units, and each of biphase modu-
lators 55a-b is capable of inserting (or removing) a 180°
phase shift in a time short compared to one time unit.
The function of variable phase shifter 52 is to ensure
that the outputs of klystrons 57a-4 are precisely in
phase or 180° out of phase (depending on the state of
biphase modulators 55a-b).

The particular phase coding regime that is impressed
on the electromagnetic wave in each of the two chan-
nels depends on the number of pulse compression stages
15. For the particular two-stage embodiment, biphase
modulator, 552 provides 0° phase for the first three time
units and 180° phase for the fourth time unit, while
biphase modulator 5§5b provides 0° phase for the first
two time units, 180° phase for the third time unit, and 0°
phase for the fourth time unit. In shorthand, the respec-
tive phase coding may be denoted as [+ + + —] for the
first channel and [+ + — +] for the second channel.

Each of pulse compression stages 15 comprises a
hybrid 60 and a delay line 62. For convenience, the
reference numerals for elements within any of stages 15
will bear the same subscript as that for the stage. The
delay of each stage’s delay line is equal to one-half the
duration of the pulse that is input to that stage from the
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previous stage, i.e., one time unit for delay line 62(1) and end feeding a single pulse compression stage. Thus, the
two time units for delay line 62(2). phase coding that is required for an N-stage device can

The respective outputs of klystrons 57¢ and 575 are be determined by a process, not unlike mathematical
coupled to the first and second input ports of hybrid induction, working backward from the first stage to the
60(2). Delay line 62(2) is connected between the first 5 Nth stage. The front-end provides the inputs to the Nth
output port of hybrid 60(2) and the first input port of  stage. Each compression stage receives pulses at its two
hybrid 60(1). Delay line 62(1) is connected between the input ports; the pulses at the two input ports are in phase
first output. port of hybrid 60(1) and output terminal during the first half of the pulses and out of phase dur-
20(2). The second output port of hybrid 60(2) is con- ing the second half. Moreover, for the first input port of
nected. to the second input port of first-stage hybrid 10 each stage other than the first, the phase coding during
60(1); the second output port of hybrid 60(1) is con- the first half is the same as the phase coding for the pulse
nected to output terminal 20(5). arriving at the first input port for the stage immediately

The basic operation of pulse compression stages 15 is downstream, and the phase coding during the second
that the two input ports of each stage’s hybrid receive half is the same as the coding for the pulse arriving at
simultaneous power inputs that are either in phase or 15 the second input port of the stage downstream.

180° out of phase, whereupon the hybrid acts as a phase- Table 1 shows the phase coding for a fourstage binary
dependent switch that selectively directs the combined power multiplier. A vertical line is drawn halfway
power to one or the other of the output ports. through each pulse to improve readability. As alluded
As stated above, the phase coding at the inputs of to above, the phases are all relative.
TABLE 1
Stage 4 3 2 1 o]
Input 1 44+—d+—+|ttt——md e bt bd—t 4|+~ +|+ +
+
Input2 +++—++—t ottt ttt—|—t— + =t +]-
hybrid 60(2) is [+ ++ —] at the first input port and For most applications, output pulses of the same

[+ +—+] at the second input port. During the first phase are suitable, in which case, the phase coding of
two time units, the phases of the two inputs are the same 30 Table 1 is sufficiently general. It should be noted, how-
([++1), whereupon the combined power exits the first ever, that the phase coding represents a special oase in
output port as a pulse two units long with a phase cod- that the ocutput pulses at the two output terminals are
ing of [+ +]. During the third and fourth time units, the chosen to have the same phase coding (in this case +).
phase coding is opposite ([+ —] for the first input port A more general case would be that the two output
and [—+] for the second input port), whereupon the 35 pulses have phase codings A and B, which may or may
combined power exits the second output port as a pulse not be the same, and may or may not be constant. Table
two units long with the phase coding [+ —]. Delay line 2 shows the phase codings for a four-stage device, with
62(2) delays the power exiting the first output port by the notation that a prime indicates a 180° phase shift. In

two units thereby rendering coincident the pulses arriv- the event that A and B are both the same, the entries on
ing at the input ports of first-stage hybrid 60(1). Table 2 reduce essentially to those of Table 1.
TABLE 2
Stage 4 3 2 1 [
|1 il ! | |
Input | ABABABAB|ABABABAB ABAB|ABAB AB|AB A 1|3 A
Input2 ABABABAB |ABABABAB ABAB|ABAB AB|AB A|B B

During the first time unit after arrival at hybrid 60(1),

the inputs both have the same phase coding [+] and 50 ‘

therefore the combined power is directed to the first In the generalized case, A and B could represent partic-
output port. During the second time unit, the phase is ular phase modulation regimes, repetitively and alter-
opposite for the two input ports ([+] and [—]), where- nately impressed on the inputs. For example, if A is
upon the combined power exits the second output port. [+++—] and B is [+ —+], with no additional
The one-unit delay imposed by delay line 62(1) renders 55 phase modulation, the outputs could be communicated
coincident the two pulses arriving at output terminals to additional pulse compression stages.

20a and 204, These pulses may be combined if desired, While the above discussion assumed that the input to
for example by communicating them to the respective the N*# stage is a pulse of 2 units duration, a continuous
input ports of a hybrid 65, whereupon the total com- input can be used. So long as the phase coding is appro-

bined power exits the first output port of hybrid 65. 60 priate for each 2V-unit segment, the output will be a
The operation described above is readily extended to series of pulses with a 2—~ duty cycle and a power

more than two stages. A pulse compression (with corre- amplitude 2 times that of the ampiitude of the continu-
sponding power multiplication) of 2/ requires an input ous wave at the Nt stage input ports.
pulse duration of 2 ¥ time units and N stages in tandem, The discussion in terms of power multiplication by a

with the ii-stage delay line providing a delay of 2*1 65 factor 2 ¥is based on the assumption that the losses are
time units. From the above discussion, it can be seen zero. Nearly zero dissipation is possible if the delay lines
that front-end 12 and second pulse compression stage are superconducting or are round guides operating in
15(2), considered together, can be thought of as a front- the TEg; circular mode. In general, however, each
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delay line causes some attenuation, so that the power
multiplication factor M; for the i*® stage is not 2, but
rather:

Mi=1+exp(—27), 7;=2"Tpa, 1
where 7;is the attenuation of the i* stage delay line in
nepers, Tris the duration of the output pulse, and a, is
the attenuation in nepers per unit time delay. The com-
pression efficiency 7, is given by:

M

N

(©02)

Mpe =

where M is the product of the individual multiplication
factors.

At microwave frequencies, the delay lines may be
sections of loaded or unioaded waveguide. For either a
loaded or an unloaded waveguide, the attenuation in
nepers per unit time delay is given by:

Pq

2w

©03)

o =

where pqis the power dissipated per unit length, and w
is the energy stored per unit length.
Since the attenuation is proportional to the time de-
lay, the attainment of high efficiencies for large com-
pression factors or long compressed pulses requires
" delay lines having a low attenuation per unit time delay.
Because the attenuation per unit time delay of a

--.smooth line is less than that of a loaded line of the same

" diameter, a smooth line is generally preferred for the
delay lines. The smooth line has the additional advan-
tages that it is easier to manufacture, is easier to cool
. (especially important if the line is superconducting), has
" a wider bandwidth and hence better step response, and
7is characterized by a lower field for a given transmitted
. power.

- . The dissipation of delay lines operating in the TEn;
‘mode decreases as the frequency increases, and is al-
most negligible at frequencies above 10,000 MHz with
round guides about 3 inches in diameter. The delay lines
operating in the TE;; circular mode have the smallest
diameter for a given frequency. The attenuations for the
TE11 and TEg; modes in round pipes are:

[(3) o]

R
TEpt: oy = W ('—%‘:—)

where Ry is the surface resistance, c is the velocity of
light, a is the guide radius, and 7 is the free space impe-
dance.

For a copper pipe, Rs=0.0261Vf and the attenuation
in nepers/ps in a guide of diameter D (cm) operating at
a frequency f (MHz) for the indicated modés are:

[

04
TE11: ar =

Ry
an

(©05)

©6)
0.0414 \rf_

D

3.09 > 108
D

TE1:ap = + 0.419 ]
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-continued
556 x 107
D372

©n
TEp;:a; =

FIG. 3 shows plots of a;as a function of diameter for
several frequencies. For < <1, the multiplication fac-
tor is 2(1 —7) and the efficiency is 1 —7. Since r=aTg,
these plots allow an estimate of the reduction of the
multiplication factor and of the efficiency due to attenu-
ation.

However, smooth lines suffer the disadvantage that a
1 microsecond delay line is 300 meters long. This can be
shortened by using a loaded line. A TEp; loaded line is
most suitable because it carries no axial current (and
therefore has the lowest attenuation per unit time delay)
and is easy to manufacture. At 2856 MHz, for example,
a cavity with a diameter of 5.4 inches has a,=0.163
nepers/us whereas a smooth guide of the same diame-
ter, operating in TE;; mode has a;=0.1 nepers/us.
Thus, a lightly loaded line is generally a good compro-
mise.

In addition to the power lost by delay line dissipation,
there is residual power loss because only when the input
powers are equal is it possible to adjust their relative
phase so that all power exits one output port with zero
residual power at the other output port. Fortunately, as
shown in Appendix 1, the ratio of residual power to
power lost by delay line dissipation is itself proportional
to the dissipation loss. Since the delay line loss must be
kept low in any case, the reduction of compression
efficiency due to residual power loss is insignificant.

The effect of dissipation losses can at least in part be
overcome by reducing the amplitude of the input pulse
in a stepwise (or continuous) fashion. If the reduction
corresponds to the attenuation in the delay lines, the
two pulses arriving at each stage will be equal in ampli-
tude.

FIG. 4 is a plan schematic illustrating the configura-
tion of a specific design of pulse compression stages
15(1) and 15(2). The reference numerals are the same as
in FIG. 1. The specific design uses folded delay lines in
order to overcome the length problem discussed above,
and is able to realize a relatively compact configuration.
The realization of the folded lines exploits the property
of the hybrid that if the two output ports are shorted,
the power traveling to the first input port exits the sec-
ond input port traveling in the opposite direction. This
is shown symbolically as heavy curved arrows through
the coupling apertures of the hybrids used to effect such
reversal of direction. The drawing is somewhat sche-
matic in that the dimensions are not shown exactly,
although delay line 62(2) is shown as introducing ap-
proximately twice the relative delay of delay line 62(1).

FIG. 5 is a block diagram of a radar system 80 utiliz-
ing the binary power multiplication technique of the
present invention. Power from an oscillator 82 is di-
vided by a power divider 85 and communicated to a
pair of transmitters 872 and 875 through respective
biphase modulators 88a and 885, which impress phase
coding on their respective power inputs as appropriate
for subsequent pulse compression, to be described be-
low. Basic timing for transmitters 87a-b and biphase
modulators 88a-b is established by signals from a clock
89. The power from transmitters 87a and 875 is fed to
respective antennas 90a¢ and 900 through respective
duplexers 92q and 925. The echoes, as received at anten-
nas 90a and 90b are coupled by duplexers 92z and 925 to
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respective receivers 952 and 955. The receiver outputs,
which carry the phase coding impressed by biphase
modulators 88z and 885 are communicated through a
set of pulse compression stages 100, which provides
pulse compression and power multiplication as de-
scribed in detail above. The output powers from the
pulse compression stages are combined at a power com-
biner 102 and measured or displayed by an appropriate
indicator 105.

It is noted that this configuration protects the re-
ceiver since the transmitted signal amplitude is low. The
radar system has the following advantages over fre-
quency modulated (chirp) radar: it does not require a
dispersive structure; the pulse rise time is sharper as
there are no side lobes; and there is no residual fre-
quency modulation in the compressed pulse.

As alluded to above, the present invention can be
operated in a mode where the input pulse is modulated
in phase, amplitude, or frequency during each unit time
interval, whereupon the compressed output pulse will
be correspondingly modulated. By way of example,
radar system 80 may utilize chirp radar as well. In such
a case, the signal from oscillator 82 is modulated by a
frequency modulator 110, and the signal from power
combiner 102 is passed through a dispersive delay line
112. The result is the pulse compression product of the
two methods. If the time between the clock pulses
equals the duration of the modulation pattern, the trans-
mitted signal is of constant amplitude. The received
compressed pulse is delayed from the clock pulse by the
duration of the modulation pattern plus the travel time
of the signal to the target and back. If a reverse phasing
pattern is initiated to undo the phase modulation on the
received signal when the compressed pulse arrives, one
obtains a continuous wave signal. The difference fre-
quency between this signal and the oscillator signal is
representative of the target velocity.

In conclusion, it can be seen that the present inven-
tion provides a surprisingly effective way for obtaining
short pulses of high power electromagnetic energy. The
design is very flexible in that the desired output is
readily tailored to the particular application needs by
choosing the appropriate number of pulse compression
stages. Since the phase coding is done at the input, the
upper limits on the power are set by the passive ele-
ments.

While the above is a complete description of the
preferred embodiments of the invention, alternate con-
structions, modifications, and equivalents may be used.
For example, ideally the delay lines should be supercon-
ducting for the compression efficiency to approach
100%, although it is possible to approach this using
circular TEq; overmoded room temperature copper
delay lines and hybrids. Circular TEg; mode directional
couplers have been developed and are discussed in “Ad-
vances in Microwaves,” edited by L. Young (Academic
Press 1966). Additionally, while the emphasis above is
on microwave frequencies, the invention can be imple-
mented in other frequency ranges (such as optical)
where hybrids, delay lines, biphase modulators, and
amplifiers are available. Therefore, the above descrip-
tion should not be taken as limiting the scope of the
invention, which is defined by the appended claims.

Appendix 1—Effect of Unequal Input Powers

Consider the effect when the powers at the two in-
puts of a hybrid coupler are unequal. With no loss in
generality it may be assumed that the power at input 1
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10
is f2 and at input 2 is unity. Also assume that the cou-
pling is c. Superposition may be used to obtain the out-
put powers. If the phase is adjusted for maximum power
at output 1, the two output powers P,; and P, are:

Pot=(V1=Z+ P, Pp=(fe—V1—ch?

For all power f2+-1 to exit output 1 with no power at
output 2 requires

1
£+

If the phase is adjusted for maximum power at output 2,
the two output powers are

Por=(V1—2—cR Pop=(fc+V1-c)?

For all power to exit output 2 with no power at output
1 requires

£
=F

For equal power inputs, (f2==1), both conditions can be
satisfied if c2=4; that is, the coupling is 3 dB, and all
POWer exits one output.

With unequal power inputs, there is no value of cou-
pling coefficient that can satisfy both conditions. While
it is possible to choose a coupling that causes all power
to exit one port only, this coupling will not permit all
power to exit the other output. Since the invention
ideally requires that all power be directed to either
output, it is impossible to adjust the coupling to accom-
modate unequal power inputs.

Fortunately, the power ratio f2 is close to 1, since the
delay line attenuation is required to be low. Therefore,
a coupling of 3 dB is very nearly ideal in the sense that
the residual power is small compared to the power loss
in the delay line, and its effect on compression effi-
ciency is small. For 3 dB coupling, ¢2=4, and the resid-
ual power Py, at either output is:

Par=

£y
V)

Let the power loss by delay dissipation be &, so that
f2=1—E. Substituting v/1—E for f gives

Pr=1-2_N1_3

2

which, for 6 < <1, reduces to P,r =582/4. This is to be
compared to the power lost by dissipation, which is §.
The ratio of residual power to dissipation power is §/4.
For example, for 1 dB delay line attenuation, the dissi-
pation power §=0.26, and the residual power is only
about 1/16 of the dissipation power.
I claim:
1. Apparatus for converting EM pulses to higher
power amplitude and shorter duration, comprising:
first and second four-port coupler means, each having
first and second input ports and first and second
output ports, for communicating EM power be-
tween said input ports and said output ports as
follows:
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if the input ports have respective power inputs of
equal amplitude and phase, the combined power
exits the first output port only,

if the input ports have respective power inputs of
equal amplitude and opposite phase, the com-
bined power exits the second output port only,
and

any power exiting either of the output ports has the
same phase as the power at the first input port;

said second four-port coupler means having its sec-
ond output port coupled to said second input port
of said first four-port cooupler means;

a first delay means, coupled between said first output-

port of said first four-port coupler means and an
output terminal, for delaying power exiting said
first output port of said first four-port coupler
means by one time unit;
a second delay means, coupled between said first
output port of said second four-port coupler means
and said first input port of said first four-port cou-
pler means, for delaying power exiting said first
output port of said second four-port coupler means
by two time units; and
means for supplying respective first and second si-
multaneous EM pulses to said first and second
input ports of said second four-port coupler means,
with each of said EM pulses having an amplitude of
one-quarter power unit and a duration of four time
units;
said means for supplying including associated means
for impressing respective phase codings on said
first and second EM puises before supplying said
EM pulses to said second four-port coupler means
so that
said first EM pulses has a first phase coding during
a first one-unit interval, a second phase coding
during a second one-unit interval, said first phase
coding during a third one-unit interval, and a
third phase coding opposite to said second phase
coding during a fourth one-unit interval, and

said second EM pulse has said first phase coding
during said first one-unit interval, said second
phase coding during said second one-unit inter-
val, a fourth phase coding opposite to said first
phase coding during said third one-unit interval,
and said second phase coding during said fourth
one-unit interval;

whereupon the EM power exiting said first delay
means has an amplitude of one power unit, a
duration of one time unit, and said first phase
coding, while the EM power exiting said second
output port of said first four-port coupler means
has an amplitude to one power unit, a duration of
one time unit, and said second phase coding,.

2. The apparatus of claim 1 wherein said second

phase coding is the same as said first"phase coding.

3. The apparatus of claim 1 wherein the phase coding

during each one-unit interval is constant.

4. The apparatus of claim 1, and further comprising:

means, associated with said means for supplying, for
amplifying said first and second EM pulses.

5. Apparatus for converting EM pulses to higher

power amplitude and shorter duration, comprising:

a plurality of N pulse compression stages, each hav-
ing a unique associated ordinal number in the range
of 1 to N inclusive;

for each value of i satisfying NZiZ1, the i?* stage
comprises a delay element of 2/—1 units and a four-
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port coupler having first and second input ports
and first and second output ports;

each of the four-port couplers operating on power

inputs at its input ports as follows

if the input ports have respective power inputs of
equal amplitude and phase, the combined power
exits the first output port only,

if the input ports have respective power inputs of
equal amplitude and opposite phase, the com-
bined power exits the second output port only,
and

any power exiting either of the output ports has the
same phase as the power at the first input port;

said stages being serially coupled in order of descend-
ing ordinal numbers as follows
for each value of i satisfying NZiz 1, the i’ stage
delay element is coupled between the first output
port of the i stage four-port coupler and the
first input port of the (i—1)* stage four-port
coupler,
the first stage delay element is coupled between the
first output port of the first stage four-port cou-
pler and a first output terminal,
for each value of i satisfying NZiZ 1, the second
output port of the i stage four-port coupler is
coupled to the second input port of the (i— 1)*
stage four-port coupler, and
the output port of the first stage four-port coupler
is coupled to a second output terminal;
means for supplying first and second substantially
simultaneous input pulses to the first and second
input ports, respectively, of the four-port cou-
pler of the N*# pulse compression stage, each of
said first and second input pulses having a dura-
tion of 2 units and a power amplitude of 3V
power unit; and
means for impressing respective phase codings on
said first and second input pulses before supplying
said input pulses to the input. ports of the four-port
coupler of the Nth puise compression stage such
that each stage receives first and second pulses at
the input ports of the four-port coupler for that
stage;
for each value of i satisfying NZiZ I, the pulses that
are received at the i# stage are 2/ units in duration,

for each value of i satisfying N=Zi=1, during the first
half of the pulses that are received at the i*% stage,
the phase coding of the pulse that is input to the
first input port is the same as the coding of the pulse
that is input to the second input port, and during
the second half of the pulses, the phase coding is
opposite, and

for each value of i satisfying NZi2 1, during the first

half of the pulses that are input to the i stage, the
phase coding of the pulse that is input to the first
input port for the i? stage is the same as the phase
coding of the pulse that is input to the first input
port for the (i—1)® stage, and during the second
half of the pulses that are input to the i** stage, the
phase coding of the pulse that is input to the first
input port of the i* stage is the same as the phase
coding of the pulse that is input to the second input
port of the (i— 1) stage.

6. A method of converting an EM pulse to higher
power amplitude and shorter duration, comprising the
steps of:

splitting the pulse into two channels to provide two

pulses that are substantially coextensive in time;
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impressing respective phase codings on the two
pulses;

thereafter subjecting the pulses in the two channels to
N pulse compression steps, each pulse compression
step comprising the substeps of

combining the pulses in both channels and directing
the combined power to the first channel during the
first half of the pulse duration and to the second
channel during the second half of the pulse dura-
tion, based on the phase codings impressed prior to
said pulse compression steps, and
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delaying the pulse in the first channel by an amount
equal to half the pulse duration so as to render the
resultant pulses in both channels substantially coin-
cident;
whereupon each pulse compression step causes the
power to be doubled and the pulse length to be
halved, so that the result of said N binary multipli-
cation steps is a power increase of 2V and a time
compression of 2%,
7. The method of claim 6, and further comprising the
step, carried out immediately before said subjecting

steps, of amplifying the pulses in the two channels.
* * * * *



