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ABSTRACT: An impedance matching device for automati 
cally and continuously matching a time varying microwave 
load to a ?xed frequency microwave power source and its out 
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MICROWAVE IMPEDANCE MATCHING SYSTEM 

This invention relates to a microwave impedance matching 
system for matching a microwave input waveguide to a 
microwave output waveguide. 

In microwave systems, it is important that one section of a 
waveguide be matched to another section and this is particu 
larly true when the other section is the output section having a 
microwave load connected thereto. Microwave power sources 
such as power irlystrons, magnetrons, and similar devices are 
commonly used to deliver microwave energy to radiating ap 
paratus, to cavities for heating of materials, to meander lines 
for drying sheet or ?lmlike materials, and to similar devices in 
which electromagnetic fields at microwave frequencies have 
to be developed. Commonly, these loading devices present ad 
mittances to the microwave power source and its output line 
that do not constitute matched conditions. Moreover, the ad 
mittances of the loading devices often vary with time as a 
result of changes in the physical properties of the devices 
themselves, or the materials contained within them. 

Frequently, microwave power sources operate properly 
only if the degree of mismatch between the load and the 
power source with its output line does not exceed certain 
limits. In fact, damage to the power source may result if large 
degrees of mismatch are allowed to exist for some period of 
time. As is well known, microwave power sources reach their 
greatest efficiency and deliver their maximum power to the 
load only if the load is matched to the power source and its 
outputline. 

In view of the above, it is of the utmost importance that a 
matched condition be maintained between the microwave 
power source and its load and that, in the event of a change in 
the loading, a correction be applied as rapidly as possible to 
return the source and load to matched conditions. Main‘ 
tenance of matched conditions at all times should produce 
considerable bene?ts resulting from high efficiency, and in 
creased life and reliability of operation of the power sources. 

Previously proposed methods of dealing with ?xed 
mismatch conditions are the inserting of matching devices in 
the waveguide or line connecting the power source and its 
load, such as slide-screw tuners, E-H tuners, single and double 
stub tuners, and sets of adjusting rods or screws protruding 
into the waveguide. A matched condition is normally obtained 
by adjustment of one or more of the above devices. 
Loads that vary with the passage of time are often dealt with 

by means of a special construction of the loading device or by 
repeated adjustment of matching devices by a human opera 
tor. Under these circumstances only very approximate 
matching can be obtained. 

It is an object of the present invention to provide a 
microwave impedance matching system which is capable of 
use to sense the degree of mismatch or match between a 
microwave input waveguide and a microwave output 
waveguide and to provide automatic adjustment whereby said 
input and output waveguides are maintained in a substantially 
matched condition. 
According to the present invention, there is provided a 

microwave impedance matching system for matching a 
microwave input waveguide to a microwave output waveguide 
including a waveguide parallel tee connected to the output 
waveguide, said parallel tee including a parallel short circuit, a 
mismatch sensing device associated with the input waveguide 
to sample the standing wave pattern therein and to provide 
signals indicative of the degree of mismatch of said input 
waveguide to said output waveguide, a first waveguide phase 
shifting device connected in said parallel tee between said 
input waveguide and said short circuit, a second waveguide 
phase-shifting device connected in said output waveguide, 
said ?rst and second waveguide phase-shifting devices being 
capable of adjustment in response to said signals to change the 
value of admittance at the plane of symmetry of said 
waveguide parallel tee in a direction to reduce thedegree of 
mismatch of said input waveguide to said output waveguide. 
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An embodiment of the present invention will now be 

described, by way of example, with reference to the accom 
panying drawings in which: 

FIG. I is a diagrammatic representation, in block form, of 
apparatus according to the present invention; 

FIG. 2 is a graphical representation of the electric ?eld 
standing wave pattern in the main waveguide of FIG. 1 to illus~ 
trate the positioning of the detector probes therein; 

FIG. 3 is a graphical representation of the magnetic ?eld 
standing wave pattern in the main waveguide of FIG. 1 to illus 
trate the positioning of the detector probes therein; 

FIG. 4 is a diagrammatic representation, partly in cross sec 
tion, of a crystal detector probe for use in the apparatus of 
FIG. ii to sample the electric field in the main waveguide; 

FIG. 5 is a diagrammatic representation, partly in cross sec 
tion, of a typical detector probe for use in the apparatus of 
FIG. ii to sample the magnetic ?eld intensity in the main 
waveguide; 

FIG. 6 diagrammatically illustrates a typical phase-shifter 
device, partly in cross section, for use in the apparatus of FIG. 

FIG. 7 is a diagrammatic representation, partly in cross sec 
tion, of a part of the phase-shifter of FIG. 6, the view being 
taken at right angles to the view illustrated in FIG. 6 and sub 
stantially parallel to the longitudinal axis of the respective 
waveguide section; 

FIG. 8 is a cross-sectional representation to show the con 
struction of a drive coil for use in that phase-shifter which is 
located in the ‘waveguide parallel tee of FIG. 1; and 

FIG. 9 is a block schematic representation of the electronic 
control unit which it utilized in the apparatus illustrated in 
FIG. 1. 
Throughout the drawings the same numbers are used to il 

lustrate like parts. 
Referring to FIG. I, microwave energy from a microwave 

power source 1 is fed to a main waveguide 2, by way of a fer 
rite uniline stage 3. The uniline stage 3 is effective to match 
the power source l to the main waveguide 2 by allowing ener 
gy to pass unattenuated only in the direction from power 
source I to main waveguide 2. Re?ected energy moving in the 
direction from main waveguide 2 towards the power source l 
is absorbed in the ferrite uniline 3. The illustrated arrange 
ment of the microwave power source and the uniline stage is 
conventional. 
Energy emerging from uniline stage 3 is transmitted through 

the main waveguide 2, i.e. the input waveguide, and delivered 
to the microwave waveguide load 4 by way of the output 
waveguide, of which it may be regarded as forming a part. If 
the waveguide load 4 were matched to the main waveguide 2, 
i.e. if the admittance presented by waveguide load 4 were 
equal to the characteristic admittance of main waveguide 2, 
all the energy delivered by main waveguide 2 to the load 4 
would be absorbed in waveguide load 4 and none of the ener 
gy would be re?ected. However, if waveguide load 4 is not 
matched to main waveguide 2, some of the energy delivered to 
load 4 by waveguide 2 will be re?ected by load 4. A small por 
tion of the energy reflected by waveguide load 4 emerges from‘ 
port 6 of waveguide directional coupler 5. Crystal detector 7, 
which is made to operate in its square law region, converts the 
microwave energy emerging from the port into a DC signal on 
line 8. Because of the particular and conventional mode of 
operation of directional coupler 5 and detector crystal 7, line 
8 carries a DC signal which is proportional to the square of the 
re?ection coefficient of microwave waveguide load 4. The use 
of the signal on line 8 will be discussed later. 
Admittance is a complex quantity which can be considered 

as consisting of a real part and an imaginary part. Waveguide 
short circuit 13, together with phase-shifter 12, is capable of 
producing any desired positive or negative imaginary ad‘ 
mittance in parallel with main waveguide 2 at the plane of 
symmetry 11 of waveguide parallel tee It). The actual value of 
this admittance depends upon the adjustment of phase-shifter 
l1. Phase-shifter 9, it its adjustment is altered, changes the 
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electrical line length between microwave waveguide load 4 
and the plane of symmetry 11 of waveguide parallel tee 10. 
The total admittance in main waveguide 2 at the plane of sym 
metry ll of parallel tee 10 is determined by the admittance of 
waveguide load 4 as altered through the particular electrical 
line length which depends upon the adjustment of phase 
shifter 9, and by the imaginary admittance added by 
waveguide short 13 and phase-shifter 12. 
The total waveguide load, i.e. the output waveguide, com 

prising microwave load 4, waveguide directional coupler 5, 
line-length phase-shifter 9, waveguide parallel tee 10, parallel 
stub phase-shifter l2, and waveguide short 13, may be 
matched to main waveguide 2, i.e. the input waveguide, by 
?rst adjusting phase-shifter 9 until the real part of the ad 
mittance at the plane of symmetry 11 is equal to the ad 
mittance of main waveguide 2 and by, thereafter, adjusting 
phase-shifter 12 to produce enough parallel imaginary ad 
mittance of appropriate sign to cancel the imaginary part of 
the admittance at the plane of symmetry 11. 

If the total admittance at the plane of symmetry 11 of paral 
lel tee 10 is equal to the admittance of the main waveguide 2, 
the load is matched and there will be no re?ection of energy 
from the plane of symmetry 11 in the main waveguide 2. if the 
total admittance at the plane of symmetry 11 is not equal to 
the admittance of the main waveguide 2, some of the energy 
transmitted towards the load by main waveguide 2 will be 
re?ected. The energy travelling towards the plane of sym 
metry l1 and the energy re?ected back from the plane of sym 
metry 11 will interfere and set up a standing wave pattern in 
the main waveguide 2. 
Microwave probes 14 on the input main waveguide 2 sam 

ple the particular standing wave pattern that exists. A small 
portion of the energy travelling in both directions along the 
main waveguide 2 reaches crystal detectors l5, l6 and 17. 
Crystal detectors 15, 16 and 17 are especially positioned along 
the main waveguide 2, and the penetration of the microwave 
probe 14 is adjusted such that crystal detectors 15, 16 and 17 
operate in their square law regions. More particularly, the 
positioning and adjustment of penetration into the waveguide 
of probes 14 is such that the resulting DC signals on lines 18, 
19 and 20 can be arithmetically combined in the electronic 
control unit 21 to produce electrical signals proportional to 
the real and imaginary vector components of the re?ection 
coefficient at the plane of symmetry 11 of parallel tee 10. 
The signal proportional to the imaginary vector component 

of the re?ection coefficient at the plane of symmetry 11 is am 
pli?ed many times and is then applied, through line 22, to an 
electromechanical mechanism which adjusts phase-shifter 12. 
This constitutes a closed negative feedback loop. The adjusta 
ble part of phase-shifter 12 will continue to move until the 
imaginary vector component of the re?ection coe?icient at 
the plane of symmetry 11 has become zero. While the adjusta 
ble portion of phase-shifter 12 moves, the electromechanical 
driving mechanism will also produce an electrical signal whose 
magnitude depends on the rate and direction of motion and 
upon the instantaneous position of the adjustable part of 
phase-shifter 12. The said rate signal appears on line 23. Elec 
tronic control unit 21 amplifies the rate signal on line 23 and 
mixes it with the signal proportional to the imaginary vector 
component of the re?ection coefficient at the plane of sym 
metry 11. The rate signal of line 23, therefore, serves to damp 
the motion of the adjustable part of phase-shifter l2, and to 
prevent the adjustable part of phase-shifter 12 from moving 
too far by braking its motion. 
The said damping produce by the rate signal on line 23 is 

purposely made nonlinear, by having it depend upon the posi 
tion of the adjustable portion of phase-shifter 12. This is done 
in order to obtain minimum time adjustment of phase-shifter 
12 for all degrees of mismatch of waveguide load 4. The effec 
tive loop gain of the control loop involving phase-shifter l2 
grows to infinity at extreme positions of the adjustable part of 
phase-shifter 12. As explained later, the range of adjustment 
of phase~shi?er 12 has been mechanically limited, so that the 
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4 
loop gain merely becomes very large. The rate signal is made 
to increase as the adjustable part of phase-shifter l2 ap 
proaches extreme positions in order to maintain optimum 
damping over the full range of adjustment of phase-shifter 12 
independent of the effective loop gain. 
The range of adjustment of phase-shifter 12 is mechanically 

limited to slightly less than 180° of phase-shift in such a way 
that the position corresponding to zero imaginary admittance 
added at the plane of symmetry 11 on main waveguide 2 lies in 
the center of the adjustment range of phase-shifter 12. Within 
this limited range each position of adjustment of phase-shifter 
12 corresponds to a unique value of imaginary admittance 
which appears in parallel with main waveguide 2 at the plane 
of symmetry 11 of parallel tee 10. 
The signal proportional to the real vector component of the 

re?ection coefficient at the plane of symmetry 11 is greatly 
ampli?ed and then applied to the electromechanical driving 
mechanism of phase-shifter 9 along line 24, in order to move 
the adjustable part of phase-shifter 9. While the adjustable 
portion of phase-shifter 9 is moving, its electromechanical 
driving mechanism also produces a rate signal along line 25 
which depends upon the rate and direction of motion of the 
adjustable part of phase-shifter 9. in the electronic control 
unit 21 the rate signal of line 25 is amplified and mixed with 
the real vector component signal of the re?ection coefficient 
at the plane of symmetry 11. Thus, the rate signal on line 25 
serves to damp the motion of the adjustable part of phase 
shifter 9, to brake it and prevent motion beyond the point of 
balance. Once again, the above constitutes a closed negative 
feedback control loop; the adjustable portion of phase-shifter 
9 continues to move until the real vector component of the 
reflection coefficient at the plane of symmetry 1 1 has become 
zero. 

The effective loop gain of the control loop involving phase‘ 
shifter 9 depends, to a large extent, upon the magnitude of the 
re?ection coefficient of waveguide load 4. in order to obtain 
minimum time adjustment of phase~shifter 9 for a large range 
of load 4 values, it is necessary to change the control loop gain 
in accordance with the magnitude of the re?ection coe?‘icient 
of waveguide load 4. Electronic control unit 21 contains a 
means of changing the gain of the control loop involving 
phase-shifter 9 as a function of the signal of line 8 which is 
proportional to the square of the re?ection coefficient of 
waveguide load 4. 
The position of balance of the adjustable part of phase 

shifter 9, corresponding to a certain value of waveguide load 
4, is not unique. Within any particular 180° range of adjust 
ment of phase-shifter 9, there are two distinct positions of 
balance, of which one is a stable balance point while the other 
point is unstable. Whichever of the two balance points is sta 
ble depends upon the load 4 and upon the sign of the loop gain 
involving phase-shifter 9. Certain cyclical changes in the value 
of waveguide load 4 could force phase-shifter 9 to try and in~ 
crease its phase-shift well beyond the range of 180° to which it 
is mechanically limited. Should phase-shifter 9, in the course 
of trying to reach and maintain a balance, want to exceed one 
of its limits of adjustment, an electro-optical device will sense 
this and will produce an electrical voltage on either one of 
these lines 26 and 27. Electronic control unit 21 reacts to 
these signals on lines 26 and 27 by changing the sign of the 
gain of the control loop involving phase-shifter 9, and by 
simultaneously producing a short pulse on line 24 which drives 
phase-shifter 9 away from its limit of adjustment. Switching 
the sign of the control loop gain changes the previously stable 
balance point to an unstable one and causes phase-shifter 9 to 
seek out the formerly unstable, but now stable, balance point 
which will assuredly lie within its range of adjustment. Driving 
phase-shifter 9 away from the particular limit of adjustment 
towards the new balance point by means of a pulse of suitable 
length and polarity on line 24 assures that the adjustment 
towards the new balance is initiated in the correct direction 
and that the adjustment will be completed in minimum time. 
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The two separate control loops mentioned above operate 
simultaneously and continuously, but not, by any means, inde 
pendently. The automatic matching of a load, which has just 
deviated from a previous value, by the action of the two con 
trol loops upon the moving parts of the phase-shifters 9 and 
12, proceeds according to a de?nite but variable schedule 
which is a function of the new value of load 4 and the previous 
adjustment positions of the phase-shifters 9 and 12. The 
schedule of motion of the adjustable parts of phase-shifters 9 
and 12 will be such that minimum time is consumed in the ad 
justment. 

FIGS. 2 and 3 illustrate the proper positioning of the crystal 
detector probes 14 along the main waveguide 2. 
There are two distinct cases. For low power systems probes 

14 may be used which sample the intensity of the electric ?eld 
in the main waveguide 2. Electric ?eld sampling is depicted in 
FlG. 2. 

At high microwave power levels problems may arise with 
waveguide arcing and breakdown if electric ?eld probes are 
used. Therefore, at high power levels the magnetic ?eld inten 
sity is sampled instead, by means of differently arranged 
probes 14. Magnetic ?eld sampling is shown in FIG. 3. 

Referring ?rst to electric ?eld sampling, as shown in FIG. 2, 
if the main waveguide 2 is terminated with a ?ctitious short at 
the plane of symmetry 11 of parallel tee 10, minimal in the 
electric field will occur along main waveguide 2 at points n/2 
Ag distance away from the short, when n is a positive integer 
and Ag is the wavelength in the waveguide. Central crystal de 
tector probe 16 is then positioned such that it samples the 
electric ?eld exactly at such a minimum 28. Crystal detector 
probes 15 and 17 are, thereafter, positioned one on either side 
of central probe 16 and 1/8 Ag away from the central probe 
16. 

Now referring to magnetic ?eld sampling as shown in FIG. 
3, for the same ?ctitious short as above at the plane of sym 
metry 11 of parallel tee 10, minimal in magnetic ?eld intensity 
will occur at points (rt/2 Ag + 1/4 Ag) distance away from the 
short, where n is a zero or positive integer and Ag is the 
waveguide wavelength. Again, central probe 16 is placed ex 
actly at a minimum 29 in magnetic ?eld intensity resulting 
from a short at the plane of symmetry 11, while crystal detec 
tor probes 15 and 17 are placed on either side of probe 16 but 
1/8 Ag away from probe 16. 
FIGS. 2 and 3 have several requirements in common. The 

microwave crystals used for crystal detector probes 15, 16 and 
17, preferably, should be matched. A further requirement is 
that for a matched load condition the outputs from crystal de 
tectors 15, 16 and 17 be equal, while the amplitude should be 
such that the detector crystals 15, 16 and 17 always operate in 
their square law regions for the power levels used and for al 
most all degrees of mismatch. The detector probe section 14 
contains means of adjusting the actual intensity of the electric 
or magnetic ?eld reaching the detector crystals. To obtain the 
proper operation of probe section 14, the ?eld intensity at de 
tector crystal 17 is ?rst adjusted such that crystal 17 will 
deliver maximum DC signal while still operating in its square 
law region. Then, with the entire matching apparatus in work 
ing order, the ?eld intensity at detector crystals 15 and 16 is 
adjusted to obtain a matched load condition. 
An alternate method of obtaining the correct setting of the 

?eld intensity at the probe crystals 15, 16 and 17 is to connect 
a matched load to main waveguide 2 directly after the detec 
tor probe section 14. The ?eld intensity at detector 17 is, 
again, adjusted for operation of the crystal well within its 
square law region. The ?eld intensities at detector crystals 15 
and 16 are subsequently set such that their DC output signals 
are equal to that of crystals 17. 

Introduction of detector crystal probes 15, 16 and 17 into 
main waveguide 2 will produce some undesirable re?ections 
in main waveguide 2. However, most of these re?ections can 
be cancelled out. Crystal probes 13 and 17 are placed one 
quarter wavelength apart; their re?ections in main waveguide 
2, therefore, cancel. The re?ection caused by detector probe 
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6 
16 can be cancelled by placing a dummy probe without a 
crystal, 311 or 31, one quarter guide wavelength away from de 
tector probe 16. Under these conditions, probe section 14 will 
have minimum effect upon the standing wave pattern in main 
waveguide 2. 

FIG. 4 represents a cross section of one of the crystal detec 
tor probes of probe section 14 used to sample the electric 
?eld. The electric ?eld to be sampled appears in waveguide 
section 32 which is part of main waveguide 2. Movable holder 
35 can be slid along waveguide section 32 for positioning of 
the crystal probes, while setscrews 331 will fasten holder 36 in a 
?xed position. The electric ?eld is sampled by probe 34 which 
is connected to one terminal of detector crystal 39. Probe 34 
is also connected to the metal parts of detector body 36, which 
serves as ground connection, through disc resistor 41. Disc re 
sistor 41 is necessary to provide a retum path for the DC out 
put signal from crystal 39 which passes to BNC connector 37 
through contact and retaining spring 49. Output line 19 con— 
nects to BNC connector 37 and consists of a shielded cable. 
The center conductor of shielded cable 19 carries the signal 
from crystal 39 while its outer conductor is tied to the 
grounded metal parts of detector body 36. Coupling slot 54 al 
lows probe 34 to protrude into the waveguide section 32. As 
explained previously, the degree of electrical coupling 
between the electric ?eld in waveguide section 32 and probe 
34, and therefore the electric ?eld intensity reaching crystal 
39 needs to be varied. This is accomplished by raising or 
lowering of detector body 36 in holder 35 and by then ?xing 
probe 34 at the desired penetration by tightening of setscrew 
33. 

A method for sampling of the magnetic ?eld intensity in 
main waveguide 2 at high microwave power levels is illus 
trated in FIG. 5. Waveguide section 44 is part of main 
waveguide 2 which carries the high power microwave signal. 
A small part of the magnetic ?eld in waveguide section 44 is 
coupled into auxiliary waveguide 43 by means of round 
coupling hole 52. Auxiliary waveguide 43 has dimensions that 
are considerable smaller than those of waveguide section 44, 
which means that auxiliary waveguide 43 operates in a cutoff 
mode. A waveguide operating in a cutoff mode will not 
propagate energy; instead, the electric and magnetic ?elds in 
cutoff waveguide 43 decay exponentially with increasing 
distance away from coupling hole 52. Coupling loop 51 sam 
ples the magnetic ?eld in auxiliary waveguide 43. One side of 
coupling loop 51 is grounded to crystal detector body 48, 
while the other side is connected to one terminal of detector 
crystal 45 which is insulated from the grounded metal parts of 
detector body 43 and from the metal waveguide 43 by means 
of plastic insert 54' and insulator disc 50. The intensity of the 
magnetic ?eld coupling into crystal 45 may thus be adjusted 
by varying the position of coupling loop 51 along auxiliary 
waveguide 43. The output signal from crystal 45 passes 
through contact and retaining spring 46 to the inner conduc 
tor terminal of BNC connector 47. Line 19 is, again, a coaxial 
cable, the inner conductor of which carries the DC output 
signal from crystal 45, while its outer conductor is grounded to 
the metal parts of detector body 43 by means of connector 47. 
Auxiliary waveguide 43 contains a central longitudinal slot 42 
which allows room for coupling loop 51 if detector body 43 is 
slid along waveguide 43 to vary the intensity of the sampled 
magnetic ?eld. Detector body 43 can be ?xed in position on 
auxiliary waveguide 43 by means of setscrew 49. 
The electromechanical phase-shifters 9 and 12 in FIG. 1 are 

similar in construction. A representative phase-shifter is illus 
trated in FIGS. 6 and 7. The operation and construction of the 
typical phase-shifter shown in FIGS. 6 and 7 will ?rst be ex 
plained; later, the differences between phase-shifters 9 and 12 
will be set forth. 
The phase-shifter illustrated is of the movable dielectric slab 

type. Dielectric slab 33 contained within waveguide section 56 
can be moved transversely in waveguide section 56 to produce 
varying amounts of differential phase-shift. 
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Polystyrene is a reasonably rigid plastic which absorbs very 
little power at microwave frequencies. Polystyrene has, there 
fore, been chosen as the material for construction of dielectric 
slab 55. In order to reduce the occurrence of troublesome 
microwave re?ections the dielectric slab 55 has long tapers 57 
at either end. The slab 55 is supported in waveguide section 56 
on three hollow, brass, rhodium plated, and highly polished 
pins 58, 59 and 60. Central pin 59 slides in two Te?on sleeve 
bearings 63 and 64 and has slab 55 solidly attached to it. Mov 
ing of pin 59 in its sleeve bearings 63 and 64 causes a change 
in position of slab 55 in waveguide section 56. It is necessary 
to cancel re?ections of microwave energy from pin 59 over a 
broad range of microwave frequencies, and it is equally essen 
tial to prevent slab 55 from rotating about pin 59. Therefore, 
pins 58 and 60 were added at distances of three-eighth of a 
guide wavelength away from pin 59. Slab 55 slides on pins 58 
and 60 which are rigidly attached to the sidewalls of 
waveguide section 56, by means of Teflon inserts 61 and 62. 
Te?on is used for the support bearing surfaces since polished 
rhodium sliding on Te?on produces a very low friction bear 
ing. Te?on is also a material which exhibits very low loss pro 
perties in microwave ?elds, and it has a dielectric constant 
which is very close to that of polystyrene. 
Waveguide section 56 is attached to a support structure 73 

which simultaneously serves to support two magnet structures 
which consist of permanent magnets 68 and 79, yokes 69 and 
81, and polepieces 67 and 80. Yokes 69 and 81, and 
polepieces 67 and 80 are shaped such that most of the mag 
netic field induced by permanent magnets 68 and 79 appears 
in magnetic airgaps 70 and 78 respectively. The magnet struc 
tures are fastened to the support 73 by means of screws 71, 72, 
84 and 85. 
Attached to either end of pin 59 there are two plastic discs 

65 and 76 which, respectively, support two enamel insulated, 
copper wire coils 66 and 77. Coils 66 and 77 move in air gaps 
70 and 78 simultaneously as slab 55 and pin 59 move. Thin 
electrical wires 75 connect coil 66 to terminals 74 and thin 
wires 82 connect coil 77 to terminals 83. Coil 66 is the drive 
coil which will cause slab 55 to move in waveguide section 56. 
Application of a voltage to terminals 74 causes a current to 
?ow in coil 66 which, in turn, produces a force on coil 66 since 
part of coil 66 is contained within magnetic airgap 70. The 
force produced is a function of the current magnitude and 
direction in coil 66, but does not depend on the position of 
slab 55 in waveguide section 56 since a ?xed number of turns 
of coil 66 is always contained within magnetic airgap 70. 

It is,v thus, a feature of the illustrated construction of this 
phase-shifter that a current in coil 66, resulting from a voltage 
applied to terminals 74, is directly converted into a propor 
tional force which causes linear transverse motion of slab 55 
in waveguide section 56, while the frictional resistance to mo 
tion of slab 55 is minimal. 
Motion of slab 55 and pin 59 is accompanied by similar mo 

tion of coil 77 in magnetic airgap 78. Coil 77 in gap 78 
operates in a manner reciprocal to that of coil 66. Coil 77 
produces a voltage at terminals 83 which is directly propor 
tional to the velocity or rate of motion of slab 55. The output 
voltage at terminal 83 is, therefore, called the rate signal. 
Over a limited range of motion of slab 55 close to sidewall 

86 in waveguide, section 56, the differential phase-shift 
produced by this phase-shifter is almost linearly related to the 
position of slab 55 with respect to sidewall 86. Slab 55 is al 
lowed to move over such a range that at one extreme slab 55 
contacts sidewall 86, while at the other extreme position disc 
65 contacts brackets 87. The position of bracket 87 is adjusta 
ble. Moreover, bracket 87 can be ?xed, by means of screw 88, 
in such a position that the total range of differential phase 
shift is 180°. 
Now referring speci?cally to the construction of linelength 

phase-shifter 9, as illustrated in FIGS. 6 and 7, some special 
additional features become apparent. 

Drive coil 66, as part of phase-shifter 9, consists of two full 
length layers of enamel insulated copper wire cemented into a 
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8 
cylindrical coil shape. Likewise, rate coil 77 consists of six 
layers of thin enamel insulated wire cemented into a cylindri 
cal shape. > 

The total range of differential phase-shift of phase-shifter 9 
is set to slightly more than 180° by means of bracket 87. Discs 
65 and 76 have two vanes 90 and 91, respectively, which, at 
the extreme positions of slab 55 in waveguide section 56, in 
terrupt light beams which pass from light source tube 92 to 
photocell 93 and from light source tube 94 to photocell 95. 
Light source tubes 92 and 94 are hollow brass tubes which 
direct the light from wheat grain bulbs 96 and 97 in narrow 
beams towards photocells 93 and 95 which, in turn, are al 
lowed to have only a narrow angle of light acceptance. Volt 
age is applied across terminals 100 and 101 and, therefore, 
across the series connection of light bulb 96, resistor 102 and 
light bulb 97, where resistor 102 sets the proper operating cur 
rent for light bulbs 96 and 97. Photocell 93, resistor 103 and 
photocell 95 are connected in series between terminals 104 
and 107, while the same voltage is applied between terminals 
104 and 107 as between terminals 100 and 101. Resistor 103 
sets the operating current for photocells 93 and 95. 

Normally, with light reaching both of photocells 93 and 95, 
the effective resistance of photocells 93 and 95 is low and al~ 
most no voltage appears between terminals 104 and 105 on 
the one hand, and terminals 106 and 107 on the other. if slab 
55 reaches one of its two extreme positions the light to one of 
photocells 93 and 95 will be interrupted. The photocell in 
question will increase its resistance and a voltage will suddenly 
appear between either terminals 104'and 105, or terminals 
106 and 107. Electronic control unit 21 reacts to the ap 

' pearance of voltage on either one of lines 26 and 27, which are 
connected to terminals 105 and 106 respectively. 

Shorted stub phase-shifter 12 is similar in construction to 
phase‘shifter 9, but with some important differences which are 
described here. 
The range of differential phase-shift of phase-shifter 12 is 

made to be slightly less than 180°, by means of bracket 87. 
Since no corrective action needs to be taken if slab 55 of 

phase-shifter 12 reaches either extreme position, the entire 
light source and photocell structure is missing. Speci?cally, 
phase-shifter 12 does not have light bulbs 92 and 94, 
photocells 93 and 95, resistors 102 and 103, vanes 90 and 91, 
nor any of the connection terminals 100, 101, 104, 105, 106 
and 107 associated with them. 
The construction of drive coil 66 of phase-shifter 12 is ex 

actly the same as that of phase-shifter 9. However, rate coil 77 
of phase-shifter 12 is different. Referring to FIG. 8, rate coil 
77 is wound with eight layers of ?ne enamel insulated copper 
wire cemented into the cylindrical shape. But, the various 
layers do not all extend over the full length of the coil. The 
?rst layer extends over the full length, while each successive 
layer has an ever widening central gap. The overall result is 
that, in cross section the coil exhibits a curved pro?le 89 
which approximates a secant squared curve. The rate signal 
produced by coil, 77 of phase-shifter 12 is now a function of 
both the slab 55 velocity and its position in waveguide section 
56. An explanation of the need for this was presented before. 

FIG. 9 is a diagram which shows the construction of elec 
tronic control unit 21 in a little more detail. 
As shown in FlG. 9, the signals from crystal detectors 15, 16 

and 17 which arrive along lines 18, 19 and 20 are immediately 
amplified by ampli?ers 108, 109 and 110. Ampli?ers 108, 109 
and 110 have exactly equal gains so that the ratios of the 
signals after ampli?cation are not altered. The said three am 
pli?ers are integrated circuit operational ampli?ers used in a 
positive gain mode and with their input impedances set such 
that detector crystals 15, 16 and 17 will most closely approach 
square law operation, while high initial gain reduces noise 
problems. ‘ 

After the initial ampli?cation the signals which now appear 
on lines 135, 136 and 137 are combined as follows: opera 
tional ampli?er 113, used in a unity gain differential mode, 
produces an output on line 138 which is equal to the dif 
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ference between the signals on lines 135 and 137; the signal on 
line 138 is, in fact, proportional to the imaginary vector com 
ponent of the re?ection coef?cient at plane of symmetry 11 in 
main waveguide 2. The sign and magnitude of the signal on 
line 138 are displayed on meter 133. Similarly, integrated cir~ 
cuit operational ampli?er 114 sums the signals on lines 135 
and 137 and adds to this the output from operational ampli?er 
112 whose output is equal to two times the signal on line 136. 
The resulting output signal from ampli?er 114 which appears 
on line 139 is proportional to the real vector component of the 
re?ection coefficient at the plane of symmetry 11 in main 
waveguide 2. Again, the sign and magnitude of the signal on 
line 139 can be read off meter 134. 
The rate signal of line 23 passes through potentiometer 120 

which allows the damping of the control loop to be adjusted, 
and then appears on line 140. Integrated operational ampli?er 
115 further ampli?es the sum of the signal on lines 138 and 
140. The output from ampli?er 115 is fed to power ampli?er 
117 through potentiometer 122 which makes it possible to set 
the control loop gain. Power ampli?er 117 adds further volt 
age gain and has high output current capabilities. Line 22 con 
nects the output from power ampli?er 117 to the drive coil of 
the shorted stub phase-shifter 12. 

Line 25 carries the series line phase-shifter 9 rate signal 
which is adjusted in magnitude by potentiometer 121 and 
which then appears on line 141. Potentiometer 121 is another 
control loop damping adjustment element. 
The signal on line 8, which is proportional to the square of 

the load 4 re?ection coefficient, is ampli?ed by integrated cir 
cuit operational ampli?er 111 and delivered to line 142. 
Whenever slab 55 of series line phase-shifter 9 reaches an 

extreme in position, a signal will appear on line 26 or 27. 
Transistor Schmitt triggers 126 ans 127 react to these signals 
by producing outputs. Schmitt trigger 126 is connected to 
positive supply voltage, while Schmitt trigger 127 is supplied 
from the negative power supply. Schmitt trigger 126, there 
fore, produces a positive output whenever a signal ofsuf?cient 
magnitude appears on line 26, and Schmitt trigger 127 puts 
out a negative voltage if a suf?ciently large signal appears on 
line 27. Schmitt triggers 126 and 127 will never produce 
simultaneous outputs. The outputs from Schmitt triggers 126 
and 127 are fed to a simple two transistor ampli?er which clips 
and combines the outputs from the Schmitt triggers into one 
signal on line 145. The output of ampli?er 129 on line 145 is 
normally zero, but whenever a photocell light beam is inter 
rupted in phase-shifter 9 as a result of slab 55 approaching an 
extreme position a positive or negative ?xed amplitude signal 
will appear on line 145 which lasts as long as the light beam 
remains interrupted. Whether the signal on line 145 is positive 
or negative depends on which one of the two light beams on 
phase-shifter 9 was interrupted. The outputs on Schmitt trig 
gers 126 and 127 are also connected to a special transistor 
?ip-?op 128 which will change state every time one of Schmitt 
triggers 126 and 127 produces an output. Again, no ambiguity 
will result since the Schmitt triggers never operate simultane 
ously. The output of ?ip-?op 128 and 146 is either zero or 
positive. The voltage on line 146 will thus change from one 
?xed state to the other (zero or positive voltage) each time 
either of the two light beams is interrupted as a result of the 
approach of an extreme position by slab 55 of phase-shifter 9. 

Operational ampli?er 116 has a variable gain unit 124, con 
taining a ?eld effect transistor, integrally connected to it. The 
gain of ampli?er 11.6 and variable gain unit 124 combined de 
pends on the magnitude of the signal on line 142. A near zero 
signal on line 142 causes the signal on line 139 to be ampli?ed 
greatly by ampli?er 116. A large signal on line 139 causes am 
pli?er 116 to have a gain close to unity. In this manner, the 
control loop gain becomes a function of the load 4 reflection 
coefficient magnitude. The smaller the reflection coefficient, 
the larger the gain of ampli?er 116 will be. 
The output from ampli?er 116 on line 143 is passed directly 

to amplifier 130, as well as through switch 125 and ampli?er 
118 to ampli?er 130. Switch 125 contains another ?led effect 
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transistor. Zero voltage on line 146 means that switch 125 is 
on, while a positive voltage on line 146 turns switch 125 off. 
Operational ampli?er 118 has a gain of minus two. Con 
sequently, the sum of the signals on lines 143 and 144 is 
equivalent to either plus one times the output from ampli?er 
116 or to minus one times the output from ampli?er 116. 
Thus, turning switch 125 alternately on and off by means of 
the signal on line 145 constitutes reversal of the sign of the 
control loop gain. 

Integrated circuit operational ampli?er 130 sums and am 
pli?es the signals on lines 143, 144, 145 and merely adds the 
signal on line 141. 

Final voltage ampli?cation is supplied by power ampli?er 
119 which is capable of also delivering a high current signal to 
the drive coil of series line phase-shifter 9 via line 24. 

All of the integrated circuit operational ampli?ers, the two 
power ampli?ers, the two Schmitt triggers, the ?ip-?op, as 
well as the light bulbs and photocells on phase-shifter 9 are 
supplied with plus and minus 15 volts DC power as required, 
by means of two power supplies 1311 and 132. Power supplies 
131 and 132 convert AC line power to extremely well ?ltered 
and highly regulated DC power of the proper voltage for 
operation of the entire electronic control unit 21. 
There has been described above‘, an embodiment which is 

an impedance matching device for automatically and continu 
ously matching a time varying microwave load to a ?xed 
frequency microwave power source and its output line. More 
particularly, an improved method of sensing the degree of 
mismatch of a load to a microwave power source and its out 
put line is described and a method of using the degree of 
mismatch information to adjust continuously two variable 
waveguide elements of novel design in such a manner that the 
load becomes matched to the microwave power source and its 
output line in a minimum amount of time, and remains 
matched despite wide variations with the passage of time in 
the value of the load. 
The described apparatus, after initial adjustment to make it 

operational, requires no attention by a human operator to ob 
tain and maintain a condition of match between a microwave 
power source and its load. The necessary adjustments of two 
variable waveguide elements are carried out automatically in a 
minimum amount of time. After a condition of match is ob 
tained the loading conditions are monitored continuously and 
corrections are very rapidly applied to compensate for varia 
tions of the load with time, thus producing a minimum oferror 
in matching at all times. The apparatus is capable of accom 
modating very large and rapid changes in loading that would 
normally be dif?cult to control by human intervention. The 
apparatus, therefore, presents a considerable improvement 
over the heretofore used methods of maintaining matched 
conditions to produce maximum ef?ciency and minimum 
degradation of the microwave power source. 
There is described above, an improved and novel means of 

sensing the degree of mismatch or match between a 
microwave power source and its load on a continuous basis 
and of transforming the information regarding the degree of 
mismatch between a microwave power source and its load into 
a set of two electrical error signals which are capable of being 
used, after further treatment, to control the adjustment of two 
waveguide elements. 
The set of error signals is modi?ed, changed and ampli?ed 

to indicate the degree of mismatch in a novel manner such 
that the wave guide elements can be automatically adjusted 
rapidly and optimally to produce a matched condition, and 
such that the matching adjustments consume a minimum 
amount of time. 

Two novel and improved electromechanically driven and 
controlled waveguide elements are described which are capa 
ble of continuously and rapidly carrying out adjustments to 
two waveguide parameters by such means as to obtain and 
maintain matched loading conditions. 
The described apparatus embodies a degree of mismatch 

sensing device, an electronic control, and two elec 
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tromechanically adjusted waveguide phase-shifters. Tl-le 
degree of mismatch sensing device including three microwave 
crystal diode detectors with adjustable attenuator sections. 
The detector probes are arranged in special positions along 
the longitudinal direction of a waveguide section. The special 
spacing and positioning of the detector probes is a feature of 
the described embodiment. The electrical outputs from the 
detector probes enter the electronic control and are therein 
ampli?ed and arithmetically combined by means of opera 
tional ampli?ers to produce two error signals which are, in 
face, the real and imaginary vector components of the am 
pli?ed load re?ection coefficient. The special and particular 
arithmetic operations performed upon the detector output 
signals to produce the vector components of the load re?ec 
tion coef?cient are another feature of the described embodi 
ment. The two re?ection coefficient vector component signals 
are mixed with rate signals and further ampli?ed in the elec 
tronic control to deliver two powerful electrical signals capa 
ble of a?‘ecting the motion and positioning of a pair of elec 
tromechanically driven waveguide phase-shifter elements. 
One of the phase-shifters is shorted at one end while its other 
end is connected to the main waveguide by means of a parallel 
waveguide tea. The other phase-shifter is inserted in the main 
waveguide between the load and the said parallel tee. The 
phase-shifters contain electromechanical devices to measure 
the rate and direction of motion of their adjustable elements 
and convert this information into electrical rate signals. The 
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electromechanical means of moving and positioning the ' 
phase-shifter elements and of detecting the rate and direction 
of motion are features of this invention. Simultaneous adjust 
ment of the two phase-shifters makes it possible to match the 
load to the microwave power source and its output line. For 
certain loading conditions the proper adjustment of the series 
line phase-shifter may lie outside its adjustment range. The se 
ries line phase-shifter and the electronic control, therefore, 
contain electro-optical means of detecting the exceeding of 
the adjustment range and of inverting the sign of the phase 
shifter driving signal to bring the adjustment back within 
range. The means of keeping the adjustments within the range 
of the said phase-shifter is is a feature of the described ap 
paratus. The parallel phase-shifter contains a means of auto 
matically adjusting the magnitude of the rate of motion signal, 
depending upon the positioning of its adjustable element. 
Likewise, the series line phase-shifter portion of the electronic 
control embodies a means of automatically adjusting the rate 
of ampli?cation of its driving signal, in accordance with the 
actual magnitude of the load re?ection coefficient. These 
rates of motion and driving signal ampli?cation controls make 
it possible to carry out matching adjustments in minimum 
time. Said means of assuring minimum time matching adjust 
ments are also a feature of the described embodiment. Finally, 
it is a feature of the illustrated apparatus that the system for 
matching the load to a microwave source is a closed loop 
negative feedback system in which the two phase-shifter ad 
justments are carried out continuously and simultaneously. 
As will be appreciated, the described system measures the 

real and imaginary vector components of the re?ection coeffi 
cient presented by the combination of matching device and 
load as determined by the special microwave detector device. 
Corrections are then made to the matching device adjust 
ments until both components of the re?ection coe?‘icient are 
zero. 

The system uses waveguide phase-shifters for adjustment of 
only two waveguide parameters. These phase-shifters are 
driven by special linear motion electromechanical devices. 
THe load is matched at a particular chosen frequency and 
maintains a match despite rapid and continual changes in the 
load. The described system involves no sequencing. The two 
separate adjustments are made continuously and simultane 
ously. The necessary adjustments are also made as rapidly as 
possible independent of the degree of mismatch. To get 
minimum time or time~optimal matching, nonlinearities are 
purposely introduced into the system damping and loop gain. 
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12 
A sudden disturbance in the load will be corrected for within 
10 milliseconds of time. 
The device described above, is of course, mainly intended 

for use in the microwave frequency range from 1 to 100 gHz. 
where waveguides are used to interconnect the microwave 
power source, the matching device, and the waveguide load 
such as a heating cavity or a meander line. 
The illustrated device uses only two servo-adjustable 

waveguide elements to match a waveguide load to a 
microwave power source. The _ adjustable elements are 
waveguide phase-shifters activated by special linear motion 
servomotors with rate of motion sensors attached. One such 
phase-shifter is connected in series between the power source 
and the load in the main waveguide, thus causing the line 
length to the load to be electrically adjustable. The other such 
phase-shifter is connected in series with a waveguide short and 
is then connected in parallel with the main waveguide by 
means of parallel waveguide tee, thus forming an electrically 
adjustable shorted parallel waveguide stub. 
The one sensing device illustrated contains three specially 

positioned microwave crystal detectors which sample either 
the electric or the magnetic ?eld intensity in the main 
waveguide and converts this information into three DC signals 
related to power in the main waveguide. The main control unit 
ampli?es and combines the three crystal detector outputs to 
produce two error voltages which are directly proportional to 
the real and imaginary vector components of the re?ection 
coefficient of the combined microwave load and waveguide 
matching unit. 
The described system contains two control loops that cause 

two adjustments to be made simultaneously. These two adjust’ 
ments make it possible to match all loads with nonzero ?nite 
real parts. An additional control loop to bring the load within 
a matchable range of values is not required. 
The described device uses no sequenced operations to ob 

tain a matched load condition which here means a condition 
such that the re?ection coefficient of the combined load and 
matching elements is zero. The control loops are active at all 
times and the matching operation is completely continuous. 
None of the linear servo drives are activated by relay or logic 
circuits. Any minute deviation from match will immediately 
cause corrective motion of the phase-shifters. The rate of cor 
rective motion is mathematically related to the degree of 
mismatch occuring at any instant in time. 

Furthermore, the described embodiment reduces three sen 
sor outputs to two error voltages which activate two control 
loops that adjust two waveguide elements simultaneously and 
continuously. The error voltages are directly related to the 
loading conditions existing at any instant of time. 
Means is provided to adjust the loop gain and the loop 

damping automatically and continuously while matching 
proceeds in accordance with the remaining degree of 
mismatch such as to optimize the motion of the phase-shifters 
in order to reduce the time required to obtain and maintain a 
matched condition. 

lclaim: 
1. A microwave impedance matching system for matching a 

microwave input waveguide to a microwave output waveguide 
including: 

a. a waveguide parallel tee connected to the output 
waveguide, said parallel tee including a parallel short cir 
cuit, 

b. a mismatch sensing device associated with the input 
waveguide to sample the standing wave pattern therein 
and to provide signals indicative of the degree of 
mismatch of said input waveguide to said output 
waveguide; 

c. a first waveguide phase-shifting device connected in said 
parallel tee between said input waveguide and said short 
circuit; 

d. a second waveguide phase-shifting device connected in 
said output waveguide; 
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e. said ?rst and second waveguide phase-shifting devices 
being capable of adjustment in response to said signals to 
change the value of admittance at the plane of symmetry 
of said waveguide parallel tee in a direction to reduce the 
degree of mismatch of said input waveguide to said out 
put waveguide. 

2. A microwave impedance matching system according to 
claim ll wherein said mismatch sensing device comprises a plu 
rality of microwave probes connected in the input waveguide 
to sample the standing wave pattern in the waveguide whereby 
the real and imaginary vector components. of a respective 
re?ection component can be considered. 

3. A microwave impedance matching system according to 
claim 1 wherein said signals are supplied to an’electronic con 
trol unit capable of controlling the adjustment of said ?rst and 
second waveguide phase-shifting devices in response to said 
signals. 

41. A microwave impedance matching system according to 
claim 3 wherein each waveguide phase-shifting device pro 
vides a respective rate signal to the electronic control unit in 
dicative of its rate of adjustment and the direction of said ad 
justment, said electronic control unit responding thereto to 
control the respective adjustment and provide a braking ac 
tion whereby the respective adjustment is stopped substan 
tially at a position corresponding to said degree of mismatch 
being at a minimum. 

s. A microwave impedance matching system according to 
claim 4 including a waveguide directional coupler device con 
nected in the output waveguide and an associated crystal de 
tector to provide a signal to the electronic control unit propor 
tional to the square of the re?ection coef?cient of the output 
waveguide, whereby the adjustment of said second waveguide 
phase-shifting device is a function of the magnitude of said 
re?ection coefficient. 

6. A microwave impedance matching system according to 
claim 4 wherein said second waveguide phase-shifting device 
includes limit indicating means to indicate when the adjust 
ment thereofis at an upper or a lower limit. 

7. A microwave impedance matching system according to 
claim 6 wherein said limit indicating means comprises an elec 
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tric lamp at said upper and said lower limit, the light beam 
from each lamp being incident, in use, on a respective 
photocell, each respective light beam being interrupted when 
said adjustment is at the respective limit whereby a respective 
upper or lower limit signal is provided to said electronic con 
trol unit. 

8. A microwave impedance matching system according to 
claim 1 wherein each waveguide phase-shifting device com 
prises a dielectric slab member mounted on a nondielectric 
pin member having its longitudinal axis transverse to the 
respective waveguide whereby the respective slab can be 
moved transversely in the waveguide to permit adjustment of 
the di?‘erential phase-shift. 

9. A microwave impedance matching system according to 
claim 8 wherein each pin member is slidable in sleeve bearings 
extending through the sidewalls of the waveguide, one end of 
each pin being attached to a drive coil which is movable in a 
magnetic ?eld parallel to the longitudinal axis of the pin in 
response to current ?owing through it, the other end of each 
pin having attached thereto a rate coil movable in a magnetic 
?eld to provide a rate signal proportional to the rate of move 
ment of the respective slab member. 

10. A microwave impedance matching system according to 
claim 9 wherein said rate coil of said ?rst waveguide phase 
shifting device is a multilayer cylindrical coil constructed with 
some layers shorter in length than other layers whereby a rate 
signal is obtained indicative of the velocity of the respective 
dielectric slab and its position in the respective waveguide. 

iii. A microwave impedance matching system according to 
claim 9 wherein said second waveguide phase-shifting device 
includes limit indicating means to indicate when the adjust 
ment thereof is at an_upper or a lower limit. ‘ 

2. A microwave impedance matching system according to 
claim 1111 wherein said limit indicating means comprises an 
electric lamp at said upper and said lower limit, the light beam 
from each lamp being incident, in use, on a respective 
photocell, each respective light beam being interrupted when 
said adjustment is at the respective limit whereby a respective 
upper or lower limit signal is provided to said electronic con 
trol unit. 


