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Abstract

   A magnetron is a kind ofmicrowave tube, and well-known as a microwave heating source in

a microwave oven. Besides, it is one ofthe strong candidates for a microwave power source ofa

future Wireless Power 'Ilransmission (WPT) system and a transmitter of Solar Power Station

/Satellite (SPS) projects because its DC-RF conversion eMciency is higher, it costs less, and

it has smaller weight/power ratio than solid state devices. However, a magnetron has a wide

oscillation bandwidth and it generates spurious noises in various frequency bands. The wide

bandwidth of the fundamental frequency represents a critical problem that a microwave beam

from a SPS is unable to be focused stably to a receiving site. The spurious noises in various

frequency bands are diMcult to be prevented, and their radiation from a SPS transmitting

system will severely interfere with other radio applications. Hence, it is indispensable to

employ measures against the noise radiation from the SPS transmitting system.

   Besides, a microwave oven has been facing a serious problem of electromagnetic compat-

ibility (EMC) with other radio applications, by the drastic advancements in communicatiOn

technology and information technology (IT). Line noises generated from a magnetron may

interfere with broadcast communications in the MF, VHF and UHF bands, so that a mi-

crowave oven is obliged to have filters installed not only inside the magnetron but also in the

power supply circuit. Moreover, the emergence ofwireless-LAN (WLAN) owing to IT-related

developments raises a new issue of EMC between a microwave oven and WLAN.

   This thesis is devoted to a study on noise features of a magnetron and low noise WPT,

in order to develop both a magnetron and a WPT system which are compatible with other

radio applications of the day.

   Firstly, we have conducted experimental measurements of electron emission from the

filament cathode of a magnetron in order to obtain necessary data for discussing generation

mechanisms of noises from a magnetron. filrom the experimental measurements of the anode

current with axially-segmented anode blocks, we estimated the trajectory and diffusive motion

of an electron. From the experimental results of the filament temperature, we have found

out that the filament temperature is high enough to sustain the oscillation by the internal

feedback mechanism even after the filament current is turned off, and that the filament

temperature falls much more on both the filament ends, especially on the RF output side

of the filament than at the center. Summarizing these experimental results above from the

viewpoint of electron emission from the cathode filament, we 6oncluded that the examined

magnetrons denoted the tendency that electrons are estimated to be emitted most in the

center region, next on the HV input side, and least on the RF output side.

   Secondly, we have conducted a time domain analysis of magnetron noises. From the

analysis, we have found out that spurious noises generated from a magnetron are classified

into the following five types; (1) side band noises around the carrier and low frequency line

noises at frequencies below about 150MHz, generated at an anode current of less than O.2A,

(2) high frequency spurious noises and low frequency line noises generated in the transition

'
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region between the constant voltage range and the non-constant voltage range at an anode

current of around O.4A, (3) low frequency line noises generated in the non-constant voltage

range characterized by frequencies of 400MHz or 800MHz and high frequency spurious noises,

generated at an anode current of around O.6A, attributed to the intermodulation of the low

frequency line noises and the harmonics, (4) the harmonics generated in synchrony with the

fundamental, and (5) low frequency line noises generated in synchrony with the electron

circulation. We also discussed generation mechanisms of spurious noises from a magnetron

with respect to each ci assification. -

   Thirdly, we have studied newly-designed low noise magnetrons. With regard to the mod-

ifications of the interaction space and the anode voltage, we have found that the wider the

interaction space and the lower the anode voltage, the less the spurious noises are generated

from a magnetron. Also, we found out that the modification of the anode voltage is more

effective than that of the interaction space. With regard to newly-designed magnetrons with

cathode shields, we conclude that a cathode shield attached to the end of the cathode filament

works effectively for suppressing line noises when it is designed to correspond to the axial

distribution of the filament temperature.

   Finally, we have studied noise features of a filament-off magnetron for the use of WPT.

We verified that turning off the filament current worked very well not only for a narrower

oscillation bandwidth but also for suppression of spurious noises generated from a magnetron.

In terms of oscillation bandwidth, we have found out that there are two main causes that the

oscillation bandwidth of the filament-off magnetron becomes narrower; one is the disappear-

ance of the disturbance in the anode current, and the other is the decrease of thermal effects

by reduction of the filament temperature. In terms of spurious noises, we conclude that the

dominant cause of the noise reduction is suppression of electron motions around the filament

ends due to the falloff of the filament temperature, throughout the experimental measure-

ments of the various magnetrons. We have also found out that there is the intermodulation

between the low frequency line noises and the fundamental or the harmonics, and that high

frequency radiation noises of the filament-off magnetron are suppressed greatly because of

the suppression of the low frequency spurious noises.



Contents

Acknowledgments i

Abstract ii

1 General lntroduction

   1.1 Magnetron................................••
       1.1.1 Historyofmagnetron .......................
       1.1.2 Principle of oscillation . . . . . . . . . . . . . . . . . . . . . . .

       1.1.3 Reference magnetron in the present study . . . . . . . . . . . .

   1.2 WirelessPower'Ilransmission(WPT)...................
  '1.3 Solar Power Station/Satellite (SPS) . . . . . . . . . . . . . . . . . . .

   1.4 Phase-Controlled Magnetron (PCM) ...................
   1.5 Contribution of the present study . . . . . . . . . . . . . . . . . . . . .

-t--

1

1

1

2

4

5

11

14

17

2 Measurements of Electron Emission from Magnetron Cathode

  2.1 Introduction.................................
  2.2 Experimental measurements of the anode current with axiaily-segmented an-

       odeblocks..........................
       2.2.1 Configurations of a magnetron with axially-segmented anode blocks

       2.2.2 Measurementsystem................
       2.2.3 Experimentalresults........................
       2.2.4 Discussions .............................
   2.3 Experimental measurements ofthe filament temperature........

       2.3.1 Measurementsystem........................
       2.3.2 Experimental results of filament current vs. filament temperature . .

       2.3.3 Experimental results of axial distribution of the filament temperature

       2.3.4 Discussions ................•••••
   2.4 Summary .......................••••.•.••••

19

19

20

20

20

22

22

31

31

32

33

34

37

3 Time Domain Analysis of M
   3.1 Introduction . . . . . . . .

agnetron Noises

iii---i-------i--------------

39
39

v



vi CONTENTS

3.2

3.3

Measurement system .............
Experimental results .............
3.3.1 1fundamentalspectrum........
3.3.2 High frequency spurious noises ...

3.3.3 Low frequency line noises . . . . . .

------t----iii--t-i
-----ti------i-----

3.4 Classifications of magnetron noises by the time domain analysis ........

    3.4.1 Fundamentalspectrum...........................
    3.4.2 High frequency spurious noises . . . . . . . . . . . . . . . . . . . . . .

    3.4.3 Low frequency line noises . . . . . . . . . . . . . . . . . . . . . . . . .

    3.4.4 Summaryofclassifications.........................
3.5 Discussions of noise sources ofa magnetron ...................

    3.5.1 Potential minimum and virtual cathode ........ ........
    3.5.2 Discussions of sources of the magnetron noises classified by the time

          domainanalysis...............................
    3.5.3 Noises in the constant-volt age range . . . . . . . . . . . . . . . . . . .

3.6 Summary ............................

4 Newly-Designed Low Noise Magnetrons
  4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . .

  4.2 Modifications of the interaction space and the anode voltage

       4.2.1 Configurations of magnetrons .............

       4.2.2 Measurement system..................
       4.2.3 Experimentalresults..................
      4.2.4 Discussions .......................
  4.3 Magnetrons with cathode shields ...............
      4.3.1 Configurat ions of magnetrons . . . . . . . . . . . . .

      4.3.2 Experimentalresults..................
      4.3.3 Discussions .......................
  4.4 Summary ................••••••••••••

5 Noise Features ofFilament-off Magnetron

  5.1 Introduction...........................
  5.2

  5.3 Measurements ofthe oscillation bandwidth

       5.3.1 Measurement system............•....•
       5.3.2 Experimentalresults............••••••
       5.3.3 Discussions .......................
  5.4 Measurementsofspuriousnoises ...............
       5.4.1 Measurement systems .................
       5.4.2 Experimentalresults..................

Principle ofthe continuous oscillation ofa filament-off magnetron . . . . . , .

40

42

43

43

43

45

45

45

46

48

50

50

52

59

63

67
67

68

68

68

69

73

76

77

78

79

82

85
85

86

87

87

88

90

96

96

98



CONTENTS vii

    5.4.3 Discussions on sources of spurious noises . . . . . . . . . . . .

5.5 MeasurementsofDC-RFconversioneMciency.............
    5.5.1 Experimental results and discussions ..............
    5.5.2 Relation between DC-RF conversion eMciency and noise levels

5.6 Summary ..........................,.......

6 ConcludingRemarks
  6.1 Summary ....
  6.2 Future works ..

.

.

100

103

103

104

105

107
107

109

A Experimental Results of Time Domain Analysis
  A.1 Time domain analysis in the fundamental bands .

  A.2 Time domain analysis in the high frequency bands

  A.3 Time domain analysis in the low frequency bands .
---------i-i

B EMC of a SPS Thransmitting System with Other Radio Applications
  B.1 Preliminary study of EMC between a SPS and other radio applications

       B.1.1 Reviews of previous studies . . . . . . . . . . . . . . . . . . . . .

       B.1.2 Phase control ofthe harmonics ...................
  B.2 Expressions ofone-dimensional phased arrays ...............
       B.2.1 General introduction ofone-dimensional linear arrays ......

       B.2.2 Beam pattern formed by random phased linear arrays ......

  B.3 Simulationparameters............................
  B.4 Simulation results of radiation pattern with random phased arrays . . .

  B.5 Discussions ..................................
       B.5.1 Case ofthe 2nd harmonic ......................
       B.5.2 Case ofthe 5thharmonic ......................
  B.6 Summary ...................................

References

111

111

113

117

121

122

122

124

124

124

126

127

127

128

128

129

130

131

Publication Lists 139



List of Figures

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

1.10

1.11

L12

1.13

1.14

1.15

L16

L17

1.18

1.19

1.20

Cross-section view ofa magnetron. ........................
Schematic of a two-dimensional linear magnetron.................

Cross-section image ofthe reference magnetron in the r-z plane. . . . . . .

Demonstration ofa microwave powered helicopter in 1964 [11]. ........

Certified demonstration of 54% overall DC to DC eMciency in 1975 [11]. . . .

Demonstration of beamed power over 1 mile distance [11]. ...........

Photo of the MINIX at the launching site (left) [13], and plasma wave spectra

measured in the MINIX (right) [14]. .......................

Photo of the ISY-METS ..............................
Photos ofthe MILAX [12]. ............................
Photo of the rectenna array for the Ya maz aki experiment. . . . . . . . . . . .

Basic concept of Wireless Power 'Ilrransmission (WPT). .............

SPS NASA reference system [31]. ....•••••••••••••••••••••
"Sun Tower" concept [33]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

"Solar Disc" concept [33]. . . . . . . . . . . . . . . . . . . . . . . . . . . . • .

"Mirror-type" SPS concept - 2001 NASDA Reference System - [35]. . . . . .

"Tether-type" SPS concept [36,37]. . . . . . . . . . . . . . . . . . . . . . . . .

Basic configuration ofa Phase-Controlled Magnetron (PCM) [38]. . . . . . .

SPORTS2.45 [46]. .................................
SPORTS5.8 [46]. ..................................
COMET [47,48]. ..................................

2.1 Photo (left) and schematic view (right) ofa magnetron with axially-segmented

    magnetronanodeblocks.............••-•••••••••••••••
2.2 Schematic of a measurement system for obtaining the anode current with

    axially-segmented anode blocks. . . . . . . . . . . . . . . . . . . . . . . . . . .

2.3 Experimental results of the anode current flowing in each axially-segmented

    anode block in the cylindrical diode case when eb is (a) O.5kV, (b) 1.0kV and

    (c) 1.5kV. eb: peak anode voltage, and If: filament current. ..........

ix

3

3

5

6

6

7

8

8

9

9

10

12

12

12

13

13

14

16

16

17

21

21

23



x LIST OF FIGURES

2.4 Experimental results of the relative amount of the anode current flowing in

    each axially-segmented anode block in the cylindrical diode case when eb is

    (a) O.5kV, (b) 1.0kV and (c) 1.5kV. eb: peak anode voltage, and If: filament

    current. ............................•••••••-•••
2.5 Experimental results ofthe anode current (left) and the relative amount of an-

    ode current (right) flowing in each axially-segmented anode block at a filament

    current If of 10A in the magnetron case. eb: peak anode voltage. .......

2.6 Cross-section view of a cylindrical diode. ra: anode radius, rc: cathode radius.

2.7 Three-halves power ofthe anode voltage vs. the current flowing in each anode

    blocks from the experimental results in Fig 2.3. (a): the center of the anode,

    (b): the HV input side, and (c): the RF output side. eb: anode voltage, and

    If: filament current. ................•••••••••-••••••
2.8 'Ihrajectory of a single electron in a magneton (left) and time variation of

    the radial position of the electron (right). The reference magnetron model

    2M210MIFI is used for parameters to solve the trajectory............

2.9 Diffusion ofa beam in a cylindrical diode in the r-z plane. ra: anode radius,

    rc: cathode radius, and V: anode volt age. . . . . . . . . . . . . . . . . . . . .

2.10 Schematic of a measurement system for obtaining the filament temperature of

    amagnetron. ..................•••••••••••••••••-
2.11 Photo of the magnetron for the measurements of the filament temperature.

    The light of the filament is seen through a crystal plate. ............

2.12 Filament current If vs. filament temperature. Ib: anode current. .......

2.13 Axial distribution of the filament temperature. Ib: anode current, and If:

    filament current. .................•.•••••-•••••••••
2.14 Curve ofthe temperature T vs. the ratio ofsaturated current Ith=atio• `Ith=atio==1

    whenT=12300C...................................
2.15 Brazing points between the cathode filament and the end hats. ........

3.1 Half-wave voltage doubler.....................•••••••••
3.2 Schematic ofa measurement system for a time domain analysis.........

3.3 Photo ofthe measurement system. .................••••-••
3.4 Waveforms ofthe anode voltage (thin line and left axis) and the anode current

    (thick line and right axis) of the magnetron driven by the half-wave voltage

    doubler. ........................•••••••••••••••
3.5 Corrected waveform of the anode current approximated by a 9th polynomial

    curve. The correlation factor is O.986. . . . . . . . . . . • • • • • • • • • • • •

3.6 Waveforms ofa video output signal from the spectrum analyzer (thick line and

    right axis) and the corrected anode current waveform (thin line and left axis)

    at a frequency of 2MHz. ..........••••••••••••••••••..

23

24

25

26

29

30

32

32

33

34

35

36

39

41

41

42

42

43



LIST OF FIG URES xi

3.7 Spectrum of the magnetron in the fundamental bands. O shows time domain

    analysispoints....................................
3.8 Time domain analysis in the fundamental bands. ................

3.9 Spurious noises from the magnetron in the high frequency bands. O shows

    time domain analysis points. ...........................
3.10 Time domain analysis of spurious noises in the high frequency bands. . . . . .

3.11 Line noises from the magnetron in the low frequency bands. O shows time

    domainanalysispoints. ..............................
3.12 Time domain analysis of the line noises in the low frequency bands. . . . . . .

3.13 Histogram of the spectrum generation anode current values Ig(f) from time

    domain analysis results of high frequency bands excluding the harmonics. . .

3.14 Histogram of the spectrum generation anode current values Ig(f) from time ,

    domain analysis results of low frequency bands over 150MHz. .........

3.15 Colored frequency spectra (left column) and time domain analysis results (right

    column) of the magnetron. Colored circles show the time domain analysis

    points classified according to the noise types; the type (1): orange, the type

    (2): purple, the type (3): pink, the type (4): green, the type (5): blue, and

    the fundamental oscillation: black. ........... '. ............

3.16 Potential minimum and virtual cathode. d: distance between the anode and

    the cathode, V: anode voltage, V.: potential minimum, xm: position of the

    potential minimum from the cathode. ......................
3.17 Annular-sector resonator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.18 Cross-section view of a Penning trap in the r - z plane. . . . . . . . . . . . .

3.19 Axial electrostatic field at r = O in an ideal Penning trap. a =: 4V/(2L2 + b2).

3.20 End hat effect on the DC electric field in a magnetron. The axial electrostatic

    field Ez begins to emerge near both the cathode filament ends. ........

3.21 Hypothetical axial electrostatic field at r = O in a magnetron. .........

44

44

44

44

44

44

46

47

49

50

57

61

61

62

62

4.1 Schematic ofameasurement system for newly-designed magnetrons. . . . . .

4.2 Measurement results ofthe magnetrons by the modifications ofthe interaction

    space and the anode voltage in the fundamental bands (2.35GHz-2.55GHz). .

4.3 Measurement results ofthe magnetrons by the modifications ofthe interaction

    space and the anode voltage in the high frequency bands (4GHz-14GHz). ..

4.4 Me'asurement results ofthe magnetrons by the modifications ofthe interaction

    space and the anode voltage in the low frequency bands (100kHz-IGHz). ..

4.5 Inside schematics of (a) the reference magnetron, (b) a magnetron with cathode

    shields on both the filament ends and (c) a magnetron with a cathode shield

    onthe HV input side. ...............................

69

70

71

72

77



xii

4.6

4.7

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

LIST OF FIGURES

Experimental results of the fundamental spectrum (top), high frequency noises

(center), and Iine noises (bottom) at lb = 400mA and Vf = 3.3V. (a): the

reference magnetron, (b): the magnetron with the cathode shields on both

the filament ends, and (c): the magnetron with the cathode shield on the HV

inputside.......................................
Anode voltage waveforms ofthe magnetrons (top), and the closeup ofthe anode

voltage waveforms including the constant-voltage range (bottom), shown in

the dotted boxes in the top figures. (a): the reference magnetron, (b): the

magnetron with the cathode shields on both the filament ends, and (c): the

magnetron with the cathode shield on the HV input side. ...........

Schematic of a measurement system for obtaining the oscillation bandwidth of

amagnetron..............•••••••••••••••••••••••
Oscillation spectra of the reference magnetron when Ib=250mA. Resolution

bandwidth: 10kHz. Thin line: If= 10A, and thick Iine: If=OA. The Q values

are 8.0 Å~ 102 when If = 10A and 1.1 Å~ 105 when If =OA. . . . . . . . . . . . . .

Anode current waveforms when Ib=250mA. Thin line: If=10A, and thick line:

If=OA.........................................
Oscillation spectra of the reference magnetron when Ib=400mA. Resolution

bandwidth: 10kHz. Thin line: If=10A, and thick line: If= OA. The Q values

are 8.2 Å~ 103 when If =10A and 1.2 Å~ 105 when If =OA. . . . . . . . . . . . . .

Anode current waveforms when Ib=400mA. Thin line: If=10A, and thick line:

If=OA.........................................
Comparison of oscillation spectra by the difference in power supplies for the

filament when Ib=:250mA and If=10A. Thin line: AC power supply, and thick

Iine:DCpowersupply................................
Anode current Ib vs. anode voltage eb curves when the filament current If=

10AandOA. ....................................
Flowchart of a prospective current controlling system of a DC stabilized power

supply.........................................
Anode current Ib disturbance by a small ripple noise on the anode voltage lebl.

Schematic of a measurement system for spurious noises generated from a mag-

netron.........................................
Schematic ofa leakage measurement system. The measurement system is easier

tosetupthanFig.5.10............••••••-••••••••••••
High frequency spurious noise spectra at Ib=250mA. The span of the mea-

surement is from 4GHz to 10GHz. Thin line: If==10A, and thick line: lf==OA.

Resolution bandwidth: 100kHz. . . . . . . . . . . • • • • . . . . . . . . . . . .

78

81

87

89

89

89

89

91

92

92

92

97

97

99



LIST OF FIG URES xiii

5.13

5.14

5.15

5.16

5.17

5.18

Low frequency line noise spectra at Ib=250mA. The span of the measurement

is from 100kHz to IGHz. Thin line: If=10A, and thick line: If=OA. Resolution

bandwidth: 100kHz. .............•..••••••••••••••••
High frequency spurious noise spectra at Ib=400mA. The span of the mea-

surement is from 4GHz to 10GHz. Thin line: If=10A, and thick line: If=OA.

Resolution bandwidth: 100kHz. . . . . . . . . . . . . . . . . . . . . . . . . . .

Low frequency line noise spectra at Ib=400mA. The span of the measurement

is from 100kHz to IGHz. Thin line: If :10A, and thick line: If=:OA. Resolution

bandwidth: 100kHz. ................................
Relationship between the spurious noises and the anode current disturbance at

If=leA. Thin line: Ib=250mA, and thick line: If=400mA, Resolution band-

width:100kHz....................................
Relationship between the spurious noises and the influence of the AC magnetic

field at Ib=250mA and If =10A. Thin line: AC power supply, and thick line:

D C power supply, Resolution bandwidth: 100kHz. . . . . . . . . . . . . . . .

Filament current vs. DC-RF eficiency when a magnetron is operated by a DC

stabilized power supply. Ib: anode voltage. . . . . . . . . . . . . . . . . . . .

99

99

99

101

101

104

A.1

A.2

A.3

A.4

A.5

Experimental results of the time domain analysis in the fundamental bands

(1). Thick line and right axis: video output signal from the spectrum analyzer,

thin line and left axis: the cerrected anode current waveform of the reference

magnetron. .....................................
Experimental results of the time domain analysis in the fundamental bands

(2). Thick Iine and right axis: video output signal from the spectrum analyzer,

thin line and left axis: the corrected anode current waveform of the reference

magnetron. .....................................
Experimental results of the time domain analysis in the fundamental bands

(3). Thick line and right axis: video output signal from the spectrum analyzer,

thin line and left axis: the corrected anode current waveform of the reference

magnetron. ................•.••.••.••••.••••••••
Experimental results of the time domain analysis in the high frequency bands

(1). Thick line and right axis: video output signal from the spectrum analyzer,

thin line and left axis: the corrected anode current waveform of the reference

magnetron. ..................•••••••••••••••••••
Experimental results of the time domain analysis in the high frequency bands

(2). Thick line and right axis: video output signal from the spectrum analyzer,

thin line and left axis: the corrected anode current waveform of the reference

magnetron. .....................................

111

112

113

113

114



xiv LIST OF FIGURES

A.6 Experimental results of the time domain analysis in the high frequency bands

     (3). Thick line and right axis: video output signal from the spectrum analyzer,

     thin line and left axis: the corrected anode current waveform of the reference

     magnetron. .............,....................•••
A.7 Experimental results ofthe time domain analysis in the high frequency bands

     (4). Thick line and right axis: video output signal from the spectrum analyzer,

     thin Iine and Ieft axis: the corrected anode current waveform of the reference

     magnetron. .....................................
A.8 Experimental results ofthe time domain analysis in the high frequency bands

     (5). Thick Iine and right axis: video output signal from the spectrum analyzer,

    thin line and left axis: the corrected anode current waveform of the reference

    magnetron. .......................•..•••••••••••
A.9 Experimental results ofthe time domain analysis in the low frequency bands

    (1). Thick line and right axis: video output signal from the spectrum analyzer,

    thin line and Ieft axis: the corrected anode current waveform of the reference

    magnetron. ...........................••••••••••
A.10 Experimental results of the time domain analysis in the low frequency bands

    (2). Thick Iine and right axis: video output signal from the spectrum analyzer,

    thin Iine and Ieft axis: the corrected anode current waveform of the reference

    magnetron. ................................•..••
A.11 Experimental results of the time domain analysis in the low frequency bands

    (3). Thick line and right axis: video output signal from the spectrum analyzer,

    thin line and left axis: the corrected anode current waveform of the reference

    magnetron. ..........................••••••••-••

115

116

117

117

118

119

B.1 Interference budget (D/U) calculation between a SPS (U) and a FSS satellite

    (D)for12.25GHz[77].......................•••-••'•••
B.2 Sidelobe characteristics of a fundamental (2.45GHz) patch array ,TMIIO, at

    the fundamental frequency and the 5th harmonic (12.25GHz) [77]. .•.•••

B.3 Uniformly excited, equally spaced, one-dimensional linear arrays.- d: distance

    between the elements, ctz.: phase of the element n, and A.: amplitude of the

    element n. Considering uniformly excited 1inear arrays, Ao = Ai = A2 = ' ' ' =

    An•''''''''''''''''''''''''''''''''''''''''''
B.4

123

123

125
A simulation result of the radiation pattern with random-phased array antennas.128



List of Tables

1.1 Normal rated values ofthe reference magnetron 2M210MIFI. .........

3.1 Color table of the classified noise types applicable to Fig. 3.15. . . . . . . . .

3.2 Table ofthe filament temperature T, the saturation current ofemission Ith, the

    potential minimum Vm and its position from the cathode xm, when Ib = 4eOmA

    and5mA.......................................
3.3 Frequency table following the the selectional rules of the reference magnetron.

    The Roman numbers in the parenthesis correspond to the selectional rules.

    (unit: GHz, B = O.18T) ..............................

4.1 Numberingtableofmodifiedmagnetrons. Thereferencemagnetron2M210MIFI

    has the interaction space of 2.525mm and is operated at the anode voltage of

    4.lkV. .......................•••••••••••••••••
4.2 Settings ofthe spectrum analyzer. RBW: resolution bandwidth, VBW: video

    bandwidth......................................
4.3 Theoretical radial electrostatic field on the cathode (r = rc) when the modified

    magnetrons are assumed as infinitely-long cylindrical diodes. The numbers in

    the brackets are sorted in descending order of the radial electrostatic field. . .

4.4 Theoretical radial electrostatic field on the anode (r = ra) when the modified

    magnetrons are assumed as infinitely-long cylindrical diodes. The numbers in

    the brackets are sorted in descending order of the radial electrostatic field. . .

B.1

B.2

5

48

51

56

68

69

75

75

Harmonic levels ofa2.45GHz magnetron [61,62]. ................ 121
simulation parameters for the calculation of radiation patterns of the harmon-

ics from the SPS transmitting system. A: wavelength at the carrier frequency

(A2sO.1224m). ................................... 127

xv



Chapter 1

General Introduction

1.1 Magnetron

1.1.1 Historyofmagnetron

A magnetron is a kind of cross-field electric tube, in which the applied magnetic field is

perpendicular to the electric field. The cathode is set on the central axis and the cylindrical

anode i's on the same axis. The primitive magnetron was invented by A.W. Hull [1], its

output power was, however, very small and its DC-RF eMciency is quite low because of the

slight oscillation, what is called A-type oscillation. Since the segment-anode magnetron was

invented by K. Okabe [2], magnetrons have been oscillated at microwave frequencies with

much larger output power, what is called B-type oscillation, and its DC-RF eMciency has

become drastically high. Then, the anode with internal cavity resonators and strap rings was

devised to improve the oscillation more eMciently.

   Magnetrons are classified into pulsed types and CW types. Pulsed magnetrons are used

for radar systems. CW magnetrons are widely used for microwave heating, especially for

ovens. Cooker-type CW magnetrons are used as a heating source of a microwave oven all

over the world so that they are quite inexpensive. CW magnetrons are also utilized for

microwave drying, medical treatment etc.

   Early magnetrons were utilized as transmitters of radar systems. Hence, early studies of

magnetrons have been aimed at generating high microwave power with high DC-RF eMciency,

although many researchers and companies are ongoingly studying in order to achieve the

purpose. After World War II, Raytheon Company invented a microwave oven and marketed

it in 1953 [2]. Since its release, a microwave oven has had explosive sales as a home electric

appliance.

   However, a microwave oven has been facing a serious problem by the drastic advancements

in communication technology and information technology (IT). This is electromagnetic com-

patibility (EMC). The early problem for a microwave oven on EMC was between line conduc-

tive noises from a magnetron and broadcast communication services. It is known that a mag-

1
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netron widely and continuously generates noises from the order of kHz to IGHz (e.g. [3]). If

they propagate, these line noises may interfere with radio services in the MF band and televi-

sion broadcasts in the VHF and UHF bands [4]. Studies and investigations ofnoises generated

from magnetrons have been extensively reported in order to solve the problem [3-6]. Despite

these exhaustive investigations, a satisfactory solution for a magnetron has not emerged yet,

thus a microwave oven is obliged to have filters installed not only inside a magnetron but

also in a power supply circuit in order to prevent these noises from propagation.

   Moreover, the emergence of wireless-LAN (WLAN) owing to IT-related developments

raises a new issue of EMC between a microwave oven and WLAN. Especially, the WLAN

systems in the 2.4GHz band such as Bluetooth and IEEE 802.11b are allocated in the,same

ISM (Industrial, Scientific, and Medical) band as the carrier frequency of a microwave oven.

Therefore, studies and investigations on this EMC issue has been conducted [7,8], although

the existence of a microwave oven has recognized since early times.

   As described above, the EMC problems between a magnetron in a microwave oven and

the communication systems have recently emerged as a hot research topic.

1.1.2 Principle ofoscillation

A typical cross-section view of a present magnetron is shown in Fig. 1.1. The DC electric field

E is applied between the anode and the cathode in a radial manner. The external magnetic

field B perpendicular to E lets electrons, emitted from the cathode, go into E Å~ B drift

motion by the equation of motion

                              dv                            mziTt =-e(E+vxB), (i.i)
where e is the electron charge, m is the electron mass and v is the electron velocity.

   The anode typically consists of even numbers of metal vanes and sectoral cavities. These

cavities have the admittance matching with the interaction space between the anode and

the cathode. Magnetrons are usually designed to have the T-mode oscillation, which is the

mode that the phase difference of the microwave oscillation between the adjacent resonant

cavities is T. The T mode is separated from all other non-T modes with strap rings, which

are conductors connected to alternate anode vanes of the magnetron, as shown in Fig. 1.1.

   Now, we describe the oscillation mechanism of a magnetron with a two-dimensional linear

magnetron in the Cartesian coordinates, shown in Fig. 1.2, for ease of expression. First, the

oscillation of a magnetron is triggered by slight RF noises generated in the magnetron tube

when the anode voltage reaches the oscillation point. Then, the RF electric field is selectively

vibrated in the T mode owing to the resonant cavities and the strap rings. When a RF

potential on an anode vane becomes the minimum, the RF potentials on the adjacent anode

vanes and the RF electric field lines are depicted as shown in Fig. 1.2. Then, there is an RF

electric field E,f(x, y, t) in addition to the electrostatic field Edc between the cathode and the

anode in a magnetron. Now the equation of motion Eq. (1.1) is rewritten with the electron
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velocity v = (vx, vy);

                        dvx                      Mdt = -e(Erf(x,t)+vyB) (1.2)
                        dvy                      Mdt = -e(Edc+Erf(y,t)-vxB). (1.3)
Then, substituting vy in Eq. (1.2) and v. in Eq. (1.3) for Eq. (1.3) and Eq. (1.2), respectively,

then

                      ,l[Sl,di",x+v. =: -EB'c-ErfXy•`) (i.4)

                      ,ll[il,ditV,Y+vy = -ErfeX't). (i.s)

If there is no RF electric field ie. E,f = O, an electron motion is famously expressed as a

cycloid motion, a cyclotron motion with a drift motion in the x direction. Hence, an electron

motion in a magnetron, expressed by Eq. (1.4) and Eq. (1.5), shows the cyclotron motion

with another drift motion in the y direction as well as the x direction.

   Now the electron motion in the interaction space is divided into four regions by the

position of an electron in the x axis: (A) an electron is passing through the positive RF

potential, (B) an electron is passing through the negative RF potential, (C) an electron is

passing from a negative RF potential to a positive RF potential, as the left-hand electron

shown in Fig. 1.2, and (D) an electron is passing from a positive RF potential to a negative

RF potential as the right-hand electron shown in Fig. 1.2. In the region (A), the electron

accelerates in the x direction since the RF field in the y direction enhances the drift motion;

on the other hand, it decelerate in the region (B) since the RF field in the y direction lessen

the drift motion. Then, electrons are gradually bunched and they shift to either the region

(C) or the region (D). In the region (C), the RF field in the x direction makes electrons move

to the cathode by the drift motion in the y direction expressed by Eq. (1.5); on the other

hand, electrons in the region (D) move toward the anode vanes. After all, electrons gradually

form spoke-shaped electron clouds in the interaction space, as shown in Fig. 1.1. Every time

the electron spokes pass through the edge of the resonant cavities, the induced current flows

from the positive RF potential to the negative RF potential. Therefore, electrons behave as

a negative resistance to the RF field, and finally repetition of these mechanisms above leads

to the oscillation.

1.1.3 Reference magnetron in the present study

The magnetron model 2M210MIFI manufactured by Panasonic Semiconductor Discrete De-

vices Co., Ltd. is used as the reference magnetron in the present study. A cross-section image

of the reference magnetron in the r - z plane is shown in Fig 1.3, where r and z is defined as

the radial and axial direction, respectively. The reference magnetron as well as a conventional

oven magnetron has a filament in order to produce thermal electrons, and the filament also

play a role of the cathode.
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Table 1.1: Normal rated values of the reference magnetron

2M210MIFI.
IFbeequency 2.455GHz

Peakanodevoltage 4.lkV

Meananodecurrent 300mAdc
ACfilamentcurrent 10A

HV input side

Figure 1.3: Cross-section

image of the reference mag-

netron in the r - z plane.

   When it is driven by an unsmoothed fu11-wave rectified power supply, the normal rated

values of 2M210MIFI are put in Table 1.1. The anode current and the anode voltage can be

replaced by tbe operating current and the operating voltage of the magnetron, respectively.

1.2 WirelessPowerTltransmission(WPT)

Radio wave technologies have been one of the most indispensable social foundations in our

human society since J. C. Maxwell propounded the existence of radio wave theoretically in

1864. 0ne of the well-known radio applications is wireless communication services such as

radio and television broadcasting services, satellite broadcasting services, cell phone systems,

WLAN etc. The radio wave is also applied to remote sensing services such as radar systems

and sensors. These applications utilize the radio wave as a media to communicate or to detect

information. Moreover, we utilize the radio wave, especially microwave, as an energy source.

Its representative example is microwave heating of foods with a microwave oven.

   The most important thing is that all the radio applications described above are based

on wireless electromagnetic energy transmission. The nature of the radio wave has been

reconsidered by an innovative field what is called Wireless Power [[lrransmission (WPT) or

Microwave Power 'Ilrransmission (MPT) since the late of 20th century. Most of the WPT

studies have been MPT studies, therefore WPT is deemed to MPT hereafter.
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   The history of WPT is said to have began around the early part of the 20th century when

N. Tesla put forward its possibility [9, 10]. He actually built up a huge coil with a ball of 3 feet

in diameter on the top of a mast of 200 feet in height, and conducted the WPT experiment of

300kW at a frequency of 150kHz. It was hard to say that this experiment was successful due

to its overlong wavelength. Then, the WPT was behind wireless communication technologies.

The review of the WPT was triggered by the inventions of high power microwave tubes such

as klystrons and magnetrons around the early 20th century. Then, W. C. Brown and his

group have mostly contributed to studies on the WPT with microwave, that is, the MPT

in 1960s [11]. He conducted his first practical WPT experiments in 1963 and succeeded in

the demonstration of a microwave powered helicopter, as a photo of their demonstration is

shown in Fig 1.4 [11]. Then, he and his group have achieved a certified overall DC to DC

eMciency of 549o, which is still the world record for the overall eMciency of WPT systems,

as a photo of their demonstrations is shown in Fig 1.5 [11]. They have also conducted the

demonstration of the WPT over a distance of 1 mile, as a photo of their demonstrations is

shown in Fig 1.6 [11].

   The pioneering works on the WPT by Brown and his group has been motivating a lot

of engineers and scientists in the world to research and development related the WPT tech-

nology. A research group in Kyoto University is one of the most active groups engaging in

the WPT and a SPS, which is described in the next section, deeply. Various experiments

Figure 1.5: Certified demonstration of 54% overall

DC to DC eMciency in 1975 [11].

Figure 1.4: Demonstration of a

microwave powered helicopter in
1964 [11].
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Figure 1.6: Demonstration of beamed power over 1 mile distance [11].

on the WPT has been conducted by the research group in Kyoto University and other co-

operative research groups, whose research activities are condensed into [12]. In 1983, they

have succeeded in the world first rocket experiment on the WPT in the ionosphere called

MINIX (Microwave Ionosphere Nonlinear Interaction eXperiment) [13, 14], as a photo and

an experimental result are shown in Fig. 1.7. The transmitting antenna in the MINIX is

just a truncated waveguide. In 1993, they have succeeded in the second rocket experiment

called ISY-METS (International Space Year - Microwave Energy Transmission in Space) [15]

as a photo of ISY-METS is shown in Fig. 1.8. In the ISY-METS, a phased array system

was employed as the transmitting system. In terms of the ground experiments, the WPT

experiment to an airplane called MILAX (MIcrowave Lifted Airplane eXperiment) was con-

ducted in 1992, as photos of the MILAX are shown in Fig. 1.9 [12]. A phased array system

was also employed as the transmitting system in the MILAX, therefore the microwave beam

was able to chase the airplane whose propeller was driven only by the rectified power from

microwave. In 1994-95, the first ground-to-ground WPT experiment in Japan called the "Ya-

mazaki" experiment (Yamazaki is the name of the town where the experiment was held.) was

conducted [16], as a photo of the Yamazaki experiment is shown in Fig 1.10. A microwave

power of 5kW was transmitted to rectenna arrays over a distance of 42m.

   With regard to the ground-to-ground WPT experiments, there are some ongoing WPT

projects; WPT experiments in La R6union Island [17], and in Hawaii [18]. These future plans

show that the commercial viability of the WPT applications is being researched actively and

earnestly all over the world.
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   A basic concept ofthe WPT is shown in Fig. 1.11. The WPT system is mainly divided into

three sections: the transmitting section, the receiving section and the beam forming section.

The transmitting section consists of DC-RF converters and transmitting antennas. The DC-

RF converters mainly include electric tubes such as magnetrons, klystrons, TWTs etc., or

solid state devices. The receiving section consists of receiving antennas and RF-DC rectifiers,

which are generally called "rectennas" by combining two words: rectifiers and antennas.

Studies on rectennas have been conducted by W. C. Brown [11], who holds the world record

of the RF-DC conversion eMciency, and several researchers in Japan (e.g. [16, 19]). CWCs

(Cyclotron Wave Converters) I20,21] can be alternatives to the RF-DC rectifiers. The beam

forming section is the intermediate section between the transmitting section and the receiving

section. In order to prevent the power dissipation through the beam forming section, the

transmitting section usually involves a high-gain transmitting antenna or a phased array

system.

   The accuracy of the beam control to the desired receiving site is also important. In the

case of a SPS, a pilot signal is considered to be transmitted from the receiving site and

the SPS transmits RF energy back to the arrival direction of the pilot signal. A typical

way to realize these processes above is a retrodirective system [22]. A research group in the

United States and our research group in Kyoto University have also studied and developed

a retrodirective power transmitter [12, 23], and we have also studied a beam control system

with spread-spectrum pilot signals [24]. --

   The most significant difference between the WPT and wireless communication services is

the management of the RF energy. The wireless communication services, especially broad-

casting services and mobile communication systems require the eficient transmission of in-

DC-RF converter

 'Magnetron
 'Klystron

 tTWT
 t Solid state devices

          etc.

Transmitting Antenna
'Mgh gain antenna
' Active phased array

Wireless Power
 Transrrllssion

DC Power

RF-DC converter

 ' Rectifying circuit

 ' Cyclotron Wave

    Converter
          etc.

Receiving Antenna

"Rectenna"

Transmiuing Section Beam Forming Section Receiving Section

Figure 1.11 : Basic concept of Wireless Power rllransmission (WPT).
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formation for service areas. Hence, the RF energy from the base station needs to be widely

radiated. The WPT, on the other hand, requires the eMcient transmission of the RF energy

itself, hence the RF energy from the transmitting system should be focused only on the re-

ceiving site. High-eficiency and low Ioss are radically required of all the elements of the WPT

system, which include the DC-RF converter on the transmitter, the beam control system,

the RF-DC converter on the receiver etc.

   The WPT services are of benefit at the places where it is impossible or it cost too much

to install the fixed power transmission lines, for example, isolated islands, a mountain top

etc. In the previous studies in Kyoto University, the WPT applications to a search robot in

a gas pipe [25] and to an electric car [26,27] have been researched. Also, a Ubiquitous Power

Service (UPS) by the WPT is also being studied in Kyoto University l28]. The UPS is one

of the most suitable WPT applications for practical use. It ubiquitously supplies the electric

power to small-powered devices such as cellular phones etc. with the WPT technology.

   Above all, the biggest project ofthe WPT applications is a Solar Power Satellite/Station

(SPS) project, described in the next section.

1.3 Solar Power Station/Satellite (SPS)

Rapid economic and population growth in the 20th and 21st centuries involves rapid increase

in demand for energy. According to International Energy Agency, the world total energy

supply in 2030 is projected to increase by 160% compared to that in 20el, and it highly

depends on fossil fuels such as oil, coal, and natural gas by 80% in 2001 and will still depend

on them by 839o in 2030 [29]. On the other hand, it is well-known that fossil fuels heavily lead

to the carbon dioxide emission and their exhaustion will increasingly pose a severe problem to

human life. Nuclear energy also has a serious problem in disposal of nuclear fuel wastes and

nuclear accidents although it is COx and NOx emission-free. Sustainable energy resources

such as solar energy, wind energy, hydro-energy, biomass energy etc. have therefore been a

focus of constant attention as alternatives to fossil fuels. They however have a disadvantage

for a stable supply of energy because the amount of their energy varies seasonally, or daily,

or even momentarily. '
   A Solar Power Station/Satellite (SPS), which has being studied by researchers, scientists,

engineers, or even economists, is expected to become one of the energy sources for the next

generation under the .current circumstances described above. The SPS is clean and exhaust-

                'less since it is a power station whose resource is solar energy. Furthermore, the SPS supplies

a stable electric power almost all through the year except that it is eclipsed by the Earth,

because the power generated in space, in other words, there is no seasonal and daily variation

by clouds, rain, and nights.

   The SPS was originally devised by P. E. Glaser in 1968 [30,31], and its concept design was

developed by a collaboration of Department of Energy (DOE) and the National Aeronautics
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Figure 1.12: SPS NASA reference system [31].
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Figure 1.13 : "Sun Tower" concept [33]. Figure 1.14: "Solar Disc" concept [33].

and Space Agency (NASA) [32]. Fig. 1.12 shows the SPS NASA reference system [31]. The

SPS reference system mainly consists of the solar panels with the size of 5kmx10km and

the transmitting system with the diameter of lkm, and it weighs 50,000 tons. It is put into

the geostationary orbit (GEO) and generates an enormous electric power of 10GW by solar

photovoltaic cells. The electric power is converted into microwave power in the transmitting

system, and the power is transmitted from the transmitting system in space to the receiving

site on the Earth. The DC power on the receiving site is estimated to be 5GW, therefore the

overall DC to DC eMciency is estimated to be about 50 %.

   After the cease of the SPS studies in the United States in 1980's, NASA reviewed national

and international studies on SPS in the program "Fresh Look Study [33]" in 1995-1997. The

Fresh Look Study examined about 30 SPS concepts. The "Sun Tower" concept, depicted in

Fig. 1.13 and the "Solar Disc" concept, depicted in Fig. 1.14, are the famous SPS concepts
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NASDA Reference System - [35].

"Tether-type" SPS con-

discussed in the Fresh Look Study. The Sun Tower, whose appearance is like a tree, is put

into orbit at an altitude of 1000km and generates an electric power of 100-400MW. The Solar

Disc is put into the GEO and generates an electric power of 1-10GW.

   In Europe, the ACT (Advanced Concept Team) in the ESA (European Space Agency)

has conducted a three-phased program since 2003 [34]. The ACT is conducting the first

phase, the Validation Phase, which focuses on a comparison of space solar power plant with

comparable terrestrial solutions on the one hand, and the assessment of the potential of the

SPS for space exploration and space application on the other.

   As stated above, lots of SPS studies have being conducted in several countries and groups.

Especially, Japan has been showing energetic SPS activities in working committees, and ex-

perimental SPS concepts and IGW-class commercial SPS concepts has been developed. The

recent IGW-class SPS concepts are classified into two types: a "mirror-type" SPS concept and

a "tether-type" SPS concept. Fig. 1.15 and Fig. 1.16 show artist conceptions of the "mirror-

type" SPS named "2001 NASDA Reference System" developed by the working group of the

Japan Aerospace Exploration Agency (JAXA) [35], and the "tether-type" SPS developed by

the working group of Institute for Unmanned Space Experiment Free Flyer (USEF) [36,37],

respectively.

   The carrier frequency of almost all the SPS systems is designed to be in the ISM band

of 2.45GHz or 5.8GHz. This is because microwave hardly suffers the ionospheric reflection

and the atmosphere absorption in the frequency band from IGHz to 10GHz. Therefore, the

carrier frequency of almost all the WPT systems described in Sec. 1.2 is also designed to be

in the ISM bands of 2.45GHz or 5.8GHz, although it has not been allocated for the WPT

the and SPS yet.
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1.4 Phase-Controlled Magnetron (PCM)

In the case of a SPS, microwave energy generated from a transmitting system must be ef-

ficiently and accurately focused on a receiving site with fast response, otherwise leaked mi-

crowave energy will not only cause power loss of the overall WPT system but also interfere

in other communication systems severely. Therefore, a phased array system with enormous

numbers of antenna elements, which is adopted in all of the recent SPS concepts, is one of

the most essential techniques to be studied and developed for the SPS transmitting system.

   Advantages of a magnetron for the use of the WPT and the SPS include its low cost, high

DC-RF conversion eMciency (more than 70%) and high output power. On the other hand,

a magnetron is very noisy and it has a wide oscillating bandwidth. In particular, the wide

oscillating bandwidth is a significant disadvantage to the realization of a phased array with

a phase control mechanism, which is indispensable for the SPS that handles an extremely

large amount of power. A Phase-Controlled-Magnetron (PCM) has been developed in order

to overcome the problem.

   A basic configuration of the PCM is shown in Fig 1.17 [38]. The PCM is basically imple--

mented in a phase locking of a magnetron in a phase of a reference signal whose frequency

is necessary to be set in the frequency band ofa magnetron. In order to realize both the

frequency locking and the phase locking, an injection locking method, a method of the fre-

quency locking by injecting the reference signal into an oscillator, is commonly used. The

basic theory of the injection locking method was developed by Adler [39], and the following

equation is well-known as Adler's equation;

                               ",'-6i.T .Rie,, (i•6)

where Af is the locking bandwidth, f is the center frequency ofthe oscillation, Pin is the RF

input (injected) power, Pout is the RF output power, and (?E is the external Q factor ofthe

oscillator. When the frequency of the oscillator is Iocked in that of the reference signal, the

Phase
Correction

PhaseControl
Magnetron

Reference
Signal Phase

Shifter

Phase
Comparator

'

Figure 1.17: Basic configuration of a Phase-Controlled Magnetron (PCM) [38].
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phase difference e between the oscillator and the reference signal is also derived by Adler;

                             e=: sin-if ARf,i9;..,, (i.7)

here Af' is the difference between the free-running frequency of the oscillator and the fre-

quency of the reference signal.

   Note that Pin/Pout is required to be Iarge in order to lock the frequency and the phase of

the oscillator as Af becomes large, as expressed in Eq. (1.6). In the case ofa cooker-type CW

magnetron, the output power is several hundreds of watts, hence, the frequency and phasee

locking only by the injection locking method becomes diMcult for practical use when the free-

running frequency of a magnetron is away from the reference signal. Therefore, in order to

cope flexibly with the individual difference of the free-running frequency of the magnetron, a

combination of the injection locking method and a frequency control is commonly used. The

frequency control is conducted by tuning the external magnetic field of the magnetron, or the

anode current of the magnetron, or the output load impedance. By reducing the frequency

difference between the magnetron and the reference signal close to zero with the frequency

control method, large injected power is not necessary to leck the frequency and the phase of

the magnetron.

   A PCM has first been developed by Brown [40,41]. The PCM was realized by controlling

the external magnetic field with a "buck boost" coil. A PCM by tuning the output load

impedance has been developed in the University of Alaska Fairbanks [42]. The PCM was

realized by a mechanical control system of the output load impedance with a servomotor.

   Our research group in Kyoto University has also been developing a PCM by controlling

the anode current of the magnetron [12,43-45]. In our PCM, a Phase-Locked-Loop (PLL)

technique has been newly adopted. By a combination of the injection locking method and

the PLL technique, both the frequency and the phase of our PCM can be automatically

locked to the reference signal. Moreover, phases of multiple PCMs can be standardized

by realizing e = O in Eq. (1.7) for each PCM. Owing to the accomplishment of the PCM,

the experimental equipments with a phased array using PCMs at 2.45GHz and 5.8GHz were

developed, which are named SPORTS (Space POwer Radio Thransmission System) 2.45 shown

in Fig. 1.18, and SPORTS5.8 shown in Fig. 1.19, respectively [46]. SPORTS2.45 includes

12 PCMs and generates microwave power of about 3.6kW. The microwave power beam is

controlled by either of antenna systems; 12 horn antennas which are directly hooked up to

12 PCMs, or 96 dipole antenna elements which are hooked up to 12 PCMs via 8-ways power

dividers. SPORTS5.8 includes 9 PCMs, which install a newly-developed 5.8GHz magnetron

by Panasonic Semiconductor Discrete Devices Co., Ltd. and generates microwave power of

about 1.26kW.

   A Iight microwave power transmitter at 5.8GHz named COMET (COmpact Microwave

Energy Tlransmitter) has been also developed by our research group [47,48]. The size of the

COMET is only 310mm in diameter and 99mm in height, and the weight is less than 7kg.
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Figure 1.20: COMET [47,48].

Moreover, we succeeded to develop a Phase-and-Amplitude-Controlled Magnetron (PACM)

by tuning both the anode current and the external magnetic field simultaneously [48-50].

1.5 Contribution of the present study

This thesis is devoted to a study on noise features of a magnetron and low noise WPT, in

order to develop both a magnetron and a WPT system which are compatible with other radio

applications.

   In Chapter 2, we describe experimental measurements of electron emission from the cath-

ode filament of a magnetron. A feature of the present study is that experimental measure-

ments are conducted with three-dimensional aspects, which has not been treated in many

previous studies on a magnetron. We conducted the experimental measurements of the anode

current with axially-segmented anode blocks. We also conducted the experimental measure-

ments of the filament temperature of a magnetron with a hole in the anode block. These

experimental results play important roles in discussing generation mechanisms of noises from

a magnetron, and designing a new type of a magnetron in the subsequent chapters.

   In Chapter 3, we conducted a time domain analysis of magnetron noises for the purpose

of clarifying generation mechanisms of spurious noises from a magnetron. We found out,

from experimental results, that noises could be classified into five types. We also discussed

spurious noise sources according to the classified noise types. The achievement in this chapter

will contribute to dealing with these classified noises independently for development of a low

noise magnetron, because the generating mechanisms of the categorized noises are likely to

be different from each other.

   In Chapter 4, we describe newly-designed low noise magnetrons. In the first part of the

chapter, we conducted experimental measurements on the relationships between noise levels

and the interaction space, and between noise levels and the anode voltage. In the latter part
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of the chapter, we describe noise features of magnetrons with cathode shields. We found out

that our newly-designed magnetron with a cathode shield only on the high voltage input side

radiated spurious noises much less than the conventional oven magnetron and a magnetron

with cathode shields on both the fiIament ends, which was suggested by Kohsaka et al [5].

The achievement in the chapter will lead to development of a future low noise magnetron

which will contribute to cost reduction of a microwave oven by uninstalling filter circuits as

well as EMC with other radio applications.

   In Chapter 5, we describe noise features ofa filament-offmagnetron. The internal feedback

mechanism, which has been introduced as an effective way for a quiet magnetron operation

in the oscillation band [411 as well as a long life of the cathode [38,41], most effectively takes

place by turning off the filament current during the oscillation of a magnetron. We found out

that turning off the filament current is a significantly effective method for a magnetron not

only to make the oscillation bandwidth narrower but also reduce the radiation noise levels in

high frequency bands and the line noise levels in low frequency bands, when the magnetron

is operated by a DC stabilized power supply. These achievements will contribute greatly

to realization of loW noise WPT systems. Especially, the improvement of the oscillation

bandwidth has led to the development of a PCM described in Sec. 1.4.

   In Chapter 6, we summarize the present study and give conclusions achieved by the

present experimental measurements. Finally, we give suggestions for future researches and

developments of a low noise magnetron and a low noise WPT system.



Chapter 2

Measurements of Electron Emission

from Magnetron Cathode

2.1 Introduction

In this chapter, we describe experimental measurements ofelectron emission from the cathode

filament of a magnetron. The cathode filament of the magnetron for a microwave oven is

directly heated by an AC power supply for the purpose of supplying electrons necessary to

maintain the oscillation in the form of thermal electron emission. The oscillation usually

stops without this electron supply. On the other hand, either reducing or cutting off the

filament current after the oscillation is known as an effective method for a magnetron to

prevent the cathode from its short life due to unnecessary heating [38]. Moreover, Brown

has also introduced this technique in order to suppress spurious noises around the carrier

frequency band [41,51]. This improvement is due to the "internal feedback mechanism",

which we describe in detail in Chapter 5.

   A feature of the present study is that experimental measurements are conducted with

three-dimensional aspects. Many previous studies on analysis of a magneton has been dis-

cussed with two-dimensional aspects and the motion of electrons in the axial direction has

been omitted. However, the two-dimensional aspects are not approved on both end sides of a

magnetron, because it has a much more complex structure and the electromagnetic field. For

example, there is the axial electrostatic field as well as the radial one on both end sides due

to the existence of end hats, and the magnetic field lines are neither constant nor perfectly

parallel to the axial direction. Therefore, some experimental measurements and discussions

in the present chapter are conducted from the three-dimensional viewpoint.

   In Sec. 2.2, we describe measurements of the anode current. The measurements are

achieved by a magnetron with axially-segmented anode blocks. First, we measure the anode

current of a cylindrical diode when the external magnetic field is not applied. Then, we mea-

sure the anode current of a magnetron. From experimental results and theoretical equations,

19
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we discuss motion of an electron in a cylindrical diode and a magnetron analytically.

   In Sec. 2.3, we describe measurements of the filament temperature. The measurements are

achieved by a magnetron whose anode has a hole to see through the cathode filament directly.

Two experimental measurements of the filament temperature are described. The former is

measurements of the filament temperature at the center of the cathode in order to investigate

the relationship between the filament current and the filament temperature when we take the

anode current as a parameter. The latter is measurements of the axial distribution of the

filament temperature in order to investigate the axial distribution of electron emission.

   These measurements were also conducted as parts of necessary data for researching gen-

eration mechanisms of noises from a magnetron in the subsequent chapters.

2.2 Experimental measurements of the anode current
axially-segmented anode blocks

with

2.2.1 Configurations of a magnetron with axially-segmented anode blocks

A photo and a schematic view of a magnetron with axially-segmented anode blocks are shown

on the left-hand side and the right-hand side of Fig. 2.1, respectively. The axially-segmented

anode is formerly manufactured as a commercial magnetron, and it is processed and axially

separated into five pieces: the outer sheath on the high voltage (HV) input side (Outer sheath

(I)), the anode block on the HV input side (Anode (I)), the anode block on the center (Anode

(C)), the anode block on the RF output side (Anode (O)), and the outer sheath on the RF

output side (Outer sheath (O)), from above in Fig. 2.1. Each anode block is insulated from

the adjacent anode blocks with a ceramic plate in order to investigate the amount of current

fiowing in the anode block.

   With respect to the external magnetic field, we examine two cases; one is a cylindrical

diode case when the external magnetic field is not applied, and the other is a magnetron case

when the external magnetic field of O.11T is applied. In the cylindrical diode case, electrons

emitted from the cathode are considered to move straightforward to the anode only with

the radial velocity component. Hence, the axial distribution of electron emission is roughly

estimated by the measurement of the anode current fiowing in each anode block. In the

magnetron case, the relative amounts of the anode current flowing in the anode blocks are

compared to those in the cylindrical diode case.

2.2.2 Measurementsystem

Fig. 2.2 shows a schematic of a measurement system for obtaining the anode current with

the axially-segmented anode blocks. The magnetron is installed in a vacuum chamber to

evacuate. The pressure in the chamber varies from 4.8 Å~ 10-3Pa before heating the filament,

to 3.6 Å~ 10"2Pa after the measurements. Each anode block is connected to a resistance of 1st
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obtaining the anode current with axially-

outside ofthe vacuum chamber, and the anode current flowing in each anode block is obtained

by measuring the voltage of each resistance with an oscilloscope (Tektronix TDS3054). In

the magnetron case, the Outer sheath (O) is electrically connected to the Outer sheath (I) for

convenience of setting. A high voltage pulsed power supply (Yamabishi YHPG-6K--4ATR-B,

pulse frequency: 50Hz, duty ratio: O.5) is used for an operation of the magnetron in order to

prevent it from overheating.
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2.2.3 Experimentalresults

The experimental results of the cylindrical diode case are shown in Fig. 2.3 and Fig. 2.4.

Fig. 2.3 shows the peak anode current observed by the oscilloscope when the peak anode

voltage is O.5kV (Fig. 2.3 (a)), lkV (Fig. 2.3 (b)) and 1.5kV (Fig. 2.3 (c)). Also, Fig. 2.4

shows the experimental results of the relative amount of electron emission when the peak

anode voltage is O.5kV (Fig. 2.4 (a)), lkV (Fig. 2.4 (b)) and 1.5kV (Fig. 2.4 (c)). The

relative amount of the anode current is calculated from the measurement data of each anode

current flowing in each anode block. The vertical axis in Fig. 2.4 shows the ratio of the anode

current flowing in each anode block when the sum of the anode current values in Fig. 2.3 is

normalized by 100oro.

   The experimental results indicate that the axial distribution of the anode current values

is roughly figured as the following: 45oro on the center of the anode block, 30oro on the HV

input side ofthe anode block, 15oro on the RF output side ofthe anode block and 10% on the

outer sheaths on both the ends. The ratios above do not depend on the anode voltage and

the filament current.

   Fig. 2.5 shows the experimental results of the magnetron case. The left figure shows the

experimental results of the peak anode current flowing into each anode blocks, and the right

figure shows the relative amount of the anode current when the sum of the anode current

values is normalized by 100%. In Fig. 2.5, the filament current is fixed at 10A, and the peak

anode voltages of O.9kV, 3.0kV and 5.0kV are applied to the magnetron.

   From •the left figure of Fig. 2.5, the anode current hardly flows when the peak anode

voltage is O.9kV, then it suddenly flows when the anode voltage exceeds a threshold value,

which is determined by the Hull's cutoff equation [1] described in the next subsection. The

experimental results of the relative amount of the anode current indicate that the axial

distribution of the anode current varies with the peak anode voltage. When the peak anode

voltage is 5.0kV, the axial distribution denotes the similar tendency of that ,in the cylindrical

diode case: 50% on the center of the anode block, 35% on the HV input side of the anode

block, 159(o on the RF output side of the anode block and a few percent on the outer sheaths

on both the ends. As the peak anode voltage reduces, the relative amount of the anode

current shifts from the HV input side to the RF output side.

2.2.4 Discussions

Child-Langmuir law in a cylindrical diode

Here we discuss electron motion in a cylindrical diode analytically in orde; to investigate the

behavior of electrons in the cylindrical diode.

   In the case of an infinitely long cylindrical diode as shown in Fig. 2.6, the one-dimensional

Poisson's equation, the energy conservation equation, and the equation of continuity in the
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cylindrical coordinates are expressed in the followings:

                           l:l.7 (rdÅëd(,r)) = 'zlii, (2•i)

                                   12                                         =eV, (2.2)                                   iMv

                                    J(r) = -pv, (2.3)

respectively, where ip(r) is the potential at a radius of r, p is the charge density, ee is the

dielectric constant in vacuum, m is the electron mass, e is the electron charge, v is the electron

velocity, and J(r) represents the current density on a cylindrical plane at a radius of r. The

negative sign in the right-hand side of Eq. (2.3) means that the current flow is opposite•to

the direction of the electron motion. When I is defined as the current per axial unit Iength,

I == 2TrJ(r) == -2mpv = const. (2.4)

IFYom Eq. (2.1), Eq. (2.2), Eq. (2.3) and Eq.

f. (r!Z/ÅÄ) =

(2.4),

2ri eo VflZv' S '
(2.5)

   Eq (2.5) can not be directly solved. However, in the case of parallel plate electrodes, the

Child-Langmuir law is derived by conducting the same process;

                               I= 4gEo vllll :,-32, (2.6)

where d is the gap between the anode and the cathode of the parallel plate electrodes. Hence,
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referring to Eq. (2.6), the final solution takes the following expression including a series;

       8reoI=        9
6 = ln (Åí

        ,gg,

6a = 61r=r.;

vit llll

)
  [in(

  vg
m rafi.2 '

-i [in (E)]2.

    ,r,)]`. ,

i21o Iln (E)]3

(2.7)

where ra and rc is the radii of the anode and the cathode, respectively [52,53].

   The curves in Fig 2.7 shows the relationship between the three-halves power of the anode

voltage in the horizontal axis and the current flowing in each anode blocks from the exper-

imental results in Fig 2.3 in the vertical axis. The curves at the filament current of 12A

in Fig 2.3 show straight lines, therefore, they quite meet the Child-Langmuir's law in the

cylindrical coordinates expressed in Eq. (2.7), and the cylindrical diode is operated in the

region of the space charge limitation. On the other hand, the curves at the filament current

of 10A in Fig 2.3 diverge gradually from the Child-Langmuir's law and finally the anode

current is independent of the anode voltage. Therefore, in these regions, the cylindrical diode

is operated in the region of the temperature limitation, and the anode current is determined

only by the filament temperature.

   As described above, the experimental results of the cylindrical diode case quite meet the

fundamental laws on vacuum electronics.
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Electron motion in a cylindrical diode

The motion of a single electron in a cylindrical diode is expressed by Eq. (1.1) when B = O.

Therefore,
                                  dr dip(r)
                                            . (2.8)                                m- =e                                  dt                                         dr
From Eq. (2.8), the traveling time of the single electron from the cathode r == rc to the anode

r = r. is solved by setting dr/dt = O,r = rc when t = O and ip(ra) = V at r = ra;

                              t= (ra'rc)v/llll;• (2'g)

   In the case of a magnetron 2M210MIFI, which we have used as the reference in this

thesis, ra - rc=2.525mm, thus the traveling time t is equal to 1.10Å~10-iOs when the anode

voltage V is 1.5kV.

Electron motion in a magnetron

Here we discuss electron motion in a magnetron analytically and compare the motion to that

in a cylindrical diode.

   When electrons are assumed to be uniformly distributed in a magnetron i.e. p = const.,

we integrate Eq. (2.1) by r, then

                                aip(r) p 2                               ro. =2eor, (2.lo)
where the integration constant vanishes by assuming p has a large figure. This expedient

assumption is commonly used because it helps us to solve the equation of motion Eq. (1.1)

analytically, and its validity is supported by some experimental results [54]. Then, we inte-

grate Eq. (2.10) and set the integration constants as ip(rc) = O and ip(ra) = V,

                                      22                                     r -r                                     rz-r2 V' (2•11)                               ip(r) =

   With regard to the equation of motion, we can solve it by replacing the two-dimensional

cylindrical coordinates by the coordinates on the complex plane, then E and v Å~ B are

expressed as the fo11owings;

                        E -År -g-/-2'-boipy=-2e.z\.,2C, (2•i2)

                    vxB =År (-2'-aaXt+IZ/ÅÄ)B-veB2/, (2.13)

where C = x+]'y and B is the external magnetic field. Ftom Eq. (2.11), Eq. (2.12) and

Eq. (2.13), Eq. (1.1) is rewritten;

                          d2C                                           v                                  dC                        Mdt2 -2'eB Tt -2e .g-.,2C= O' (2•14)
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   Then, the solution of Eq. (2.14) is derived;

                            C = Riexp(j'stit)+R2exp(j'st2t), (2.15)

                 where gs = iilBiiÅ} (2m)2-2,,ei..V.2, (2•i6)

                          Ri = g2 9-2 sti rc, R2 = sti st-i g2 rc• (2.17)

Here ICI = rc and the initial velocity is O when t == O, as the initial conditions. Therefore, the

single electron in a magnetron has circular drift motion with a radius of IR21, and rotational

motion with a radius of IRi1 [54].

   By numerical analysis, we depict the trajectory in Fig. 2.8. The left-hand figure and the

right-hand figure show the trajectory of the single electron in a magnetron, and the time

variation of the radial position of the electron, respectively, when the anode voltages are

lkV, 3kV and 5kV. The reference magnetron 2M210MIFI is used for parameters to solve the

trajectory, except that the intensity of the external magnetic field is O.11T which is applied

in the present measurements.

   From Fig. 2.8, the electron does not reach the anode when the anode voltage is less than

the threshold value which is determined by the Hull's cutoff equation [1]. The Hull's cutoff

equation is given by Eq. (2.15), Eq. (2.16), Eq. (2.17) and the condition that an electronjust

reaches the anode. The last condition means the maiximum radius of the electron trajectory

is equal to the anode radius, i.e. IRil+IR2i = ra. Therefore, the Hull's cutoff equation

expressed as the following;

                         ev-2gl (f#B})2rz (1-Il/i2 )2 (2 ls)

For the reference magnetron, the cutoff voltage is 4.17kV when B=O.11T, hence, an electron

reaches the anode when the anode voltage is 5kV, and not when it is lkV and 3kV, as shown

in Fig. 2.8.

   The traveling time t of the electron from the cathode to the anode is estimated to be

1.81Å~10'iOs at an anode voltage of 5kV from the curves on the right-hand side of Fig. 2.8.

It is about 1.65 times as much as that at an anode voltage of 1.5kV in the cylindrical diode

case. Because the trajectory of the electron is bended by the magnetic field, the traveling

time in the magnetron case becomes longer than that in the cylindrical diode case.

   At an anode voltage of 3kV, the electron dose not arrive at the anode theoretically and

it takes 2.92Å~10-iOs to reach the closest point to the anode from Fig. 2.8. In fact, however,

the anode current flows when the anode voltage is lower than the cutoff voltage, as shown

in Fig. 2.5. This is because the formation of electron spokes assists electrons in reaching the

anode in a magnetron at a lower anode voltage than the cutoff voltage. Then, the traveling

time of the electron from the cathode to the anode will be much longer than 2.92Å~10"iOs

since electrons arrive at the anode while rotating several times in the interaction space with

the formation of the electron spokes.
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Axial diffusive motion of electrons

We here discuss the effect of diffusive motion to the axial direction z. The electron motion

to the axial direction is independent of B, thus it can be discussed in the case of both a

cylindrical diode and a magnetron at the same time.

   The axial velocity component of a single electron is provided by two reasons: one is

because the initial velocities of thermal electrons have the axial component 'as well as the

radial or azimuthal component, and the other is because electrons are diffused to the axial

direction by the charge density gradient.

   In the former case, we define fz(vz) as the standardized distribution function ofthe number

of thermal electrons moving to the axial direction with a velocity of v,, f, (v,) is given by the

Maxwell's distribution;

              fz (vz)= Nti.t.i ddAv r, = ill/ith exp (- 2VvZi2h), vth = ec, (2 ig)

where N is the number of electrons, Ntotai the total number of electrons, vth is the thermal

velocity of electrons and k is the Boltzmann constant [551. For example, we assign T is 2000K

to Eq. (2.19) from the experimental results of the filament temperature at the center of the

cathode when Ib = 400mA and If = 10.5A, as described in the next section. Then, the

thermal velocity vth, which is the most probable value of fz(v.), is equal to 1.74Å~105m/s.

Since electrons continue in a state of uniform motion in the axial direction, the axial travel

distance zth by the thermal velocity from leaving the cathode to reaching to the anode is

represented by v,t, where t is the traveling time of the electron from anode to cathode. For

example, the axial travel distance of a single electron with a velocity of vth is calculated to

be 1.91Å~10-5m at an anode voltage of 1.5kV in the cylindrical diode case, and 3.15Å~10-5m
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at an anode voltage of 5kV in the magnetron case. Therefore, diffusive motion by the initial

velocities of thermal electrons can be neglected because the size of the magnetron 'we have

experimented is the order of 10-3m.

   In the latter case, planar electron beam diffusion shown in Fig. 2.9 is used to analyze in

the cylindrical diode case. When the coordinate axes in the r - z plane are defined as shown

in Fig. 2.9, the envelope curve of the planar beam is expressed in the following;

                        z=: (f/S ) l/llllE,, ) (r - rc)2 + zo, (2 2o)

where Io is the current per unit length of the r direction [56]. For example, the current fiowing

in the center of the anode (Anode(C)) when eb = 1.5kV and If = 12A was measured to be

133.6mA from the experimental results. Then, we approximate a segmented anode block by

a prefect cylinder, the surface area of the Anode(C) is calculated to be 8.48Å~10'5m2. We

assume that Io is uniform in the radial direction between the cathode and the anode, then,

the diffusion Iength (z - zo) at the anode r = r. in the cylindrical diode case is calculated

from Eq. (2.20) to be 4.12mm, which is the same order of the axial length of the magnetron.

   In the magnetron case, we analogize the diffusion length from the discussion above. Since

Eq. (2.20) is the square function of r, and the traveling time from the cathode to the anode

is about 1.65 times as much as that in the cylindrical diode case, the diffusion length at an

anode voltage of 5kV in the magnetron case is calculated to be (1.65)2Å~4.12mm= 11.2mm,

which is also comparable to or a little bit longer than the size of the magnetron.
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   From discussions above, it is found out that diffusive motion of an electron mainly takes

place by the charge density gradient. In the cylindrical diode case, the diffusion length is

comparable to its size. In fact, 10% of the total amount of the anode current flow in the

outer sheaths on both the ends, although the end hats, attached to both the cathode filament

ends, play a role in prevention of the electron flow into the outer sheath of the magnetron.

Discussions of the relative amount of the anode current in the magnetron case

The diffusion length in the magnetron case at an anode voltage of 5kV is comparable to that

in the cylindrical case. This corresponds to the experimental results in Fig. 2.4 and Fig. 2.5,

which show that both the axial distributions of the anode current are similar.

   On the other hand, the relative amount of the anode current gradually shifts from the

HV input side to the RF output side as the anode voltage reduces, from the experimental

results in Fig. 2.5. This is caused by the diffusive motion due to the long traveling time.

   Even if we assume that the traveling time from the cathode to the anode is 2.92Å~10miOs

in the magnetron case at an anode voltage of 3kV, the diffusion length will be at least

(2.92 Å~ 10ffiOs/1.10 Å~ 10-iOs)2Å~4.12mm=29.0mm. Furthermore, the actual diffusive length

will be much longer than 29.0mm since the traveling times is expected to be several times

as much as 2.92Å~10-iOs. As we mentioned that the size of the magnetron is the order of

10'3m, the charge density gradient has strong effect on the diffusive motion of electrons to

the axial direction. Especially, in the magnetron case, it is predicted that electrons are more

easily diffused to the axial direction from the center to the sides, or even to outer sheaths by

the diffusive motion.

   In conclusion, the diffusive motion in the magnetron case can not be neglected, and the

variation of the relative amount of the anode current, as shown in Fig. 2.5, is attributed to

the axial diffusive motion.

2.3 Experimental measurements of the filament temperature

2.3.1 Measurementsystem

A schematic of a measurement system for obtaining the filament temperature of a magnetron

is shown in Fig. 2.10. The operating power supply for the magnetron is a commercially avail-

able DC stabilized power supply (Glassman PS/LTO05R360-20). The magnetron is coupled

to a waveguide, and the microwave output is connected to an almost-matched termination of

a high-power dummy load of 2.5kW (Nihon Koshuha, WDL-0233E).

   A photo of the magnetron for the filament temperature measurement is shown in Fig. 2.11.

The structure of the magnetron is almost the same as the reference magnetron 2M210MIFI,

except that it has a hole in the anode block. A crystal plate is tightly attached to the hole in

order to keep the magnetron tube in vacuum, and the cathode filament can be directly seen
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through the crystal plate. The filament temperature is measured with an optical pyrometer,

and its measurement error is about Å}1000C. Although the resonant condition of the present

magnetron is somewhat different from the reference magnetron due to the hole on the anode,

both the filament shape and the filament material in the present magnetron are identical to the

reference magnetron. Therefore, this arrangement is suMcient for obtaining the relationship

between the filament current and the filament temperature of a magnetron. The AC filament

current and the DC anode current is measured with ampere meters. Also, the anode current

and the anode voltage are observed with an oscilloscope (HP 54600B).

2.3.2 Experimental results of filament current vs. filament temperature

Fig. 2.12 shows the experimental results of the filament current If vs. the filament tempera-

ture curves. Fig. 2.12 indicates that the filament temperature increases as the anode current

and the filament current increase.

   Also, we measured the minimum filament temperature at which the magnetron can start

the oscillation. When the magnetron is operated by a DC stabilized power supply, the

minimum filament temperature for the oscillation was 12300C. This means that the magnetron

can not oscillate at all when the filament temperature is below 12300C.

   As shown in Fig. 2.12, the filament temperatures when the filament current is turned

off during oscillation are 16600C, 16300C, 15900C, and 15200C at anode currents of 400mA,

300mA, 200mA, and 100mA, respectively. All of these values are higher than 12300C, the

minimum filament temperature for the oscillation. At the start-up, electrons are produced

in the magnetron only by the thermionic emission. Therefore, the experimental results at
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Figure 2.10: Schematic of a measurement system

obtaining the filament temperature of a magnetron.

fOr Figure 2.11: Photo of the magnetron

   for the measurements of the filament

   temperature. The light of the fila-

   ment is seen through a crystal plate.
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If=OA mean that the filament temperature is high enough to emit thermal electrons from

the cathode filament even when the filament current is turned off.

   With regard to the cutoff of the filament current, Brown has mentioned "This temperature

turned out to be the lowest temperature at which the thermionically emitting cathode can

supply the needed anode current.", which is called the "internal feedback mechanism" [41].

Our experimental results in Fig. 2.12 explicitly supports his discussions in that the filament

temperature was decreased by the reduction of the filament current.

2.3.3 Experimental results of axial distribution of the filament tempera-

       ture

Fig. 2.13 shows the experimental results of the filament temperature in the axial direction.

The horizontal axis shows the axial measurement points on the cathode filament: No. 1 is the

end of the RF output side, No.4 is the center of the filament and No.7 is the end of the high

voltage (HV) input side. The curves in Fig. 2.13 represent the filament temperatures in the

preheating state (Ib = OA, If = 10.5A), in the oscillating state (Ib = 4eOmA, If = 10.5A),

and in the oscillating states with turning off the filament current (lb = 400mA, If = OA and

Ib =100mA, If = OA).

   Fig. 2.13 indicates that the filament temperature is the highest at the center, and that it

is higher on the HV input side than on the RF output side.
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2.3.4 Discussions

Relationship between the filament temperature and the saturation current den-
sity

Now we discuss the experimental results by the Richardson-Dushman's equation [57], a well-

known equation which relates to the saturation current density of the thermionic emission

and the temperature of the emitting material;

                         Ith =: SATft exp(-eip/kTK), (2.21)

where e is the electron charge, k is the Boltzmann constant, lth is the saturation current of

emission, S is the surface area, A is the thermionic emission constant, TK is the temperature

in Kelvin, and ip is the work function of the emitting material. For a microwave oven mag-

netron, the emitting material of the filament is a carburized thoriated tungsten (W2C+Th),

and its thermionic emission constant and work function are O.97Å~104A/m2/K2 and 2.18eV,

respectively. Then, we define Io as the Ith when TK is the minimum filament temperature

for the oscillation, i.e. 1500K. Also, we define Ith.atio as the ratio between Ith and Io. Then,
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the following equation is derived;

                 Ith"atioil)'i!h=(isooff32e,X.Pp{i-e,ipip//({k(fg8o}K)k}]• (2•22)

   Fig. 2.14 depicts the curve of temperature in Celsius vs. Ith.atio derived from Eq. (2.22).

For examples, we discuss the case that the anode current Ib=100mA and the filament current

If==OA. The filament temperature in this case is obtained from Fig. 2.12; it is 15200C. Thus,

Ith=atio obtained from Fig. 2.14 is equal to about 20. This means that the saturation current

density is about 20 times as large as that ofthe state which the magnetron can barely oscillate.

   Therefore, it is concluded that the filament has suficient temperature to emit thermal

electrons in order to sustain the oscillation even when the filament current is tumed off. The

reason why the filament temperature is still high even after turning off the filament current is

because the filament suffers the back bombardment effects [38] and it is heated up by itself,

although the secondary electron emission may also occur.

Axial distribution of the filament temperature

Fig. 2.13 shows that the filament temperatures of both the HV input side and the RF output

side are lower than that of the center of the filament in all the states. This is•because heat

transmission from both the filament ends to the cathode end hats takes place. Especially,

in the oscillating state with turning off the filament current, the filament temperatures of

both the ends are relatively much lower than those in any other states. Therefore, thermal

electrons are estimated to be less emitted from both the filament ends than that from the

center.
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   Moreover, the filament temperature on the RF output side is measured to be lower than on

the HV input side, whereas the axial distribution of the filament temperature is supposed to

be symmetric. The experimental result that the axial distribution ofthe filament temperature

is asymmetric is mainly attributed to both the structure of the magnetron and the brazing

points between the cathode filament and the end hats, as shown in Fig. 2.15. The cathode

filament is brazed to both the end hats, and the heat transmission takes place from the

filament to both the end hats via the brazing points. When we view the filament from the

anode vane as dose the optical pyrometer, the axial distance from the brazing point to the

nearest measurement point on the RF output side is shorter than that on the HV input side.

Hence, the filament temperature on the RF output side is measured to be lower than that

on the HV input side, since the heat transmission takes place near the measurement points.

Finally, the axial distribution of the filament temperature is originally symmetric; however,

the measurement results show that the axial distribution is asymmetric because the center

of the cathode filament is out of alignment axially from the center of the anode vane to the

HV input side.

   Due to the off-alignment of the cathode filament, thermal electrons are estimated to be

much less emitted from the RF output side than from the HV input side. This tendency

quite agrees with the measurement results of the relative amount of the anode current in the

cylindrical case; the larger amount of electrons fiew in the anode block on the HV input side

than that on the RF output side, as described in Sec. 2.2.

   Now we discuss the saturation current density again from Eq. (2.22) in the case of Ib =

100mA and If = 0A. Note that the filament temperature on the RF output side obtained
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from Fig. 2.13 is 11100C. It is lower than 12300C, the minimum filament temperature for

oscillation, and Ith=atio obtained from Eq. (2.22) is about O.14. Therefore, thermal electrons

are emitted from the center of the cathode filament enough to maintain the oscillation of the

magnetron; in contrast they are hardly emitted from the RF output side in this operating

situation.

   Besides, the axial position of the anode vanes of the reference magnetron is out of the

center to the RF output side, from the viewpoint of the brazing points between the cathode

filament and the end hats, as shown in Fig. 2.15. Therefore, the Iarger amount of electrons

will flow in the anode block on the HV input side than that on the RF output side, and

this corresponds to the measurement results of the relative amount of the anode current, as

described in Sec. 2.2.

2.4 Summary
In this chapter, we have conducted experimental measurements of electron emission from the

filament cathode of a magnetron.

   First, we conducted the experimental measurements of the anode current with axially-

segmented anode blocks. We found from the experimental results that

   e in the cylindrical diode case, 50oro, 30%, and 15oro of electrons arrived at the center

     region of the anode, the HV input side, and the RF output side, respectively, and this

     ratio is independent of the anode voltage and the filament current,

   e in the magnetron case, the relative amount of the anode current is similar to that in the

     cylindrical diode case when the anode voltage is higher than the cutoff voltage, however

     it gradually shifts from the HV input side to the RF output side as the anode voltage

     reduces.

We also analyzed the trajectory and the diffusive motion of an electron in the case of both

the cylindrical diode and the magnetron from the experimental results. From the analysis,

the axial travel distance of the electron by the diffusive motion was comparable to the size

of the tube in the cylindrical diode case, and it was much larger than the size of the tube in

the magnetron case. Therefore, the axial diffusive motion of the electron is not negligible in

a magnetron operation. We have also found out that the axial diffusive motion is caused by

the charge density gradient, and that it is hardly linked to the initial velocities of thermal

electrons.

   A few percent ofthe electrons fiew in the outer sheaths ofthe anode. Ifthey only have the

radial velocity component, electrons are not able to arrive there at all, hence this phenomenon

is attributable to the axial diffusive motion by the charge density gradient.

   We also conducted the experimental measurements of the filament temperature of a mag-

netron. Ihrom the experimental measurements, we have found out that
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e the filament temperature is high enough to sustain the

 the filament current,

oscillation even after turning off

e the filament temperature falls much more on both cathode ends, especially on the RF

  output side than the center of the cathode after turning off the filament current,

when the magnetron is operated by a DC stabilized power supply. The latter item is mainly

caused by the structure of the magnetron. The axial distribution of the filament temperature

is originally symrnetric; however, the measurement results show that the axial distribution is

asymmetric because the center of the cathode filament is out of alignment axially from the

center of the anode vane to the HV input side.

   Summarizing this chapter from the viewpoint of electron emission from the cathode fila-

ment, we conclude that electrons are estimated to be emitted most in the center region, next

on the HV input side, and least on the RF output side in the examined magnetrons. The

conclusion is closely linked to newly-designed low noise magnetrons with cathode shields, be-

cause suppressing thermionic emission from both the cathode filament ends, especially from

the HV input side contributes a great deal to the reduction of spurious noises, as described

in Sec. 4.3.



Chapter 3

Time Domain Analysis of
Magnetron Noises

3.1 Introduction

In this chapter, we describe a time domain analysis of magnetron noises when a magnetron is

driven by a half-wave voltage doubler, as shown in Fig. 3.1. The analysis is conducted with

a view to studying the relationship between the operating point of the magnetron and the

noises. The half-wave voltage doubler is one of the typical power supplies for a magnetron in

a mlcrowave oven.

   For the time domain analysis in the present thesis, the spectral intensity of the noise gen-

erated at a certain frequency is measured in the time domain. This is displayed in synchrony

with the anode current waveform of the magnetron, and then the anode current value at the

maiximum noise level is derived at the examined frequency.

+

   v

          -
Oscillation phase

To magnetron

-2V

+
   v
+Åq= ]-

Break phase

To magnetron

Figure 3.1: Half-wave voltage doubler.
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   With regard to the time domain analysis ofa magnetron, Matsumoto et al. has conducted

it in the fundamental band in order to investigate EMC between a microwave oven and

wireless communication system in the 2.4GHz band, that is to say, WLAN [7,8]. They

constructed a time domain noise model, which consisted of a series of frequency modulated

tone bursts realized with a set of FM/AM modulators, for a microwave oven [7]. As described

above, even the fundamental oscillation of a 2.45GHz magnetron is taken as a noise source

for WLAN systems in this day and age.

   Also, the sources of line noises in the MF, VHF and UHF bands have been studied by

Yamamoto et al. [4, 6]. Although the fundamental solution for a magnetron to be installed

in a commercialized microwave oven has not been found out yet, one of the objectives of

their study has been EMC of a microwave oven with broadcasting services such as radio and

television.

   In this chapter, we describe that we could classify noises from a magnetron into five types

from the time domain analysis. Also, generation mechanisms of some spurious noises are

analytically discussed.

3.2 Measurement system

Fig. 3.2 and Fig. 3.3 show a schematic and a photo of a measurement system conducted

in the present study, respectively. The reference magnetron 2M210MIFI was used for the

experiments. A half-wave voltage doubler was used for the magnetron operation.

   Fig. 3.4 shows the anode current waveform and the anode voltage waveform when the

magnetron is operated by the half-wave voltage doubler. In the case of a half-wave voltage

doubler, a magnetron repeats the oscillation and the break at every half period. At the

oscillation period, the anode current and the anode voltage vary in time, i.e. the operating

point varies in time as shown in Fig. 3.4. In this study, such variations of the operating point

are used to measure the anode current at the maximum noise level for each noise generating

frequency in order to analyze the relationship between the noise at the examined frequency

and the operating point.

   After the magnetron was brought into the oscillation with a specified anode current valde

of 300mAdc, the measurement is initiated when the magnetron and the waveguide are ther-

mally stable. The measurement is conducted in the condition that the feedthrough capacitor

and the choke coil attached to the magnetron are removed, in order to detect all spurious

noises generated from the magnetron itself as much as possible. The measured frequency

bands are 100kHz-IGHz for the low frequency bands, 2.35-2.55GHz for the fundamental

bands, and 4-14GHz for the high frequency bands. In the low frequency bands, line noises

on cables between the magnetron and the half-wave voltage doubler are measured With a cur-

rent probe (FCC F-55). In the fundamental frequency bands and the high frequency bands,

leakage electromagnetic waves are measured with a spiral antenna and a horn antenna, re-
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Figure 3.2: Schematic of a measurement system for a time domain analysis.

Figure 3.3: Photo of the measurement system.

spectively. Since these measurements are not those for the spectrum radiated from the RF

output of the magnetron, one cannot derive the absolute value of the spectral intensity radi•-

ated from the output antenna. However, since the main objective of the present study is an

analysis of the relationship between the noise at the examined frequency and the operating

point, this method allowing the spectrum measurement in various frequency bands is used.

   The magnetron noises in each frequency band are measured with a spectrum analyzer

(HP 8593E). In the present study, the measured frequency range of the spectrum analyzer is

zero spanned, in order to observe the magnetron noise in the time domain. The video output

signal, which outputs the time domain waveform of the noise displayed on the spectrum ana-

lyzer, is synchronized with the anode current waveform of the magnetron in the oscilloscope
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display (HP 54600B). In this way, the relationship between the spectral intensity at a certain

frequency and the anode current can be monitored in the time domain.

   The anode current waveform shown by the thick lines in Fig. 3.4 is superposed on the

line noises generated from the magnetron. Therefore, for the anode current waveform, a 9th.

polynomial approximation curve with the effect of the noise elimination (with a correlation

factor of O.986) is used as the corrected anode current waveform, as shown in Fig. 3.5. Then,

the relationship between the noise and the corrected anode current waveform is analyzed in

the time domain.

3.3 Experimental results

As an example of the data obtained in the present measurement method, Fig. 3.6 shows the

video output signal waveform from the spectrum analyzer (thick line) and the anode current

waveform (thin line) when the low frequency line noise at 2MHz is measured. The video

output signal from the spectrum analyzer provides a waveform whose signal levels are OtvlV.

Here, the signal levels of IV and OV correspond to the top and bottom of the grid lines on

the display of the spectrum analyzer, respectively. Thus, the magnitude of the video output

signal corresponds to the noise level on the time axis at the measured frequency. In this

study, the anode current at the maximum video output signal is defined as the "spectrum

generation anode current value" Ig(f) at a frequency of f. Then, the relationship between

f and Ig(f) is analyzed. For instance, the anode current at the time when the video output

signal becomes the maximum at a frequency of 2MHz is O.096A, as shown in Fig. 3.6; hence

Ig(f =2MHz) is equal to be O.096A.
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Figure 3.6: Waveforms of a video output signal from the spectrum analyzer (thick line and

right axis) and the corrected anode current waveform (thin line and left axis) at a frequency

of 2MHz.

   In the following subsections, firstly the time domain analysis results on the fundamen-

tal spectrum of the magnetron are discussed. Then, the time domain analysis results are

explained for high frequency spurious noises and low frequency line noises.

3.3.1 Ifundamentalspectrum

Fig. 3.7 shows the measurement results of the fundamental spectrum of the magnetron. In

the present experiment, the time domain analysis was carried out at the frequencies indicated

by O on the fundamental spectrum. Fig. 3.8 shows the relationship between the frequency

of the time domain analysis points and the spectrum generation anode current Ig(f). All

the experimental results of the time domain analysis in the fundamental bands are shown in

Appendix A.1.

3.3.2 High frequency spurious noises

Fig. 3.9 shows the measured spurious spectrum in the high frequency bands. In the present

experiment, the time domain analysis was performed at the frequencies indicated by O on

the high frequency spurious spectrum in Fig. 3.9. The time domain analysis results of the

high frequency spurious noises are shown in Fig. 3.10. All the experimental results of the

time domain analysis in the high frequency bands are shown in Appendix A.2.

3.3.3 Low frequency line noises

Fig. 3.11 shows the measured line noise spectrum generated from the magnetron at low

frequencies. In the present experiment, the time domain analysis was carried out at the
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frequencies indicated by O on the low frequency line noise spectrum in Fig. 3.11. The results

of the time domain analysis of the low frequency line noises are shown in Fig. 3.12. All the

experimental results of the time domain analysis in the low frequency bands are shown in

Appendix A.3.

3.4 Classifications of magnetron noises by the time domain
      analysis

3.4.1 Fundamentalspectrum

With regard to the fundamental spectrum results, as shown in Fig. 3.7 and Fig. 3.8, there is a

tendency for the increase of Ig(f) as the frequency becomes higher from the lower frequency

side up to the peak frequency of 2.4597GHz. The peak frequency is obtained where the anode

current becomes the maximum. This result indicates the frequency pushing characteristic ofa

magnetron. Ilrequency pushing is a phenomenon in which the oscillation frequency increases

with the anode current of the magnetron [38]. This is a primary cause of the expanse of the

oscillation bandwidth when a magnetron is driven by a non-smoothed power supply. Thus,

frequency pushing of the fundamental wave is confirmed by the time domain analysis.

   Note that Ig(f) indicate less than O.2A in lower side bands from 2.35GHz to about

2.45GHz and the upper side bands from 2.46GHz. In these side bands, the slope of Ig(f)

is quite different from that observed in the frequency pushing. Therefore, the generation

mechanism in these side bands named "side band noises around the carrier" is different from

that of the fundamental oscillation.

3.4.2 High frequency spurious noises

With regard to the high frequency spectrum results, as shown in Fig. 3.9 and Fig. 3.10, we

first classified the high frequency spurious noises into two groups; the harmonic components

of the fundamental, and the spurious noises excluding the harmonics. Then, we subdivided

the Iatter spurious noises into two groups; Ig(f) is equal to around O.4A and around O.6A.

The harmonics of the fundamental

In the case of the harmonic components of the fundamental, Ig(f) is observed to be near

O.7A, which is the maximum value of the anode current waveform, as shown in Fig. 3.10.

Also, since frequency pushing is observed as in the fundamental case, the harmonics are found

to be generated in synchrony with the fundamental.

Spurious noises excluding the harmonics generated at Ig(f) of around O.4A

With respect to the spurious components excluding the harmonics, Fig. 3.13 shows a his-

togram of Ig(f) when the time domain analysis points O in Fig. 3.10 are used as the sampling
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Figure 3.13: Histogram of the spectrum generation anode current values Ig(f) from time

domain analysis results of high frequency bands excluding the harmonics.

points. Here, the anode current values are classified by rounding up and down the first two

decimal places. From Fig. 3.13, Ig(f) can be divided into two groups. One is the noise group

generated at Ig(f) of around O.4A. Considering the anode current waveform and the anode

voltage waveform in Fig. 3.4, it is found that the anode voltage at an anode current of around

O.4A is in the region of transition from the constant voltage range, where the anode voltage is

almost constant with an increasing anode current, to the non-constant voltage range, where

the anode voltage increases with the anode current.

Spurious noises excluding the harmonics generated at Ig(f) of around O.6A

Another source is the noise group generated at Ig(f) of around O.6A from the histogram in

Fig. 3.13. The frequencies of this noise group are distributed in a characteristic manner;

these noises are generated at a frequency interval of Å}400MHz and Å}800MHz with respect

to the harmonics. As the source of this noise group, it is most appropriate to consider

intermodulation between the harmonics and the low frequency Iine noises of 400MHz or

800MHz, since the generation behavior is very similar to that for the low frequency noises at

400MHz and 800MHz, as shown in Fig. 3.11 and Fig. 3.12.

3.4.3 Low frequency line noises

With regard to the low frequency spectrum results, as shown in Fig. 3.11 and Fig. 3.12, we

first divide the line noises into two groups; in the frequency bands over 150MHz and below

150MHz. Then we subdivided line noises over 150MHz into three groups.

Line

First,

Ig(f)

noises over 150MHz

with respect to the line noises generated over 150MHz, Fig. 3.14 shows a histogram of

when the time domain analysis points O in Fig. 3.12 are used as the sampling points.
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Figure 3.14: Histogram of the spectrum generation anode current values Jg(f) from

domain analysis results of low frequency bands over 150MHz.

time

Here, the anode current values are rounded up or down in the first two decimal places.

Fig. 3.14 shows that the anode current value Ig(f) with the highest rate is O.4A and that this

situation is in the transition region between the constant voltage range and the non-constant

range, as in the case of the high frequency spurious noises other than the harmonics.

Line noises at 400MHz and 800MHz

At 400MHz and 800MHz, noises occurs in the non-constant voltage range in which Jg(f) is

equal to around O.6A. They seem to be related to the noises generated at a frequency interval

of Å}400MHz and Å}800MHz with respect to the harmonics, since both of them are generated

at the same Ig(f). As a feature, the noise levels are higher than those in the surrounding

reglons.

Line noises generated in synchrony with electron circulation

Further, the strong noise generated at 487MHz is found to occur in the non-constant voltage

range with Ig(f) ofmore than O.6A, as at 400MHz and 800MHz. However, this noise frequency

is close to 1/5 of the oscillation frequency of 2.45GHz. This is a noise generated in synchrony

with the circulation motion of electrons [4]. The generation mechanism of the noise above is

described in detail in the next section.

Line noises below 150MHz

On the other hand, the line noise generated at frequencies below about 150MHz is found

to occur at Ig(f) of less than O.2A. It is expected that the noise generation mechanism is

different from those described above.

   Of great interest is that the side band noises around the carrier are also generated at

almost the same Ig(f). Therefore, line noises below 150MHz may be highly relevant with the
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side band noises. Here we identified these line noises below 150MHz as the side band noises

around the carrier.

3.4.4 Summaryofclassifications

From the time domain analysis results, magnetron noises can be classified into the following

five types;

 (1) Side band noises around the carrier and low frequency line noises at frequencies below

     about 150MHz, generated at an anode current of less than O.2A.

 (2) High frequency spurious noises and low frequency line noises generated in the transition

     region between the constant voltage range and the non-constant voltage range at an

     anode current of around O.4A.

 (3) Low frequency line noises generated in the non-constant voltage range characterized by

     frequencies of 400MHz or 800MHz, and high frequency spurious noises generated at an

     anode current of around O.6A, attributed to the intermodulation of the Iow frequency

     line noises and the harmonics.

 (4) The harmonics generated in synchrony with the fundamental.

 (5) Low frequency line noises generated in synchrony with the electron circulation.

   Fig. 3.15 shows the frequency spectra in the left column and the time domain analysis

results in the right column, respectively, whose data are the same as shown from Fig. 3.7 to

Fig. 3.12, but are classified according to the noise types. Colored circles show the time domain

analysis points classified according to the noise types, as the color table of the classified noise

types applicable to Fig. 3.15 is shown in Table 3.1.

       Table 3.1: Color table of the classified noise types applicable to Fig. 3.15.

Type(1) orange
Type(2) purple

Type(3) pink

Type(4) green

Type(5) blue

Fundamental oscillation black
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Figure 3.15: Colored frequency spectra (left column) and time domain analysis results (right

column) of the magnetron. Colored circles show the time domain analysis points classified

according to the noise types; the type (1): orange, the type (2): purple, the type (3): pink,

the type (4): green, the type (5): blue, and the fundamental oscillation: black.
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3.5 Discussions of noise sources ofa magnetron

In this section, we first describe the "potential minimum" , the fall of potential by the charge

density, and the "virtual cathode", another zero potential between the cathode and the anode.

Then, we discuss noise sources of a magnetron with respect to each classification described

in the previous section.

3.5.1 Potential minimum and virtual cathode

Since there is a large amount ofthermal electrons in the vicinity ofthe cathode in a magnetron,

the fall of potential by the charge density takes place as shown in Fig. 3.16. The lowest value

of the potential in a tube is named "potential minimum". Then, another zero potential

exists between the cathode and the anode. The position of the zero potential is named

"virtual cathode". Here, the region between the cathode and the virtual cathode is called

"space charge region", and the region between the virtual cathode and the anode is called

"interaction region", as shown in Fig. 3.16.

   In the case of the parallel plate electrodes, Langmuir analytically derived the following

equations related to the potential minimum, considering the initial velocity of thermal elec-

Cathode

Åë

  o

-Vm

t4:' '

' fi'i

V
Anode

d
.x

'

Spacecharge : lnteraction

   region i region

     Virtual cathode

Figure 3.16: Potential minimum and virtual cathode. d: distance between the anode and the

cathode, V: anode voltage, V.: potential minimum, xm: position of the potential minimum

from the cathode.
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trons [55];

            Ib == sa2il.?Vill((Vti.V.M))2'32 (1+266es.), (31)

           Vm : VTIn{'i}h=(n6ooTK/v)1"l':Lh, VT=(n6eoTK/v), (3'2)

where Ib is the anode current, Ith is the saturation current of electron emission given by

the Richardson-Dushman's equation Eq. (2.21), Sa is the surface area of the anode, V is the

anode voltage, T is the cathode temperature in Kelvin, d is the distance between the anode

and the cathode, V. is the absolute value of the potential minimum, and x. is the position of

the potential minimum from the cathode as shown in Fig. 3.16. Assuming that Ith is several

times larger than Ib, xm is expressed as the following;

                    x.=(gls2A5-5-,,lli)2.(Ias,/Ith)T-2.Io-s (33)

   In the case of a magnetron, the influence of the initial velocity is less than the case

of the parallel plate electrodes [57], although equations of the potential minimum has not

been derived yet because they are diMcult to solve mathematically. Hence, we estimate the

potential minimum and its position in a magnetron by analogy with the equations ofEq. (3.1),

Eq. (3.2) and Eq. (3.3).

   Assuming that the anode is a perfect cylinder and it has no cavities and gaps between

anode vanes, then Sa = 2rrah, where ra is the anode radius and h is the anode height.

The emitting material of the filament is a carburized thoriated tungsten (W2C+Th), and

its thermionic emission constant and work function are O.97Å~104A/m2/K2 and 2.18eV, re-

spectively. Then we calculate Vm and xm in two cases: (a) Ib = 400mA and (b) Ib = 5mA.

In both cases, T is defined by the filament temperature at the center of the cathode. From

the experimental measuremepts of the filament temperature shown in Fig. 2.13, T is equal to

2000K in the case (a). In the case (b), we assume that T is the same as that in the preheating

state i.e. Ib = OmA and If = 10.5A in Fig. 2.13; then, T = 1890K. Substituting T for the

Richardson-Dushman's equation Eq. (2.21), we obtain Ith. Then substituting T, Ith and Ib

for Eq. (3.2) and Eq. (3.3), we finally obtain V. and x.. Table 3.2 shows the numerical

results of Ith, Vm and xm in both the case (a) and the case (b).

Table 3.2: Table of the filament temperature T, the saturation current of emission Ith, the

potential minimum V. and its position from the cathode xm, when Ib : 400mA and 5mA.

(a)400mA 2000K 14.9A O.624V 1.96Å~10-2mm

(b)5mA 1890K 6.36A 1.16V 1.82Å~10-imm
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   As shown in Table 3.2, V. becomes smaller and xm comes closer to the cathode as Ib

increases. Here, the distance d between the anode and the cathode is 2.525mm in the reference

magnetron. Therefore, xm is estimated to be about O.8oro ofd in the case (a), and about 7oro

of d in the case (b).

   These numerical results above are explained in the following. When the anode current is

relatively low, the amount ofelectrons in the interaction region is also relatively small. Thus,

the large amount of electrons is stored in the space charge region. Some electrons hardly

overcome the potential minimum and they return to the cathode. As the anode current

increases, electrons gradually shift from the space charge region to the interaction region,

and they contribute to amplification of the oscillation. On the other hand, the amount

of electrons in the space charge region is gradually small, and then the potential minimum

gradually rises due to the decrease ofthe space charge density. At the same time, the position

ofthe potential minimum comes closer to the cathode. When the anode current is comparable

to the saturation current of electron emission i.e. Ib fs Ith, almost all the electrons flow into

the anode, therefore, neither the potential minimum nor the virtual cathode exist any longer.

3.5.2 Discussions of sources ofthe magnetron noises classified by the time

       domain analysis

Now we discuss sources of the magnetron noises classified by the time domain analysis. The

classification is summarized in Subsec. 3.4.4.

Type (1): noises generated at an anode current of less than O.2A

The type (1) is the side band noises around the carrier and the low frequency line noises at

frequencies below about 150MHz, generated at an anode current of less than O.2A.

   Detailed analysis of the noise generated at frequencies below 150MHz, it is indicated that

the noises are generated suddenly from the start-up of the oscillation, as represented by the

video output signal in Fig. 3.6. Therefore, sudden irregular motion of electrons or distortion

of the microwave electromagnetic field by discontinuities at the start-up of the oscillation is

conceivable as a candidate for noise sources ofthe type (1).

   With resp66t to the type (1) at frequencies below about 150MHz, the ion plasma oscillation

(near 10 MHz and its harmonics) and the ion relaxation oscillation (several hundred kHz-

IMHz) are noted as noise sources by Yamamoto et al. [4], although a question arises whether

the neutral plasma conditions are met in a magnetron.

Ion plasma oscillation -

   The ion plasma oscillation is considered as one of the line noises sources below 150MHz

described by Yamamoto et al. [4,6]. The ion plasma oscillation takes place in the space

charge region if it exists, and the ion plasma frequency fpi of a monovalent ion is given by

)
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the following equation;

                                     1 epi                               fPi=7. miEo' (3'4)
where e is the elementary charge, pi is the charge density ofthe ion, mi is the ion mass and

the eo is the dielectric constant in vacuum. Here, Yamamoto et al. have assumed that the

charge neutrality pi = pe is satisfied in the space charge region [6].

   Now the charge density of electrons pe in the space charge region is estimated from

the analogy of the Hull's cutoff equation Eq. (2.18). Note that the Hull's cutoff equation

Eq. (2.18) is a conditional equation where the potential ip(r)=V at a anode radius of ra.

Then, we generalize Eq. (2.18) at a anode radius of r, the Hull's cutoff equation is rewritten

by the replacement of V and r. by ip(r) and r, respectively;

                           ip(r) == kB.2r2 (i - il?i,)2 (3 s)

   Then, substituting ip(r) in Eq. (3.5) for the Poisson's equation Eq. (2.1), p, in the space

charge region at a radius ofr is expressed in the following [58];

                           p, =-Eli'L e;ill2 (1+ilt4,). (3•6)

   Also, they assumed that the relation between the position of the potential minimum xm

and the cathode radius rc is estimated to be

                                 iE!'L =1.lo, (3.7)
                                  rc

and that the residual gas in a magnetron is nitrogen [6]. Then fpi is calculated to be 10.4MHz.

   Therefore, they have concluded that the ion plasma oscillation was one of the noise sources

of a magnetron below 150MHz.

Possibility of ion plasma oscillation in a magnetron

   Here we discuss a possibility of the ion plasma oscillation in a magnetron.

   First, Yamamoto et al. [4,6] assumed that the charge density of electrons is equal to be

that of positive ions like a neutral plasma situation. Here the number of electrons ne in a

magnetron can be calculated to be 6.9 Å~ 10i6m-3 by Eq. (3.6), pe = ene, and the assumption

of Eq. (3.7). Hence, the assumption that the charge density of electrons is equal to be that

of positive ions in a magnetron turns out to be questionable since the number of positive

ions ni in the magnetron has to be equal to n, if the magnetrons satisfies the neutral plasma

condition.

   Next, we discuss whether the plasma condition that the Debye !ength is much less than

the length of a system. The Debye length AD is expressed in the following [59];

                                       eokTe                                AD= n.e2' (3'8)
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where Te is the electron temperature. Now we regard Te as the potential energy of electrons

which just overcome the potential minimum Vm. Then, Te is equal to be (11600 K/V)xVm,

and we assign Vm = 1.16V, the potential minimum at an anode current of 5mA in Table 3.2.

Hence, AD is calculated to be 30.5pam. Assuming that L, which is expressed as the space

charge region of the reference magnetron, is estimated to be at most 10% of the distance

between the anode and the cathode, L =O.2525mm. Finally, we obtain L fs 8.28AD.

   It is a little bit diMcult to state that the plasma condition AD ÅqÅq L is satisfied in a

magnetron. Moreover, L becomes gradually shorter and shorter as the anode current in-

creases, from the relationship between the position of the potential minimum xm and the

anode current Ib shown in Table 3.2.

   Finally we conclude that the ion plasma oscillation will hardly take place since the plasma

conditions are hardly satisfied in a magnetron.

Relaxation oscillation

   The ion relaxation oscillation is also described by Yamamoto et al. [4,6]. The ion relax-

ation oscillation is occurred by the trapped ions in the vicinity of the cathode. Since these

ions are repeatedly ionized and neutralized, the vibration of the potential minimum takes

place at frequencies from several hundred kHz to IMHz.

   The relaxation oscillation frequency fr is given by

fr = 2ngav, (3.9)

where ng is the gas density, a is the area of ionization and v is the velocity of electrons [6].

In their experimental results, f. is calculated to be 1110Hz.

   There is a possibility that the ion relaxation oscillation takes place since it is independent

of the plasma conditions.

Type (2): noises generated in the transition region

The type (2) is the high frequency spurious noises and the low frequency line noises generated

in the transition region between the constant voltage range and the non-constant voltage

range of the magnetron.

   The operating modes ofthe magnetron in the constant voltage range and the non-constant

voltage range can be explained as follows. In the constant voltage range, the anode voltage

is determined independently from the increase or decrease of the anode current. Therefore,

there is a large amount of electrons in the space charge region when a magnetron oscillates in

the constant voltage range. On the other hand, in the non-constant voltage range, the anode

voltage rises with the increase of the anode current, due to gradual deficiency of electrons in

the magnetron. In this range, the thermal electron emission is promoted by intensification

of the electrostatic field. Hence, it is to be expected that the dynamic characteristics of the

magnetron will change considerably in the transition stage. Candidates for noise sources
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include the distortion of the microwave electromagnetic field, or the interaction between the

microwave electromagnetic field and irregular motion of electrons in the space charge region

when the magnetron characteristics change drastically in the transition region.

   Since strong line noises are also generated at an anode current of around O.4A even

at low frequencies, sources of the line noises also include the distortion of the microwave

electromagnetic field or the interaction between the microwave electromagnetic field and

motion of electrons in the space charge region when the magnetron characteristics change

drastically in the transition region. Also, the intermodulation between the low frequency line

noises and the harmonics may be considered as another source of the magnetron noises.

Type (3): noises characterized by frequencies of 400MHz or 800MHz

The type (3) is the noises characterized by frequencies of 400MHz or 800MHz.

   Although the generation mechanism of the noises assigned to the type (3) has not been

clear yet, we found out no frequency pushing like that for the fundamental oscillation as a

result of detailed time domain analysis. Since the type (3) noises are generated stronger than

the other types, it is likely that the type (3) noises are extraordinarily generated by other

resonant conditions and other oscillation conditions which are different from the fundamental

oscillation. Now we discuss the electron motions and resonance conditions in a magnetron.

Electron motions and resonance conditions in a magnetron

   Considering a magnetron with symmetrically-placed N resonant cavities, the resonance

conditions are given by the following expression [60];

             cJ = 7S)1+(a-T)S-}2, T=O,1,2,•••,a (3.10)
             a = Z, Z+ N, Z+ 2N, ••• ,Z+ paN, pa = O, 1, 2, ••• ,
                    orN             Zi 2. EO, 1, 2, ••• ,N-1 (3.11)
where w is the resonant angular frequency, a is the phase difference between the adjacent

anode vanes, 7 and pa are the integer numbers. Z is named the "number of oscillation types".

S)i and S}2 are the angular velocities expressed in Eq. (2.15), Eq. (2.16) and Eq. (2.17). In

terms of7 and a, there are selectional rules as the following [60];

  (I) if T = O, then electron spokes are generated independently of the initial phase of elec-

     trons, therefore there is a possibility that strong oscillation unconditionally takes place,

 (II) if O Åq T/o Åq 5, then there is a possibility that strong oscillation unconditionally takes

     place, as long as B is near the cutoff magnetic fiux density Bc,

(III) if 7/a År 5, then only electrons whose initial phase is matched to that of the electro-

     magnetic field contribute to oscillation as long as B is near Bc, therefore there is a

     possibility that weak oscillation takes place,
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(IV) if T/a == S, no oscillation takes place,

where the cutoff magnetic flux density Bc is derived from the replacement of the Hull's cutoff

equation [1];

                             Bg=8,M (.zr4\3)2• (3•i2)

   All of the modern cylindrical magnetrons are operated in the selectional rule (I) and the

T-mode oscillation, in order to enhance the microwave power most eficiently; therefore T=O

and a = n, i.e. Z = N/2. In the reference magnetron case, IV = 10, then the T-mode

oscillation is carried out when Z = N/2 = 5.

   However, the other resonance conditions described in the selectional rules still exist, al-

though they hardly contribute to their strong oscillations.

   Here, we numerically calculates the frequencies following the the selectional rules. As-

suming the infinitely long cylinder as a magnetron tube, the external magnetic field B is

constant and parallel to the axial direction. When we substitute O.18T, which is the actual

                                       '
Table 3.3: Frequency table following the the selectional rules of the reference magnetron.

The Roman numbers in the parenthesis correspond to the selectional rules. (unit: GHz,

7

a=Z a o 1 2 3 4 5 6 7 8 9

o o o - - ma - ww - - - -
1 T15 O.448

(I)

4.59

(III)
- - - rm - - - -

2 2T15 O.896

(I)

5.04

(IV)

9.18

(III)
m - - ny - " -

3 3T/5 1.34

(I)

5.49

(II)

9.63

(III)

13.7

(III)
- - - ww - ww

4 4T/5 1.79

(I)

5.93

(II)

10.1

(IV)

14.2

(III)

18.4

(III)
- - - - -

5 T 2.24

(I)

6.38

(II)

10.5

(II)

14.7

(III)

18.8

(III)

23.0

(III)
- - - ww

6 6T15 2.69

(I)

6.83

(II)

11.0

(II)

15.1

(IV)

19.3

(III)

23.4

(III)

27.5

(III)
- - -

7 7T/5 3.18

(I)

7.28

(II)

11.4

(II)

15.6

(II)

19.7

(III)

23.8

(III)

28.0

(III)

32.1

(III)
- -

8 8T/5 3.66

(I)

7.73

(II)

11.9

(II)

16.0

(II)

20.1

(IV)

24.3

(III)

28.4

(III)

32.6

(III)

36.7

(III)
-

9 9T!5 4.11

(I)

8.17

(II)

12.3

(II)

16.5

(II)

20.6

(II)

24.7

(III)

28.9

(III)

33.0

(III)

37.2

(III)

41.3

(III)
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intensity of the magnetic field at the center of the reference magnetron, for B, the frequen-

cies following the the selectional rules of the reference magnetron are calculated. Table 3.3

shows the frequency table fo11owing the the selectional rules. The T-mode oscillation takes

places where a = Z=5 and T=O in Table 3.3. The r-mode oscillation frequency is a little bit

smaller than the actual fundamental frequency of the reference magnetron, since Eq. (3.11)

is derived on the assumption that the charge density is uniform in the interaction space of

the magnetron.

   As shown in Table 3.3, the magnetron has a chance to satisfy the resonance conditions

at various frequencies which meet the selectional rules of (I), (II) and (III), although these

resonance modes are much weaker than the T-mode oscillation. Therefore, the resonance

or the weak oscillation would be a noise source of the type (3) if these selectional rules are

satisfied.

Type (4): the harmonics of the fundamental

The type (4) is the harmonics of the fundamental.

   In general, the harmonics are generated by the distortion of the fundamental oscillation,

hence the generation itself is essentially unavoidable. However, the harmonic levels of a

magnetron are at most -60dBc [61,62], relatively low compared to solid state devices. This is

because a resonance cavity of a present magnetron is formed of an annular-sector as its view

is shown in Fig. 3.17.

   When we take the angle th and the dimensions a and b as indicated in Fig. 3.17, the

admittance Yr(A) of the annular-sector resonator is given by the following equation [63];

            yr("'=='esafsck]Xi[i:21:}2[::211ilX:ZXkl' `3'i3'

where A is the wave length, h is the height of the resonator, J.(x) is the Bessel function and

IVn(x) is the Neumann function. On the other hand, the admittance Y.(A) of the interaction

    a

"s.,.'i)V

i';"i't/"

.,.
/ ,••

l"tx't•ti`År .

Figure 3.17: Annular-sector resonator.
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space is given by the following equation [63];

                 Yn(") = 2Vi:II2\.h. .lil.Il,., (Si"IZY,/2))2 ZiL((2,',r,r.a//,")), (3 i4)

                                      J4(2Tr,/A)N,(2Tr./A)
            z,(2Tr./A) = Jor(2Tra/A)' N4(2rr,/A) '

            Z;(27rralA) = .Tg(27rr./A)- J4(2'riii'L/(A2),N,.i;2AT)ra/A),

where or = n+ mN, n = O, 1,2, ••• ,N/2 and m is any integer. When Y.(A) + Y,(A) = O, the

field resonance ofthe cavities takes place [63]. Here, Ao is assumed to be the root satisfying the

resonant condition Y.(Ao)+Y,(Ao) = O. In this assumption, AM = Ao/(M+1) do not satisfy

the field resonant condition Yn(AM) + Yr(AM) = O at all, where M is the counting number,

because of the characteristics of the Bessel function and the Neumann function. Thus, the

harmonics at frequencies of integral multiples of the carrier frequency do not resonate in the

cavities, and then the harmonic levels are relatively low.

Type (5): line noises generated in synchrony with the electron circulation

The type (5) is the low frequency line noises generated in synchrony with the electron circu-

lation.

   The frequency ofthe noise generated in synchrony with the circulation motion ofelectrons

is theoretically given by the following formula [54]:

               f f.92-i(2e.B 2e.B)2-.(,2.2e\r,2)) (315)

                              N
               n = O, 1, 2,''' ,7

Here e is the electron charge, m is the electron mass, B is the magnetic field intensity, V is

the anode voltage, ra and rc are the radii of the anode and the cathode, N is the number of

anode vanes, and st2 is given by Eq. (2.16). In general, N has an even integer. Eq. (3.15)

is also derived from the resonance conditions Eq. (3.11) when we substitute T = O and

a= e, 1,2,••• , N/2 for Eq. (3.11).

   Let us explain the generation mechanism of the noises in synchrony with the electron

circulation. The usual magnetron oscillation is designed in such a way that the phase differ-

ence of the microwave electric field between adjacent anode vanes is 1800 (this is called the T

mode). However, there are other combinations of two anode vanes, not necessarily adjacent

to each other, for which the phase difference of the microwave electric field is 1800. The total

number of such combinations is N/2, including the T mode.

   In the reference magnetron, the number of'anode vanes N is 10, so that there are five

frequencies at which the vibration of the anode vanes are in synchrony with the electron circu-

lation excluding f = O. It is known that a magnetron oscillates in the r mode at a frequency
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corresponding to n = IV/2. The oscillation frequency band (2.45GHz) of the magnetron used

in the present experiments is the frequency corresponding to n = 5. In contrast, the noise at

487 MHz has a frequency corresponding to about 1/5 of the oscillation frequency. Hence, this

noise is considered to be the noise in synchrony with the electron circulation corresponding

to n = 1. Noises in synchrony with the electron circulation may exist at other frequencies

corresponding to n =2N4. In the present experiments, it is considered that these noises are

buried in other noises generated by other causes.

3.5.3 Noises in the constant-voltage range

In the present time domain analysis, the relationship between the anode current and the

maximum noise levels at the examined frequency has only focused on. However, spurious

noises in various frequency bands are constantly generated with relatively high level in the

interval from the start-up of the oscillation to the constant-voltage range, as seen in the video

output signals shown in Fig. 3.6 and in Appendix A. As described, there is a large amount

of electrons in the space charge region when a magnetron is operated in the constant-voltage

range. Here we discuss sources of the noises generated in the constant-voltage range.

Anode current in the constant-voltage range

We assume that the magnetron is an infinitely long cylinder in the axial direction, the anode

current Ib is given by

                         Ib=IJ(r, e) IS=enÅqv(r, e)ÅrS, (3.16)
where e is the electron charge, n is the number of electrons reaching the anode, ÅqvÅr is the

mean velocity of electrons when they reached the anode, and S is the surface area of the

anode. Here, the axial velocity component Åqv(z)År is independent of Ib.

   In terms of ÅqvÅr, the azimuthal component Åqv(e)År is dominant, and Åqv(e)År is expressed in

the simplest way [63] by the E Å~ B drift velocity, then

                                        lÅqErÅr1
                               1Åqv(e)År1- B, (3.17)
where ÅqErÅr is the mean electrostatic field in the radial direction and B is the external field

in the axial direction. Also, Åqv(e)År is related to the T-mode oscillation frequency f expressed

by
                                   lÅqv(e)År1 N                                f= 2Tra i' (3'18)
where ra is the anode radius, and N is the number of the anode vanes.

   Here we approximate that f is expressed as a linear function of Ib from the experimental

                                                                           .results of the frequency pushing shown in Fig. 3.7 and Fig. 3.8, then we can derive experi-

mental formula

  f-([:C::l:g::lkl,ltb,;.gZ•e5fo,iX9,5,z)• ,,OilA,rk.Åq-ax{ib} . ,,.,,,



60 CHAPTER3.TIME DOMAIN ANALYSIS OF MAGNETRON NOISES

   Then, in the case of the reference magnetron, the relationship between Ib and

experimentally derived from Eq. (3.18) and Eq. (3.19),

Åqv(e)År is

  (.(e)År .. I(6•50 Å~ 10` m/s/A) Å~ Ib + (1.39 Å~ 107 m/s) O.186A S Ib Åq max{Ib} .

  " S '" l(3.7o Å~ lo6 m/s/A) Å~ I, +(1.32 Å~ 107 m/s) Og Ib Åq O.186A

                                                                       (3.20)
   Note that Eq. (3.16) confiicts with Eq. (3.20) if Ib is a function of Åqv(e)År, because Ib is

proportional to Åqv(e)År in Eq. (3.16); on the other hand, Ib is dominantly determined by the

constant on the right-hand side in Eq. (3.20). Therefore, it is verified that the anode current

is mainly dependent on the number of electrons n, and independent of the velocity ÅqvÅr in

Eq. (3.16).

Variation of the potential minimum in the constant-voltage range

Now we are considering that a magnetron is operated in the interval between the start-up

and the constant-voltage range. In other words, the anode current varies from almost OA up

to O.4A in this range. Then, the position of the potential minimum moves from about 7oro of

the distance between the anode and the cathode to nearly the cathode with changes in the

potential minimum, as the anode current increases, shown in Table 3.2. Thus, the electric

potential distribution in the radial direction drastically changes as well as the electron density,

because an abundance of electrons flows from the space charge region to the interaction region

in the constant-voltage range. Therefore, these drastic variations of both the potential and

the electron density have a possibility to generate electrostatic noises by interaction with each

other, independently of the microwave oscillation.

Axial oscillation of electrons

Here we suggest an axial oscillation of electrons, which is attributed to the axial electrostatic

field Ez due to the existence of the end hats. The suggested axial oscillation is originally

derived from the axial oscillation of nonneutral plasma in a Penning trap [64,65]. First, the

axial oscillation in a Penning trap is first described, then the axial oscillation in a magnetron

is discussed by analogical extension of the Penning trap case.

   A Penning trap is a device to trap charged particles by a static electromagnetic field.

A typical cross-section view of a Penning trap in the r - z plane is shown in Fig 3.18. In

the Penning trap, the magnetic field is applied in the axial direction. Besides, there are two

end caps and a ring electrode in the Penning trap, and the DC potential difference between

the end caps and the ring electrode is V, then the electrostatic field in the Penning trap is

depicted as shown in Fig 3.18. Thus, motion of particles, which are put around the origin of

coordinates in Fig 3.18, is confined not only in the r direction by the axial magnetic field,

but also in the z direction by the axial electrostatic field formed by the end caps and the ring

electrode.
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   In an ideal Penning trap, both two end caps and a ring electrode have hyperbolic surfaces.

Hence, the electric potential distribution ip(r,z) is approximately given by a quadrupole

potential as the following expression;

                                       2z2 - r2
                             ip(r, z) = V                                                                       (3.21)                                       2L2 + b2 ,

where 2L is the axial distance between the end caps and b is the radius of the ring elec-

trode [64]. Therefore, the axial electrostatic field E,(z) at r = O is given by differentiating

Eq. (3.21) with respect to z;

                                Oip(r, z) 4zV                        EZ(Z)= Oz ,=o=2L2+b2' (3'22)

Fig 3.19 shows a curve of the axial electrostatic field at r = O.

   Axial motion of a single electron is given by the equation of motion where v Å~ B = O;

                                  d2z
                                Mdt2 =-eEz• (3.23)
Then, substituting Eq. (3.22) for Eq. (3.23), we can obtain

                            d2z 4eV
                            dt2 +m(2L2+b2)Z=O• (3.24)

Eq. (3.24) expresses the equation of simple harmonic motion, hence, the axial motion of the

electron in the Penning trap is expressed as a bouncing motion with a harmonic frequency
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                              wz 1 4eV                                                                       (3.25)                          fz                              2T 2T m(2L2+b2)'

   Now, we analogically expand the axial oscillation frequency in the Penning trap to that in

a magnetron. Fig. 3.20 shows a typical cross-section view of a magnetron in the r - z plane.

A magnetron also has the axial magnetic field, two end hats and anode vanes instead of two

end caps and a ring electrode in a Penning trap, respectively. Besides, the axial electrostatic

field E, begins to emerge near both the cathode filament ends due to the existence of the end

hats, as shown in Fig. 3.20, when the anode voltage is applied. Hence, there is a possibility

for an electron to oscillate in the axial direction in the magnetron as well as the Penning

trap.

   Here, we address only the axial motion of an electron, omit the radial and azimuthal

motion, and we assume that the axial electrostatic field in a magnetron is expressed as the

following

Ez (z) =

or (z - {ItL) ,

o,

a (z+ St)7

(. ) S')

(-S'szsS'

(z s -S')

     . 3.21.

)7 (3.26)

as the curve of the axial electrostatic field is shown in Fig

   Then, the axial motion of electrons is divided simple harmonic motion
and uniform linear motion. With regard to the simple harmonic motion, substituting VEii for
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  4V/(2L2 + b2) of Eq. (3.25), a time period of the simple harmonic motion T. is given by

                              T. ., Il.i=2.VZIII. (3.27)

   With regard to the uniform Iinear motion, we assume that an electron travels back and

forth between -zo/2 and zo/2 with a velocity of vo, then a time period of the uniform linear

motion Tu is equal to 2zo/vo.

   Finally, we obtain the axial oscillation frequency fE in a magnetron;

                       fE =TutTz=2zo/v,+ITN/blEzg' (3•28)

   Now we roughly estimate the axial oscillation frequency fE with parameters of the refer-

ence rr}agnetron. The electrostatic field intensity IEI in the reference magnetron is the order

of 106V/m since the gap between the cathode and anode is the order of 10-3m and the anode

voltage is the order of kV. Then, the axial electrostatic field is expressed by IEI cose, where

e is an angle between the vector E and the z axis. Hence, we can assume or as the order

of 105 ev 106V/m unless e is almost the right angle. Hence, Tz is calculated to be the order

of 10-8s. In terms of vo, the velocity of the aixial diffusive motion described in Sec. 2.2 is

applied. The axial diffusive length and the traveling time of a single electron in the cylindrical

diode are the order of 10-3m and 10-iOs, respectively, so that vo is roughly estimated to be

the order of 10"7m/s. As zo is the order of 10-3m, Tu is finally estimated to be the order of

10-iOs. Therefore, fE can be approximately rewritten by

                              fE -J fi-S:.7 V?:i. (3.2g)

When or = 105 N 106V/m2, for example, fE is calculated to be = 21 AJ 67MHz. Therefore, the

axial oscillation at a frequency of the order of several tens of MHz has a great possibility to

take place in a magnetron, if the axial electrostatic field is expressed as Eq. (3.26). Although

the axial electrostatic field in practice may be different from Eq. (3.26), some axial bouncing

motion will take place in a magnetron since the axial electrostatic field is applied in the

direction where electrons are trapped in both the space charge region and the interaction

  .reglon.

   In conclusion, the variation of the potential minimum and the axial oscillation of electrons

could be regarded as one of noise sources in the constant-voltage range. Especially, the axial

oscillation of electrons has a great possibility to take place in the low frequency bands.

3.6 Summary
In this chapter, a time domain analysis of magnetron noises is carried out. The results

indicate that spurious noises generated from a magnetron are classified into the foIlowing five

types;
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(1) Side band noises around the carrier and low frequency line noises at frequencies below

   about 150MHz, generated at an anode current of less than O.2A.

(2) High frequency spurious noises and low frequency line noises generated in the transition

   region between the constant voltage range and the non-constant voltage range at an

   anode current of around O.4A.

(3) Low frequency line noises generated in the non-constant voltage range characterized by

   frequencies of 400MHz or 800MHz, and high frequency spurious noises generated at an

   anode current of around O.6A, attributed to the intermodulation of the low frequency

   line noises and the harmonics.

 (4) The harmonics generated in synchrony with the fundamental.

 (5) Low frequency line noises generated in synchrony with the electron circulation.

   The noises at frequencies below 150MHz assigned to the type (1) are generated in a low

anode current operation. Ion relaxation oscillation might be a source ofthese noises. However,

ion plasma oscillation is unlikely to take place because the neutral plasma conditions are

hardly satisfied in a magnetron. The detailed time domain analysis suggests that sudden

irregular motion of electrons and distortion of the microwave field due to discontinuity at the

start-•up of the oscillation are also possible noise sources of the type (1).

   Most of the high frequency spurious noises other than the harmonics and most of the low

frequency line noise are assigned to the type (2). Also, in the transition region, the operating

characteristics of the magnetron change from the constant voltage range to the non-constant

voltage range. Therefore, noise generation factors for the type (2) are likely to be irregular

motion of electrons generated by changes in the space charge conditions in the magnetron

and distortion of the microwave fields. An important subject for the future is a theoretical

study on the characteristics of a magnetron, and investigation of a magnetron design that

can suppress spurious noises in the transition region.

   A generation mechanism of noises assigned to the type (3) has not been clear yet. Since

these noise levels are higher than the other types, there is a strong probability that they

are generated by satisfaction of resonance conditions or oscillation conditions other than

the fundamental oscillation. If these resonance conditions or oscillation conditions are satis-

fied, spurious noises would be generated at frequencies following the selectional rules of the

resonance conditions.

   The generation of the noises assigned to the type (5) is unavoidable since these noises are

generated by the primary behavior of a magnetron as well as the harmonics classified in the

type (4).

   In addition, relatively high level noise generation in the various frequency bands occurs

continuously in the interval from the start-up of the oscillation to the constant voltage range,

as seen in the video output shown in Fig. 3.6. These noises are considered to be generated
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by the variation of the potential minimum vibration and the axial oscillation of electrons.

Especially, the axial oscillation of electrons has a great possibility to take place in the low

frequency bands.

   As described above, it has been found possible to categorize the magnetron noises accord-

ing to the generating frequencies. Also, the generation mechanisms of the categorized noises

are likely to be different from each other. Hence, it will be a beneficial way to deal with these

classified noises independently for the purpose of developing a low noise magnetron.

   Note that some assumptions and approximations are employed in the discussions of noise

sources ofa magnetron for ease ofexplanation in this chapter. However, a practical magnetron

has much more complexities of a structure, motion of electrons, charge density distribution,

the static electromagnetic field and the RF electromagnetic field. Hence, it is near-impossible

to derive noise sources of a magnetron analytically from mathematical formula in consider-

ation of these complexities with three-dimensional aspects. Therefore, three-dimensional

analysis of a magnetron with computer simulations will play an extremely important role in

researching and identifying generation mechanisms of magnetron noises.



Chapter 4

Newly-Designed Low Noise
Magnetrons

4.1 Introduction

In this chapter, we describe an experimental study of newly-designed low noise magnetrons

for the purpose of the reduction of spurious noises even when it is operated in a microwave

oven system. A development of a future low noise magnetron will contribute not only to cost

reduction of a microwave oven by uninstalling filter circuits, but also to the realization of

EMC with breadcast communications such as radio in the MF bands and television in the

VHF and UHF bands, and IT communications such as wireless LAN, without installing the

filter circuits. We have conducted two approaches for the reduction of the spurious noises by

the newly-designed low noise magnetrons.

   One approach is the modification ofthe interaction space and the anode voltage, described

in Sec. 4.2. The interaction space means the gap between the cathode and the anode. With

regard to the modification of the anode voltage, Brown has shown the experimental results

that the signal to noise level was improved by decreasing the anode voltage when a magnetron

is operated by a DC stabilized power supply [41]. In this thesis, we conducted experimental

measurements not only for the fundamental spectrum but also for spurious noises in the high

frequency bands and the low frequency bands.

   The other approach is to mount cylindrical metallic cathode shields, which are axially

installed on the ends of the cathode filament, to a magnetron, described in Sec. 4.3. With

regard to the cathode shield, Kohsaka et al. [5] has suggested a magnetron with cathode

shields on both the RF output side and the HV input side in order to suppress electron

emission from the end portions of the cathode, although any details except schematics of

the magnetron with cathode shields was not described. In this thesis, we have conducted

experimental measurements of spurious noises generated from two types of magnetrons with

cathode shields; a magnetron on both the RF output side and the HV input side, which is

67
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similar to that of the Kohsaka's suggestion, and a magnetron which has a cathode shield only

on the HV input side, which we originally design.

4.2 Modifications ofthe interaction space and the anode volt-

      age

4.2.1 Configurationsofmagnetrons

In the present section, the interaction space and the anode voltage of a magnetron are treated

as parameters. The interaction space means the gap between the cathode and the anode.

Each parameter is set in three stages: the interaction space of 2.2mm, 2.4mm and 2.525mm

and the anode voltage of 2.6kV, 3.6kV and 4.6kV. Hence, 9 types of modified magnetrons

are manufactured for the experiments. The numbering table of the modified magnetrons

is put in Table 4.1. The external magnetic field of each modified magnetron is adjusted

by replacing permanent magnets, so as to conform the oscillating frequency to that of the

reference magnetron 2M210MIFI.

Table 4.1: Numbering table of modified magnetrons. The reference magnetron 2M210MIFI

has the interaction space of 2.525mm and is operated at the anode voltage of 4.lkV.

Interaction space

Anode Voltage (ebm) 2.2mm(A) 2.4mm(B) 2.525mm(C)
4.6kV(1) No.A-1 No.B-1 No.C-1

3.6kV(2) No.A-2 No.B-2 NOrC-2

2.6kV(3) No.A-3 No.B-3 No.C-3

4.2.2 Measurementsystem

A schematic of a measurement system is shown in Fig. 4.1. It is almost the same as that

for the measurement system of the time domain analysis, as described in Chapter 3. A

magnetron is operated by a half-wave voltage doubler. The anode current and the filament

voltage are fixed at 400mA and 3.3V, respectively, for all the modified magnetrons. The

measurement is conducted in the condition that the feedthrough capacitor and the choke coil

attached to the magnetren are removed, in order to detect all spurious noises generated from

the magnetron itself as much as possible.

   A measuring range ofthe spectrum is divided into three: 2.35GHz-2.55GHz for the funda-

mental, 4GHz-14GHz for high frequency spurious noises, and 100kHz-IGHz for low frequency

line noises. In the fundamental frequency bands and the high frequency bands, leakage elec-

tromagnetic waves are measured with a spiral antenna and a horn antenna, respectively. In

the low frequency bands, line noises on cables between the magnetron and the half-wave
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Amplifier [+30dB]

 (HP 83020A)

  Horn Antenna

Current ftobe

 (FCC F-55)

 Half-wave
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             SpectmmAnalyzer
               (HP 8593E)
   ec.ii,rO"hl,Cftal,2L:7gnina

                Dummy Load
Magne- (Nihonkoshuha
                WDL-0233E) tron

MagneTtrOtannghll(caeVregUid "

         Power MeterOscilloscope
         (HP437B)(HP 54600B)

Figure 4.1: Schematic of a measurement system for newly-designed magnetrons.

voltage doubler are measured with a current probe. Since theSe measurements are not those

for the spectrum radiated from the magnetron output, one cannot derive the absolute value

of the spectral intensity radiated from the RF output. However, since the main objective of

the present research is relative comparisons of the modified magnetrons with each other, an

easier method shown in Fig 4.1 is adopted.

   The spectrum in each frequency band is measured with a spectrum analyzer (HP 8593E).

In the present experiment, the maximum value of the spectrum is held on the spectrum

analyzer during a period of one minute when the magnetron and the waveguide are thermally

stable. Thus, the spectrum analyzer displays the envelope of the maximum levels of the

spectra generated from the measured magnetron. Settings of the resolution bandwidth and

the video bandwidth of the spectrum analyzer are put in Table 4.2.

Table 4.2: Settings of the spectrum analyzer. RBW: resolution bandwidth, VBW: video

bandwidth

Nequency span RBW VBW
4GHz-14GHz IMHz 10kHz

2.35GHz--2.55GHz 10kHz 10kHz

100kHz-IGHz 100kHz 10kHz

4.2.3 Experimentalresults

Experimental results ofthe modified magnetrons in the fundamental bands (2.35GHz-2.55GHz),

the high frequency bands (4GHz-14GHz), and the low frequency bands (100kHz-IGHz) are

shown in Fig 4.2, Fig 4.3, and Fig 4.4, respectively.
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Figure 4.2: Measurement results of the magnetrons by the modifications of the interaction

space and the anode voltage in the fundamental bands (2.35GHz-2.55GHz).
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Figure 4.3: Measurement results of the magnetrons by the modifications of the interaction

space and the anode voltage in the high frequency bands (4GHz-14GHz).
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Figure 4.4: Measurement results of the magnetrons by the modifications of the interaction

space and the anode voltage in the low frequency bands (100kHz-IGHz).
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   From the experimental results, there are two tendencies with respect to the reduction of

spurious noises. One is that the lower the anode voltage, the lower the spurious noise levels.

The other is that the wider the interaction space, the lower the spurious noise levels. The

former tendency is more potent than the latter from the results.

4.2.4 Discussions

Now we discuss what causes the noise reduction or the noise enhancement by the modification

of the interaction space and the anode voltage.

Position of the potential minimum

First, we consider the position of the potential minimum xm from Eq. (3.3), which we have

already described in Sec 3.5.

   We substitute the Richardson-Dushman's equation Eq. (2.21) for Eq. (3.3), then

             x. = (2.7s Å~ io-6 Ag K-i) VllliTx

                     -(1.s4.lo-6 ASK-2)Å~ iglaT-texp(2ekÅëT). (4•1)

In these experiments, the,anode current Ib is fixed to 400mAdc. Sa is equal to 2Trah, where

h is the height of the anode, if a magnetron is assumed to be a perfect cylinder. Then we

substitute A == O.97 Å~ 104A/m2/K2, ip = 2.18eV, Ib = 400mA and the actual dimension of

the reference magnetron h = 9.5mm for Eq. (4.1), then

           x. = (1.07 Å~ 10-6 miK"i) Å~ VZF5T:

                  -(g•sg Å~ ior9 mKt) Å~ vtlillT-t exp{(i'26 XTiO` K)}. (4.2)

Therefore, it is clear that x. is independent of the anode voltage V.

   Here we substitute T = 2000K, the filament temperature at Ib =400mA from Table 3.2,

as an example. Then Eq. (4.2) becomes

              x. = (3.2o Å~ io-4 mg) Å~ vis- (s.os Å~ io-7 m) Å~ Vf il• (4•3)

In the magnetrons we examined in this section, the first term on the right-hand side of

Eq. (4.2) is about ten times larger than the second term. Hence, Eq. (4.2) approximately

becomes
                         x. nJ (3.20Å~10-` m;)xVEI. (4.4)
   Note that xm is at most the order of 10-5m because r. is the order of 10-3m. Besides,

the variation of ra is less than 10ero in the magnetrons of which we modified the interaction

space. Then, xm is almost independent of ra.

   After all, it can be concluded that the position of the potential minimum is independent

of both the interaction space and the anode voltage.
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Relation with the interaction space

From the discussion above, it is obvious that the wider the interaction space, the wider the

distance between the anode and the position of the potential minimum. From the discussion

in Sec 3.5, one of the noise sources is the interaction between the RF electromagnetic field,

which is generated on the anode vanes, and the motion of electrons in the space charge

region. Therefore, noise reduction by expansion of the interaction space will be attributable

to reduced interaction between the RF field and the electrons in the space charge region, for

the anode vanes are away from the electrons in the space charge region.

Relation with the anode voltage

In the present experiments, the anode current is fixed at 400mA so that both the DC input

power and the RF output power, i.e. the total energy systems in the magnetrons, depend on

the anode voltage. The decreasing level ofthe total energy system is at most -3dB at an anode

voltage of 2.6kV compared to 4.6kV. However, note that the peak values of the spectra in the

fundamental bands shown in Fig 4.2 seem to be independent of the variation of the anode

voltage. On the other hand, the noise reduction levels in various frequencies exceeds several

times more than the energy decreasing levels, as shown in Fig 4.3 and Fig 4.4. Therefore,

the noise reduction by the modification of the anode voltage is not attributed to the relative

reduction of the total energy system. As a cause for the noise reduction, drastic changes

of behaviors in the magnetrons are considered, such as the reduction of initial potential

energy of electrons, the fa11off of the filament temperature owing to the reduction of the back

bombardment energy, and the electrostatic field in the magnetron which is described in the

next paragraph, etc.

Relation with the electrostatic field and the external magnetic field

These tendencies can be simply put together in light of the electrostatic field. Assuming that

a magnetron is a infinitely-long cylindrical diode, when the charge density A per unit length

is uniformly distributed at the cathode with a radius of rc, the radial electrostatic field Er at

the radial position of r is derived from the Gauss's law;

                                 Er=2.A,o.' (4•5)

Then, the anode voltage V is given by

                          V=-f,.ra Er=2.A,, log lt', (4.6)

where ra is the anode radius. From Eq. (4.5) and Eq. (4.6),

                              Er=rlogi./r,)' (4'7)
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Table 4.3: Theoretical radial electrostatic field on the cathode (r = rc) when the modified

magnetrons are assumed as infinitely-long cylindrical diodes. The numbers in the brackets

are sorted in descending order of the radial electrostatic field.

      r :rc
Anode Voltage (ebm)

Interaction space

2.2mm 2.4mm 2.525mm

4.6kV 7.4Å~106V/m(1) 6.8Å~106V/m(2) 6.sxlo6v/m(3)
3.6kV s.sxlo6v/m(4) 5.3Å~106V/m(5) 5.1Å~106V/m(6)

2.6kV 4.2Å~lo6v/m(7) 3.9Å~106V/m(s) 3.7Å~lo6v/m(g)

Table 4.4: Theoretical radial electrostatic field on the anode (r = ra) when

magnetrons are assumed as infinitely-long cylindrical diodes. The numbers in

are sorted in descending order of the radial electrostatic field.

the modified

the brackets

      r=ra
Anode Voltage (ebm)

Interaction space

2.2mm 2.4mm 2.525mm

4.6kV 3.3Å~106V/m(1) 3.oxlo6v/m(2) 2.gxlo6v/m(3)

3.6kV 2.6Å~106V/m(4) 2.4Å~106V/m(5) 2.2Å~lo6v/m(6)

2.6kV 1.9Å~106V/m(7) 1.7Å~106V/m(8) 1.6Å~106V/m(9)

   Then, the radial electrostatic fields of the modified magnetrons at the radii of the cathode

r = rc and the anode r = ra are calculated from Eq. (4.7), as shown in Table 4.3 and Table 4.4.

Note that the numbers in the brackets are sorted in descending order of the electrostatic field

of the modified magnetrons. When the order of the number in the bracket in Table 4.3 and

Table 4.4 is compared to the figures of the spectra as shown in Fig 4.2, Fig 4.3 and Fig 4.4,

the spurious noises are likely to be relatively reduced as the radial electrostatic field weakens.

   Note that the magnetrons we examined in this section oscillate at almost the same fre-

quency as shown in Fig 4.2. Since the oscillating frequency is simply determined by the

azimuthal E Å~ B drift velocity IÅqveÅrl = 1ÅqE,År1/B, 1ÅqE,År1/B is almost the same in the mod-

ified magnetrons. Therefore, the order of the numbers in the brackets in Table 4.3 is also

applicable to the external magnetic field B.

   Now we consider the electron density in the space charge region from Eq. (3.6) described

in Sec. 3.5. The radius r in Eq. (3.6) is comparable to rc, since the width ofthe space charge

region is only a few percent of the interaction space in the magnetron operation, as described

in Sec. 3.5. Then, substituting r N r, for Eq. (3.6), the amount of the electron density lpel

approximately reduces to be '
                                       eB2
                                lpelN eo • (4.8)
                                        m
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Thus, the amount ofthe charge density is estimated to increase as the anode voltage increases

and the interaction space decreases, since the magnetic field is also estimated to increase in

the ascending order of the numbers in the brackets in Table 4.3 and Table 4.4. As described

in Sec. 3.5, a large amount of electrons in the space charge region could be a noise source of

a magnetron in the constant-voltage range. Therefore, noise levels will be enhanced as the

amount of electrons increases in the space charge region.

   In conclusion, spurious noises are suppressed as the anode voltage decreases and the

interaction space widens. The reduction ofthe spurious noises is attributed to (1) the reduced

interaction between the RF field and the motion of electrons in the space charge region, (2)

the decrease of the total energy, (3) the reduction of noises generated by an abundance of

electrons in the space charge region due to the reduced external magnetic field. Although the

decrease of the external magnetic field also degrades the DC-RF conversion eMciency, which

we will describe in Sec. 5.5, it is demonstrated that these modifications of the magnetrons

work effectively for the reduction of the spurious noises.

4.3 Magnetrons with cathode shields

The experimental results of the aixial filament temperature shown in Fig. 2.13 indicate that

the temperature falloff was not so drastic at the center of the cathode; on the contrary it was

quite drastic on both the filament ends, especially on the RF output side, when the filament

current is turned off during the oscillation. Also, we briefiy introduced in Sec 2.1 that spurious

noises around the carrier frequency bands of a magnetron were suppressed by the internal

feedback mechanism, which takes place most effectively when the filament current is turned

off [41,51]. Therefore, the spurious noises from the magnetron might be suppressed without

turning off the filament current, if the same axial distribution of the filament temperature

is artificially created as that in the oscillating state with the internal feedback mechanism,

shown in Fig. 2.13 (Ib = 400mA, If = OA).

   As a method to make it, a magnetron proposed by Kohsaka et al. [5] is referred. The

magnetron has cathode shields on both the RF output side and the HV input side in order

to suppress the electron emission from the end portions of the cathode. Although any details

except schematics of the magnetron with cathode shields was not described, the experimental

results shown in Chapter 2 strongly support that Kohsaka's approach would be quite reason-

able. Moreover, Fig. 2.4 and Fig. 2.13 point out that a cathode shield on the RF output side is

not so effective to prevent electron emission because the electron emission there is essentially

less than that at the center, or even the HV input side of the examined magnetron.

   We have therefore designed a new type of a magnetron with a cathode shield only on the

HV input side. Here we describe effects on the reduction of spurious noises generated from

newly-designed low noise magnetrons with cathode shields.
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4.3.1 Configurationsofmagnetrons

Fig. 4.5 shows inside schematics of the reference magnetron (Fig. 4.5 (a)), a magnetron with

cathode shields on both the filament ends (Fig. 4.5 (b)), and a magnetron with a cathode

shield only on the HV input side (Fig. 4.5 (c)). The structure of the magnetron (b) is almost

similar to that of the magnetron depicted by Kohsaka et al. [5], and the metallic cathode

shields are directly connected with both the end hats. The structure of the magnetron (c)

is a newly-designed one based on the experimental results described in Chapter 2, and the

metallic cathode shield is directly connected only with the end hat on the HV input side.

   The electron emission areas of the cathode filament of the magnetron (b) and (c) are

smaller than the reference magnetron (a), because parts of the cathode filament are covered

with cathode shields. The axial length of the cathode shield fit in the magnetron (c) is the

same as the sum of the axial lengths of two pieces of cathode shields fit in the magnetron (b),

in order to conform the electron emission areas of the magnetron (b) to that of the magnetron

(c). In terms of the other parameters, such as radii of both the anode and the cathode, the

anode shape, the external magnetic field etc., there is no difference among the three types of

the magnetrons.

   With regard to the measurement systern, we used the same system as that shown in

Fig 4.1.
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Figure 4.5: Inside schematics of (a) the reference magnetron, (b) a magnetron with cathode

shields on both the filament ends and (c) a magnetron with a cathode shield on the HV input

side.
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4.3.2 Experimentalresults

Experimental results of the fundamental spectrum, high frequency spurious noises, and low

frequency line noises are shown in Fig. 4.6. The spectra of the reference magnetron, the

magnetron with cathode shields on both the filament ends, and the magnetron with a cathode

shield on the HV input side are plotted in Fig. 4.6 (a), Fig. 4.6 (b) and Fig. 4.6 (c), respectively.

The normal rated filament voltage of 3.3V remains to be applied and it is not cut back or

turned off during the measurements.

   It is obvious that both the high frequency spurious noises and the low frequency line

noises are drastically reduced by the attachment of the cathode shields on both the filament

ends, and a cathode shield on the HV input side ofthe magnetron, as shown in Fig. 4.6. The

reduction level of the Iow frequency line noises of the newly-designed magnetron (c) is up to

30dB compared to the reference magnetron (a).

   Furthermore, the results clearly specify that both the high frequency spurious noise levels

  20ae
.h O
-6
E -20t
; -40

•--

s
g -6e

  2. 35

  20:t

tth.o

g. .2o

te..-4o

E".-6o

2.4 2.45 2.5
  Freq. (GHz)

2. 55

    4 6 8 le 12
           Freq. (GHz)

 a s -2e
 ,'.J

 'i -40
 s t - -60
 y
 tdi -80

 E•

    o e.2 o.4 o.6 o.s
           Freq. (GHz)

            (a)

Figure 4.6: Ex

(center), and line noises

netron, (b): the

14

1

  20as
e
.h O
.as

E -20t
g -4o

•--

s
e -6o

  2.35

  20as

s
.M O
-a
g -20t
S -40

•--

s
8 -60

  o
as
e -2o

B
'i -40
g
2
- -60
g
L -so

8

2.4 2. 45 2.5
  Freq. (GHz)

2.55

4 6 8 10
   Freq. (GHz)

12 14

o o.2 o.4 e.6 o.s
   Freq. (GHz)

    (b)

1

... 20
ce

v
'h.,

.as

.=
.-20
s
Y L40

---

s
e -6o

  2. 35 2.4 2. 45 2.5 2. 55
          Freq. (GHz)

A 20
ag
L.
,h-,

-as

:. -20

E
Y -40

•--

s
e -60

cr

   4 6 8 10 12 14
         Freq. (GHz)

  e
as
e -2o
vM
'as -40

E
t
- -60
y

tdi -80

E•

   O O.2 O.4 O.6 O.8 1
         Freq, (GHz)

           (c)

(top), high frequency noises

   (a): the reference mag-

                   : the

            perimental results of the fundamental spectrum

                     (bottom) at Ib = 400mA and Vf = 3.3V.

             magnetron with the cathode shields on both the filament ends, and (c)

magnetron with the cathode shield on the HV input side.



4.3 MAGNETRONS WITIH CATHODE SHIELDS 79

and the low frequency line noise levels of the magnetron (c) are lower than those of the

magnetron (b). Therefore, they prove that shielding the cathode on the HV input side,

where the amount of electrons is emitted more than the RF output side as described in

Chapter 2, is more effective to suppress the spurious noises.

   In terms ofthe fundamental spectrum, spurious noise levels below 2.43GHz were less than

the noise floor levels of the spectrum analyzer when the cathode shields are attached to the

magnetron. Hence, the cathode shields work well for the spurious noises in the fundamental

frequency bands as well as in the high and low frequency bands. Moreover, the spurious

levels from 2.43GHz to 2.45GHz of the magnetron (c) are less than those of the magnetron

(a) and (b) by about 10dB. Therefore, shielding the cathode only on the HV input side is

also effective to suppress the spurious noises around the carrier frequency.

4.3.3 Discussions

Here we first describe electron motion and resonance conditions in a magnetron [6e], and

then we discuss noise suppression mechanisms by the attachment of the cathode shields.

Suppression of electron motion on both the filament ends by attachment of the

cathode shields

In two-dimensional analysis of a magnetron, the magnetic fiux density can not vary in the

axial direction at all. In a practical magnetron, in contrast, the nearer the magnetic pole

formed by the external magnets, the larger the magnetic flux density becomes. In the case

of the reference magnetron 2M210MIFI, the axial magnetic flux density B in the vicinity

of the anode vanes on both the filament ends of the magnetron increases by a few percent

compared to the center. Thus, the azimuthal EÅ~B drift velocity 1Åqv(e)År1 = IÅqE,Årl/B, which is

the dominant velocity component of electrons, gradually increase when electrons are coming

close to both the filament ends of the tube, where ÅqErÅr is the mean radial electrostatic field.

Besides, both circulating motion with a radius IR21 and an angular velocity 92, and rotating

motion with a radius IRil and an angular velocity sti expressed in Eq. (2.15), Eq. (2.16) and

Eq. (2.17) in the center are different from those in both the filament ends.

   In the case of the T-mode oscillation, the oscillation frequency f is expressed by the E Å~ B

drift velocity from Eq. (3.17) and Eq. (3.18),

                           -lÅqv(e)ÅrllV N 1ÅqErÅrl
                          f- 2rra -l2-=4Tr. B' (4•9)

where ra is the anode radius, N is the number of anode vanes.

   As we mentioned above, the axial magnetic flux density B on both the filament ends

increase by a few percent compared to the center in the reference magnetron. Hence, f on

both the filament ends is lower than that at the center from Eq. (4.9), assuming lÅqErÅrl is

uniform in the axial direction. Note that the magnetrons with the cathode shields suppress
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the spurious noises in the fundamental bands at frequencies below 2.43GHz, which is lower

than the peak frequency by at least 1%, as shown in Fig. 4.6. This experimental result is

therefore consistent with theoretical analysis.

   Furthermore, the magnetron with the cathode shield on the HV input side suppresses the

spurious noises in the fundamental bands up to 2.45GHz compared to the magnetron with

the cathode shields on both the filament ends. This imprevement takes place because the

cathode shield of the magnetron (c) extends towards the center of the filament more than

the magnetron (b), as shown in Fig. 4.5. In the magnetron (c), the cathode shield affects the

azimuthal E Å~ B drift motion of electrons near the center, so that the spurious noises near

the peak frequency are suppressed.

   In conclusion, the suppression of the spurious noises in the fundamental frequency bands

is caused by the disappearance of the azimuthal E Å~ B drift motion of electrons around the

fiIament ends owing to the attachment of the cathode shields.

   With regard to the spurious noises in high and Iow frequency bands, electron motion and

resonance conditions in a magnetron are also adapted. Due to the axial variation of the

magnetic fiux density, the resonant angular frequency eq is a function of B(z) to the axial

direction, since both 9i and 92 is a function of B. Therefore, the T-mode oscillation has

some bandwidth and there is a possibility of intermodulation between electrons in the center

region and in the end regions. If the intermodulation occurs in practice, beat noises will

appear continuously in some bandwidth, which is determined by the difference of w between

the center and the ends.

   The other resonance conditions following the selectional rules described in Sec. 3.5 are also

considered to be sources ofthe spurious noises, although they hardly contribute to their strong

oscillations. If we assume the infinitely long cylinder as a magnetron tube, these resonance

conditions will discretely exist since B is constant in the axial direction. In practice, however,

the resonance conditions will easily change due to the variation of B in the axial direction.

Axial motion of electrons

Now we take the axial diffusive motion of electrons described in Sec. 2.2 into consideration. In

a magnetron, we predicted the axial diffusion length to be the order of 10-2m, ten times longer

than the axial dimension of the reference magnetron. Therefore, some electrons emitted from

both the filament ends axially move from the center to the outer sheaths easily. Although

the end hats attached to the cathode ends manage to prevent them from reaching the outer

sheaths, these electrons will not be regulated at all unlike other electrons in the center region

of the filament. This is because the axial electrostatic field E, begins to emerge on both

the filament ends due to the existence of the end hats. Furthermore, the external magnetic

field on both the filament ends is not perfectly parallel to the axial direction, and some

radial magnetic field component B, exists there. Therefore, the azimuthal drift velocity ve

is composed of not only the dominant component of (E,, B.) but also the slight component
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of (E,, B,) on both the filament ends. The drift velocity due to this slight component may

accelerate or decelerate the regular motion of electron spokes.

   Besides, the axial oscillation described in Sec. 3.5 will take place in a magnetron. Since

the cathode shields prevent electrons from the axial motion, so that spurious noises caused

by the axial oscillation are expected to be suppressed.

   In conclusions, cathode shields also play an important role in suppressing noises due to

preventing electrons from the axial motion towards both the filament ends.

Narrowness of the constant-voltage range

Firom the experimental results of the anode voltage, we have found out that the constant-

voltage range were narrower in the magnetrons with the cathode shields than the reference

magnetron, as shown in Fig. 4.7. The closeup ofthe anode voltage waveforms in the constant-

voltage range, as shown at the bottom figures in Fig. 4.7, clearly indicates the fact which is

mentioned above. According to the time domain analysis we describe in Chapter 3, spurious

noises are widely and constantly generated in the constant-voltage range. In the cases of

magnetrons with cathode shields, therefore, one of the contributing factors of the spurious

noise reduction is that average energy of the spurious noises per a cycle of the half-wave

voltage doubler is decreased by narrowness of the constant-voltage range.
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Figure 4.7: Anode voltage waveforms of the magnetrons (top), and the closeup of the anode

voltage waveforms including the constant-voltage range (bottom), shown in the dotted boxes

in the top figures. (a): the reference magnetron, (b): the magnetron with the cathode shields

on both the filament ends, and (c): the magnetron with the cathode shield on the HV input

side. •



82 CHAPTER4.NEWLY-DESIGNED LOW NOISE MAGNETRONS

   Here we discuss the causes why the constant-voltage range is reduced in the cases of

the magnetrons with the cathode shields. As described above, cathode shields play a role

in preventing electrons both from being emitted to the interaction space and from diffusing

in the axial direction. Hence, the anode current begins to flow at a lower anode voltage,

since the condensed electrons around the center of the cathode unavoidably contribute to the

anode current with slight axial diffusive motion. Therefore, the constant-voltage range gets

narrower when the cathode shields are attached to the magnetron than that of the reference

magnetron.

4.4 Summary

The experimental measurements of the spurious noises for newly-designed low noise mag-

netrons were conducted in this chapter.

   With regard to the modifications ofthe interaction space and the anode voltage, we have

found that the wider the interaction space and the lower the anode voltage, the less the

spurious noises are generated. Also we found out that the modification of the anode voltage

was more effective than that of the interaction space.

   With regard to magnetrons with cathode shields, we found out that a cathode shield only

on the HV input side works more effectively for suppressing spurious noises than cathode

shields on both the filament ends. The reduction levels of the low frequency line noises of

the magnetron with the cathode shield on the HV input side are up to 30dB compared to

the reference magnetron. This is because the cathode shield only on the HV input side

corresponds to the axial distribution of the filament temperature better than the cathode

shields on both the filament ends. Then, electron motions around the filament are suppressed

more effectively. In conclusion, a cathode shield attached to the end of the cathode filament

works well for suppressing spurious noises when it is designed to correspond to the axial

distribution of the filament temperature.

   In this chapter, we operated magnetrons by a half-wave voltage doubler, but not a DC

stabilized power supply. Besides, the filament current was not cut back or turned off during

the oscillation at all in the experiments. Therefore, it can be concluded that the newly-

designed low noise magnetron with the cathode shield has a great possibility to be operated

with reduced spurious noises even though they are mounted in a conventional microwave oven

system.

   Of great interest is that the "axially asymmetric" configuration of the cathode shield

works more effectively than the "aJcially symmetric" configuration, although that depends on

the axial distribution of the filament temperature. The relation between "axially asymmet-

ric" and "axially symmetric" has been also observed in an experimental study on "magnetic

priming" [66], which have reported that "axially asymmetric magnetic priming" has been

more effective for noises and startup of magnetrons than "axially symmetric magnetic prim-



4.3 MAGNETRONS wrTH CATHODE SHIELDS 83

ing". Therefore, three-dimensional numerical simulations and theoretical analysis

magnetrons' operation will be much more important future works to explore these "

asymmetric" issues.

of the

axially
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Chapter 5

Noise Features of Filament-off

Magnetron

5.1 Introduction

A magnetron is one of the strong candidates as a DC-RF converter for WPT and SPS

transmitting systems, because its DC-RF conversion eficiency is higher, it costs less and it

has smaller weight/power ratio than solid state devices. On the other hand, a magnetron

has a wide oscillation bandwidth and it generates spurious noises in various frequency bands.

For the use of the WPT and SPS transmitting systems, the wide oscillation bandwidth

will become a serious obstacle of obtaining a frequency allocation for a WPT system and a

SPS. It also complicates the realization of a Phase-Controlled Magnetron (PCM), which is

really required in order to design a phased array system with numerous elements in a SPS,

as described in Sec. 1.4. Besides, spurious noises will interfere with other radio applications

both in space and on the Earth, when they are radiated from the WPT and SPS transmitting

systems. In order to produce the narrow bandwidth of the fundamental frequency and to

reduce the spurious noises generated from a magnetron, we propose that the filament current

should be turned off during the oscillation when the magnetron is operated by a DC stabilized

power supply, in this chapter.

   With regard to the fundamental frequency spectrum, Brown mentioned that the "internal

feedback mechanism" [41,51] contributes to a quiet magnetron operation, in the simplest

terms. The internal feedback mechanism most effectively takes place by turning off the

filament current during the oscillation. In this chapter, we describe experimental studies of

noise features of a filament-off magnetron. The principle of the continuous oscillation of the

filament-off magnetron is described in detail in Sec. 5.2.

   In Sec. 5.3, we describe the effects for the oscillation bandwidth by turning off the filament

current. We experimentally found as well as Brown that the oscillation frequency spectrum of

the magnetron becomes narrower as a result of the internal feedback mechanism. An impor-
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tant finding is that the cause of the reduced oscillation bandwidth is not only the reduction

of the filament temperature described by Brown [41,51], but also the disappearance of the

disturbance in the anode current related to the anode current-anode voltage characteristic of

the magnetron. The disturbance in the anode current takes place when the anode current is

below a certain threshold value, and the disturbance does not occur when the anode current

exceeds the threshold value. Even in such a case, the oscillation bandwidth becomes narrower

when the filament current is turned off. This is because the cathode temperature is reduced

by the internal feedback mechanism as well as Brown's discussions so that motion of electrons

is less affected by the thermal effects in the filament-off magnetron.

   Brown showed the experimental results of the oscillation frequency spectrum [41] , but

not the spectra ofthe spurious noises in high frequency bands and low frequency bands. In

Sec. 5.4, we describe that a filament-off magnetron has a beneficial effect for the reduction of

spurious noises as well as the oscillation bandwidth.

   In the present study, it was found experimentally that the DC-RF conversion eMciency

degrades somewhat although noise features of the filament-off magnetron improves well. We

describe the degradation of the DC-RF conversion eMciency and its causes when the mag-

netron is operated with turning off the filament current in Sec. 5.5.

5.2 Principle of the continuous oscillation of a

magnetron

filament-off

With regard to the continuous oscillation of a fiIament-off magnetron, Brown shortly ex-

pressed that this phenomena is due to the "internal feedback mechanism" of a magnetron [41,

51]. He mentioned that "when the external source of heating, the filament, is turned off and

the control loop regulates the amount of electron back bombardment to keep the filament

at the desired temperature". In the following paragraphs, we describe the principle of the

continuous oscillation with the internal feedback mechanism in more detail with the two-

dimensional linear magnetron model shown in Fig. 1.2.

   Now we consider that an electron is passing from a negative RF potential to a positive RF

potential, as the left-hand electron in the region (C) shown in Fig. 1.2. Then, it comes back

to the cathode by drift motion in the y direction owing to the RF field in the x direction.

This means that some of the RF electromagnetic energy in a magnetron is transformed to the

kinetic energy of an electron moving toward the cathode, since work is done on the electron

by the RF field. Hence, the energy of the electron when it arrives back to the cathode is

considered larger than that at the time of the emission from the cathode. Finally the electron

collides with the surface ofthe cathode, and it heats up the cathode filament, or it may become

a primary electron and cause the emission of secondary electrons. These phenomena are called

back bombardment. Due to the cathode self-heating and secondary electron emission by the

back bombardment, electrons are continuously supplied from the cathode filament even if the
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filament current is turned off during the oscillation of the magnetron.

   Due to the process described above, the oscillation of the magnetron can be maintained

without the cathode heating by the filament current once it starts. Moreover, turning off or

cutting back the filament current is a well-known beneficial way for a magnetron to give a long

life to the cathode, since this technique prevents the cathode filament from overheating due to

the excessive back bombardment [38]. However, it is necessary for a magnetron to heat up the

cathode filament in advance in order to start the oscillation, since the cathode temperature

is so low that electrons are hardly emitted in the magnetron before the oscillation. Also,

it is preferable to operate a magnetron by a DC stabilized power supply when the filament

current is turned off, in order to supply somewhat stable back bombardment energy for the,

cathode filament to maintain the generation of thermal electrons or secondary electrons.

5.3 Measurements of the oscillation bandwidth

5.3.1 Measurement system

A schematic of a measurement system for obtaining the oscillation bandwidth is shown in

Fig. 5.1. The reference magnetron 2M210MIFI was used for the experiments. The operat-

ing power supply for the magnetron is a commercially available DC stabilized power supply

(Glassman, PS/LTO05R360-20). The magnetron is coupled to a waveguide so that the RF

output is connected to an almost-matched termination of a high-power dummy load of 2.5kW

(Nihon Koshuha, WDL-0233E). The oscillation spectrum of the magnetron is obtained by

measuring the electromagnetic wave leakage with a spectrum analyzer (HP 8563E). This leak-
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Figure 5.1: Schematic of a measurement system for obtaining the oscillation bandwidth of a

magnetron.
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age is received by a spiral antenna (HP 11966G), which is immediately above the magnetron.

The choke coil and the feed-through capacitor on the input side of the rr}agnetron are re-

moved. It has already been confirmed that the spectrum of the Ieakage electromagnetic wave

from the magnetron and the output spectrum radiated from the RF output are identical in

spectral shape. Although they are not identical in spectral intensity, we can relatively com-

pare the spectra displayed on the spectrum analyzer, when the measurements are conducted

in the same measurement system.

   The spectrum analyzer is set in such a way that the resolution bandwidth is 10kHz and the

video bandwidth is 10kHz, with a frequency measurement range from 2.43 to 2.47GHz. In the

present measurement, the maximum value of the spectrum is held on the spectrum analyzer

during a period of one minute after the magnetron and the waveguide has been thermally

stable. Thus, the spectrum analyzer displays the envelope of the maximum levels of the

spectrum generated from the magnetron. Simultaneously with the spectral measurement,

the anode current waveform is monitored with an oscilloscope (HP 54600B).

5.3.2 Experimentalresults

As experimental results, the oscillation frequency spectra of the reference magnetron at an

anode current of 250mA are shown in Fig. 5.2. The thin line represents the oscillation

spectrum when the filament current is the normal rated value of 10A, and the thick line

represents the spectrum when the filament current is turned off to OA. Fig. 5.3 shows the

anode current waveforms measured at the same time. The thin line is the oscillation frequency

spectrum at a filament current of 10A and the thick line is at a filament current of OA.

   The Q value of the spectrum is calculated by the following equation;

                                  Q- 21f, (s.1)

where f is the carrier frequency of a magnetron and Af is the half-power bandwidth of

the magnetron spectrum. From the experimental results, the Q value is 8.0 Å~ 102 when the

filament current is 10A, and 1.1 Å~ 105 when the filament current is OA.

   It is clear from Fig. 5.2 that the oscillation frequency spectrum is broad and has two

peaks when the filament current is 10A, but it is narrow and has only one' peak when the

filament current is OA. A significant cause of this difference appears in the anode current

waveforms shown in Fig. 5.3. It is evident from Fig. 5.3 that the anode current waveform

is almost constant when the filament current is OA but has a pulse shape when the filament

current is 10A.

   In general, a magnetron exhibits phenomena called frequency pushing and frequency

pulling. In each case, the oscillation frequency is changed by variations of the anode current

and the load impedance. In the present experiment, since the measurements were performed

after the magnetron and the waveguide had reached a stable temperature, the variation

of the load impedance in temperature is considered negligible. Therefore, the bandwidth
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reduction of the oscillation bandwidth due to turning off the filament current is caused by

the stabilization of the anode current whose disturbance is eliminated in the filament-off

magnetron.

   In terms of the frequency pushing, experimental formula has been already expressed in

Eq. (3.19). Note that the bottom value and the peak value of the pulse waveforms seen in the

case ofa filament current of 10A in Fig. 5.3 are about 100mA and 350mA, respectively. When

substituting these values of the anode current for Eq. (3.19), the frequencies are derived to

be 2.396GHz at an anode current of 100mA and 2.454GHz at an anode current of 350mA,

respectively. At an anode current of 350mA, the derived frequency is almost equal to the

peak frequency on the right-hand side of the spectrum in Fig. 5.2, although it diverges from

the peak frequency on the Ieft-hand side by -1.9% at an anode current of 100mA.

   The anode current disturbance at a filament current of 10A is generated in the magnetron

used here when the anode current is less than 350mA, but not above this value. Hence, the

relationship between the fiIament current and the frequency spectrum is described in the case

of no disturbance in the anode current. Fig. 5.4 and Fig. 5.5 show the oscillation frequency

spectra and the anode current waveforms, respectively, when the anode current is 400mA.

The thin line represents the oscillation frequency spectrum at a filament current of 10A and

the thick line is at a filament current of OA. As can be seen in Fig. 5.5, the anode current is

not disturbed when the fiIament current is 10A. It is seen that the oscillation bandwidth is

narrower at a filament current of OA than 10A, even without the anode current disturbance.

The Q values of the spectra are 8.2 Å~ 103 for a filament current of 10A and 1.2 Å~ 105 for a

filament current of OA.

   In summary, the experimental results show that a filament-off magnetron improves the

oscillation bandwidth narrower.

5.3.3 Discussions

Influence of the AC magnetic field due to the AC filament current

First, we discuss influence of the AC magnetic field due to the AC filament current as an

improvement factor of the oscillation bandwidth of a filament-off magnetron. The effect may

cause ham noises to appear as the modulation of the signal.

   The cathode filament was heated by an AC current in the present experiments. Hence,

there is a possibility that the effect of the AC magnetic field generated in the magnetron by

the AC current may have caused the anode current disturbance, since the magnetron filament

has a shape of a coil. Assuming that the cathode filament is a solenoidal coil, the magnetic

field in the center of the cathode generated by the filament current is equal to nlf, where

n is the number of turns. As n = 9 in the reference magnetron, the AC magnetic field of

(90viii H) Å~ sinwt could be generated in the center of the cathode filament, where w is the

commercial frequency.
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   Here, we compare the spectra when the power supply ofthe filament is AC and DC. When

the DC filament current is applied, the magnetic field generated by the filament current

is static. Hence, we can investigate, from the comparison, whether the alternation of the

magnetic field affects the anode current disturbance. For the DC supply of the filament, a

commercial DC stabilized power supply (KENWOOD PS20-18) is used. Note that the DC

stabilized power supply is connected to the commercial power source via 1:1 transformer for

the purpose of insulation because the DC power supply for the filament itself is included in

a part of the high voltage circuit of the measurement system.

   Fig. 5.6 shows comparison of the spectra between the AC and DC fiIament currents

at an anode current of 250mA and a filament current of 10A. From Fig. 5.6, no dramatic

spectral change, such as the one in Fig. 5.2, is observed between the two filament current

sources. Hence, it is concluded that the reduced oscillation bandwidth is not related to the

AC magnetic field generated around the filament.

Cause of the anode current disturbance

Next, we discuss the cause of the disturbance in the anode current. From several experiments

it is found that the disturbance is related to the oscillation characteristics of the magnetron•

Here we analytically explain the relationship between the anode current disturbance and the

oscillation characteristics.

   Fig. 5.7 shows the measured results of the anode current-anode voltage characteristics of
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the magnetron when the filament current is 10A and OA.

   As one can see from Fig. 5.3, the bottom value and the peak value of the pulse waveforms

seen in the case of a filament current of 10A are about 100mA and 350mA, respectively.

When we pay attention to Fig. 5.7 on the basis of this information, the anode current-anode

voltage characteristic for the filament current of 10A is clearly flatter than that for a filament

current of OA in the anode current range frorn 100mA to 350mA. From the measurement

results in Fig. 5.7, the curves between anode currents of 100mA and 350mA are expressed by
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linearization;

                1' -(3.4g x lo2 v/A) x lb + (3.s4 Å~ 103 V), If == OA . .
           eb = i-(7.42 Å~ io v/A) x ib + (3.62 Å~ io3 v), if = ioA ' Åq5'2)

where eb is the anode voltage, Ib is the anode current, and If is the filament current. Note

that the variation of the curve at a filament current of 10A falls within the measurement

error. Moreover, the characteristic of the constant-voltage region is also observed in the ex-

perimental results when a magnetron is operated by a half-wave voltage doubler, as described

in Chapter 3.

   In order to explain the pulse-shaped anode current waveform, it is assumed that the

anode voltage value is constant in the anode current range from 100mA to 350mA for a

filament current of 10A, and assumed that a fiowchart of a current controlling system of a

DC stabilized power supply is expressed as shown in Fig. 5.8. When the anode current is set

in the range from 100mA to 350mA, the anode current-anode voltage characteristic of the

magnetron becomes a constant-voltage type in this range. The DC stabilized power supply

used in the present experiments has a setup to control the anode current when the magnetron

starts its oscillation.

   When the anode voltage is increased to make this DC stabilized power supply produce an

anode current, a large current suddenly flows due to this constant-voltage property, and then

it exceeds the specified anode current. However, since in practice the DC stabilized power

supply tries to control the anode current, it tries to decrease the anode voltage to make the

excessive anode current return to the original value. In spite of the current control, however,

the anode current now falls below the specified anode current due to this constant-voltage

characteristic again. The undulation of the anode current control is repeated in this manner

and the anode current eventually becomes pulse-shaped.

   In practice, the anode current-anode voltage characteristic has a slight slope. Neverthe-

less, it is suMciently possible that similar undulation of the anode current control could take

place and that the disturbance of the anode current could be triggered by a slight change in

the anode voltage owing to a small ripple noise on the anode voltage, as shown in Fig 5.9.

   On the other hand, the slope of the anode current-anode voltage characteristic for a

filament current of eA is clearly recognized, and the anode current is controlled without the

occurrence of the undulations such as those occurring at a filament current of 10A, even

if there are variations in the anode voltage caused by noises and ripples. Therefore, the

almost constant anode current is obtained when a magnetron is operated with turning off

the filament current.

Causes ofthe anode current-anode voltage curve when If :OA

Next, we discuss the causes of the anode current-anode voltage characteristic shown in Fig. 5.7

when the filament current is OA. The subject ofthe discussion here is why the gradient deb/dlb



94 CHAPTER 5.FILAMENT-OFF MAGNETRON

is negative as if a magnetron has a negative resistance. Discussion in the following paragraphs

also explains the internal feedback mechanism in detail when the filament current is turned

off.

   When the filament current is OA, there is no external cathode heating. Therefore, os-

cillation continues as a result of the internal feedback mechanism; cathode self-heating and

secondary electron emission due to the back bombardment effect. Here, the reduction of the

anode current implies the reduction of the electrons fiowing in the anode from Eq. (3.16).

At the same time, the numbers of electrons returning to the cathode under the influence of

the RF electric field, described in Sec. 5.2 also decrease in a relative sense. Then, due to the

reduction of the back bombardment energy, the filament temperature falls off, as described

in Sec. 2.3. Finally, the amount of electron emission from the cathode decreases and the

number of electrons in the magnetron is also reduced due to the decrease of the saturation

current Ith given by the Richardson-Dushman's equation Eq. (2.21). In summary, the number

of electrons fiowing in the anode is further reduced, and then the anode current is further

decreased.

   If this cycle continues, the anode current continues to decrease and the oscillation finally

stops. However, since the DC stabilized power supply in practice controls the anode current,

the anode voltage is increased for an increased anode current, when the anode current falls

below a set value. Because of this increase of the anode voltage, IRiPn Eq. (2.17), namely,

the rotation radius of the electrons becomes larger, and the rotating electron clouds approach

the anode. At the same time, the number of electrons which take energy from the microwave

oscillation also increases relatively. Therefore, contrary to the previous case, the number

of electrons returning to the cathode increases and the back bombardment energy grows.

Eventually, the anode current increases and comes back to the set value.

   In another case, if the anode current is being increased, the number of electrons flowing

into the anode increases and the back bombardment energy grows, so that the anode current

exceeds the set value. Hence, the anode voltage is reduced, lowering the anode current to the

set value.

   On the other hand, when the filament current is 10A, a suMciently large amount of

electrons exists in the magnetron due to the thermal emission by the filament heating, as

shown in Fig. 2.12. Therefore, no change in the anode voltage occurs in response to a change

ofthe anode current, unlike the case ofa filament current ofOA. In practice, the anode voltage

changes as a result of the anode current change. However, if such a change is slight, it is

suMciently possible, as shown in Fig. 5.7, that the anode current-anode voltage characteristic

has a constant-voltage range.

   The above discussion can be summarized as follows. The difference in the frequency

spectra shown in Fig. 5.4 is caused by the presence or the absence of the disturbance in

the anode current. The disturbance in the anode current for a filament current of 10A is

caused by an anode current-anode voltage characteristic that is almost a constant-voltage
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type, shown in Fig. 5.7. The slope ofthe anode current-anode voltage characteristic obtained

for a filament current of OA is attributed to the change in the number of electrons in the

magnetron corresponding with the variations of the anode current.

Way to prevent the anode current disturbance

Next, we discuss a way to prevent the anode current disturbance when the fiIament current

of a magnetron is applied to the normal rated value during the oscillation. Although the

filament current should be turned off for a quiet magnetron operation, a demerit of a filamen-

off magnetron is that the oscillation has a possibility to stop at a very low anode current of

several tens of mA, in the examined magnetron case. Hence, it is beneficial to find out a

prevention method of the anode current disturbance in order to operate a magnetron with

narrow oscillation bandwidth at a low anode current.

   The frequency of the pulse waveform of the anode voltage shown in Fig. 5.3 is about

5kHz. This frequency is attributed to the time constant of the DC stabilized power supply

used here.

   One method of preventing this disturbance may be the insertion of a low-pass filter be-

tween the DC stabilized power supply and the magnetron. However, for the oscillation of the

magnetron used here, a voltage on the order of kV is needed. Since the undulation frequency

is almost 5 kHz, it is diMcult to design a low-pass filter with good performance robust to

high voltage.

   Also, the anode current-anode voltage characteristic shown in Fig. 5.7 is that of the

magnetron itself. The responsivity of the magnetron was considered to be the order of MHz

from an experimental measurement [50]. Therefore, when the magnetron is operated by

a constant-voltage power supply while a filament current is applied, a narrow oscillation

bandwidth cannot be obtained unless the variation of anode current is controlled extremely

well.

   Hence, in the present stage, the method of the anode current stabilization by turning off

the filament current is an extremely effective way to make the frequency spectrum of the

oscillation narrow.

Causes of improvement of the oscillation bandwidth in the absence of the anode

current disturbance

The anode current disturbance at a filament current of 10A is generated in the examined

magnetron when the anode current is less than 350mA, but not above this value. Lastly,

we discuss causes of improvement of the oscillation bandwidth in the absence of the anode

current disturbance.

   When the anode current disturbance disappears, improvement of the oscillation band-

width is caused by difference of the filament temperature between turning on and off the
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filament current. The relationship between the filament current and the filament tempera-

ture has already been shown in Fig. 2.12.

   IFlrrom Fig. 2.12, it is found that the filament temperature decreases as the filament current

decreases. Hence, one ofthe causes ofthe narrow-band oscillation in this case is the reduction

of the filament temperature by turning off the filament current so that the thermal effects

in the magnetron tube are reduced as well as Brown has mentioned the phenomenon as the

internal feedback mechanism [41,51].

   In conclusion, it is considerably effective to turn off the filament current even where there

is no disturbance of the anode current, from the point of view of the narrow-band oscillation.

5.4 Measurements of spurious noises

In the previous section, we verified that the oscillation bandwidth of a filament-off magnetron

becomes narrow by the internal feedback mechanism. Here we describe the experimental mea-

surements of spurious noises generated from a filament-off magnetron, in order to investigate

the effects of the internal feedback mechanism on the spurious noises.

5.4.1 Measurement systems

Measurement system for radiation noise from the RF output

We also conducted experiments in the present section with the reference magnetron 2M210MIF1.

The measurement is conducted in the condition that the feedthrough capacitor and the choke

coil attached to the magnetron are removed, in order to detect all spurious noises generated

from the magnetron itself as much as possible.

   A schematic of a measurement system for spurious noises is shown in Fig. 5.10. The ref-

erence magnetron is also operated by a DC stabilized power supplies, which can control the

anode current. The filament current is controlled by a variable transformer. The magnetron

is attached to a magnetron-waveguide transducer. The microwave energy is radiated from

a 2.45GHz horn antenna and received by a 5.8GHz horn antenna. The distance between

two antennas is 4m. High frequency spurious noises are measured through the 5.8GHz horn

antenna with a spectrum analyzer. At the same time, low frequency line noises are mea-

sured with another spectrum analyzer. The low frequency line noises are picked up from the

DC input lines with a current probe. In the present measurements the maximum values of

the spurious noises are held on the spectrum analyzers during a period of one minute, after

the magnetron and the waveguide have become stable in temperature. Thus, the spectrum

analyzers display the envelopes of the maximum levels of the spectra generated from a mag-

netron. Waveforms of the anode voltage and the anode current are also measured with an

oscilloscope in parallel with the frequency spectrum measurements.
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Figure 5.10: Schematic of a measurement system for spurious noises generated from a mag-

netron.
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Figure 5.11: Schematic of a leakage measurement system.

to set up than Fig. 5.10.

The measurement system is easier

   The frequency characteristics of the 5.8GHz horn antenna, a 5.8GHz waveguide-coaxial

transducer and free space losses were calibrated in frequency, in order to obtain the spurious

noise levels roughly. The means of the calibration in the present measurement system is

as follows. First, the propagation characteristics from IGHz to 10GHz are measured with

a network analyzer, under the same condition as shown in Fig. 5.10, except the difference

of the transmitting system, from the 2.45GHz horn antenna and the magnetron-waveguide

transducer mounting the magnetron, to a standard conical log spiral antenna mounted on

Port 1 of the network analyzer. The standard antenna covers the frequency from IGHz
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to 10GHz. Port 2 of the network analyzer is attached to the 5.8GHz coaxial-waveguide

transducer with the 5.8GHz receiving horn antenna. Then, the calibration curve is derived

by subtracting the directional gain of the standard antenna. Hence, the spectrum levels,

which are propagated from the aperture of the 2.45GHz horn antenna, are calibrated by the

curve. The deviation error from the calibration curve is Å} 5dB. Note that this calibration
                                                                           '
however, neglects the frequency characteristics due to the difference of the directional gain

and the polarization between the standard antenna and the transmitting system as shown

in Fig. 5.10. Besides, the error or the uncertainty is essentially inevitable by means of this

calibration because the measurement is conducted in the near-field region and beyond the

standard of these coaxial-waveguide transducers and horn antennas.

   The measurement of the low frequency line noises, on the other hand, is not calibrated

because the noise levels are varied by the setting position of the current probe. For this

reason, the measured spectra are relatively compared only in a figure with respect to the low

frequency line noises. I"rom this point of view, the unit of the spectral intensity is dB when

the low frequency line noises are measured, in contrast with dBc when the high frequency

spurious noises are measured.

Measurement system for relative comparison of spectra

We set up another measurement system for measuring spurious noises, as shown in Fig. 5.11.

It is almost the same as that for measuring spurious noises with easy set-up, as described

in Subsec 4.2.2 and depicted in Fig. 4.1. In this system, the spurious noises generated from

the magnetron are obtained by measuring the electromagnetic wave leakage. Although the

calibration of the spectra is too dificult to obtain the absolute value in dBc in contrast to

the measurement system in Fig. 5.10, the measurement system is easy to set up and suMcient

for our purpose: the comparison of the spectra.

5.4.2 Experimentalresults

Radiation noises in the high frequency bands

Fig. 5.12 shows the spectra from 4GHz to 10GHz at Ib=250mA. The thin line and the thick

line in Fig: 5.12 show the spectra at If =10A and IfFOA, respectively. Note that the anode

current is set to be 250mA instead of the rated value of 300mA as shown in Table 1.1. This is

not only because we focus on the comparison of the spurious noises when the anode current

is disturbed at a filament current of 10A, but also because we have utilized a magnetron

around 250mA of the anode current in the present PCM system [49].

   From Fig. 5.12, it is obvious that the high frequency spurious noises are drastically im-

proved as well as the oscillation bandwidth when a magnetron is operated with turning off

the filament current during the oscilla'tion. The spurious noise levels of the filament-off mag-

netron are reduced below the noise fioor levels of the spectrum analyzer in various frequency
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Figure 5.12: High frequency spurious

noise spectra at Ib=250mA. The span of

the measurement is from 4GHz to 10GHz.

Thin line: If=10A, and thick line: If =OA.

Resolution bandwidth: 100kHz.

Figure 5.13: Low frequency line noise

spectra at Ib=250mA. The span of the

measurement is from 100kHz to IGHz.
Thin line: If==10A, and thick line: If=OA.

Resolution bandwidth: 100kHz.
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Figure 5.14: High frequency spurious

noise spectra at Ib=:40emA. The span of

the measurement is from 4GHz to 10GHz.

Thin line: If=10A, and thick line: If==OA.

Resolution bandwidth: 100kHz.

Figure 5.15: Low frequency line noise

spectra at Ib=400mA. The span of the

measurement is from 100kHz to IGHz.

Thin line: If=10A, and thick line: lf=OA.

Resolution bandwidth: 100kHz.
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bands. The reduction levels of the spurious noises of the filament-off magnetron are up to

50dB compared to the magnetron with the normal rated filament current.

   Harmonics, however, do not have the great improvement between turning on the filament

current and turning it off. This is because the harmonics of the magnetron are caused by

the distortion of the fundamental, and the distortion is independent on the effect of the

filament current. In spite of the fact, the harmonics levels at If=OA are lower than -70dBc

in the present measurement system, as shown in Fig. 5.12. These levels are comparable to or

better than those of some semiconductor amplifiers. The reason why the harmonic levels of

a magnetron are not so high has already been described in Sec. 3.5.

Line noises in the low frequency bands

We have also observed the line noises on cables between the magnetron and the DC sta-

bilized power supply. Fig. 5.13 shows the low frequency line noises from 100kHz to IGHz

at Ib =250mA. The thin line and the thick line in Fig. 5.13 show the spectrum at If=10A

and If==OA, respectively. The experimental results show that the low frequency line noises

of the filament-off magnetron are also suppressed below the noise fioor levels of the spec-

trum analyzer in various frequency bands. The reduction levels of the spurious noises of the

filament-off magnetron are up to 40dB compared to the magnetron with the normal rated

filament current.

Spurious noises in the absence of the anode current disturbance

Fig. 5.14 and Fig. 5.15 show the spectra ofthe high frequency spurious noises and the low

frequency line noises, respectively, at Ib=400mA, where the anode current was not disturbed

even if the filament current was turned on. The thin line and the thick line in both Fig. 5.14

and Fig. 5.15 show the spectrum at If=10A and If=OA, respectively.

   In the case of Ib=400mA, the spurious noises of the filament-off magnetron are somewhat

reduced than the magnetron with the normal rated filament current. However, the reduction

effects are less drastic when the magnetron does not have the anode current disturbance at

If=10A than when it does.

5.4.3 Discussions on sources of spurious noises

Influence of the anode current disturbance

We showed that the narrow oscillation bandwidth was caused by the stabilization of the anode

current in Sec. 5.3. Experimentally, the disturbance in the anode current was not observed

when Ib is over about 350mA at If=10A in the case ofthe examined magnetron. First, in

order to verify the effect of the the anode current disturbance, we discuss influence of the

anode current disturbance.
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   Fig. 5.16 shows the comparison of the high frequency spurious noises at If=10A. The

thick line in Fig. 5.16 shows the spectrum at Ib=400mA, which is the same as that of the

thin line in Fig. 5.14, where the anode current disturbance dose not take place. The thin

line in Fig. 5.16 shows the spectrum at Ib= 250mA, which is the same as that in Fig. 5.12,

where the anode current disturbance takes place. From Fig. 5.16, the spurious noise levels

at Ib==400mA was almost comparable with those at Ib=250mA, although some noises are

reduced in some frequency bands. The result shows that the spurious noises in the high

frequency bands are generated when the filament current is turned on, whether or not the

anode current disturbance is observed.

Infiuence of the AC magnetic field due to the AC filament current

Next, we researched on the effect of the magnetic flux generated by the AC filament current.

The effect may cause ham noises to appear as the modulation of the signal, although we

concluded that there was no drastic spectral change of the fundamental frequency spectrum

whether the power supply of the filament was AC or DC.

   Fig. 5.17 shows the comparison of the spurious noises in the high frequency bands between

the AC filament current and the DC filament current at Ib==250mA and If=10A. Note that

the vertical unit in Fig. 5.17 is dB normalized by the maximum value of two lines, and that the

thin line and the thick line show the spectrum when the power supply of the fiIament is AC

and DC, respectively. Fig. 5.17 shows that there is also no drastic spectral change whether

the power supply of the filament was AC or DC. Therefore, the effect ofthe magnetic flux due
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to the AC filament current has no relevance to the spurious noises as well as the oscillation

bandwidth.

   From the discussions above, neither the anode current disturbance nor the influence of

the AC magnetic field due to the AC filament current are causes of the noise reduction of the

filament-off magnetron.

Causes of the noise reduction of the fiIament-off magnetron

Now, we discuss causes of the noise reduction of the filament-off magnetron.

   As described in Sec. 2.3, thermal electrons are emitted from the center of the cathode

filament enough to maintain the oscillation of the magnetron; in contrast they are much

less emitted from the RF output side when the magnetron is operated with turning off the

filament current. We have also demonstrated that cathode shields on the filament ends

work exceedingly well for suppressing spurious noises due to preventing electrons from axial

motion towards both the fiIament ends, as described in Sec. 4.3. Therefore, we conclude that

the dominant cause of the noise reduction is suppression of the electron motion around the

filament ends due to the falloff of the fiIament temperature, throughout the experimental

measurements of the various magnetrons described in the previous chapters.

Relationship between spurious noises in the high frequency bands and line noises

in the low frequency bands

From the experimental results shown in Fig. 5.12 and Fig. 5.13, it is considered that the

improvement of the high frequency spurious noises is related to the improvement of the low

frequency line noises. We have found out that some low frequency line noises shown in

Fig. 5.13 at If=OA were probably related to some high frequency spurious noises at If=OA

shown in Fig. 5.12. For examples, the discrete noise at 660MHz in Fig. 5.13 seems to have some

kind of relationship with the discrete noises at 4.9GHz (the second harmonics) Å} 660MHz.

This relationship is probably the intermodulation effect between the low frequency line noises

and the fundamental or the harmonics. Therefore, the high frequency spurious noises were

improved greatly at If==OA because of the improvement of the low frequency line noises.

   Also, the relationship between the spurious noises in the high frequency bands and the low

frequency bands is also seen in Fig. 5.14 and Fig. 5.15. The line noises are widely generated

in 600MHz band shown in Fig. 5.15, and the spurious noises are observed in the bands of

the 2nd harmonic (4.9GHz) Å} 600MHz, the 3nd harmonic (7.35GHz) Å} 600MHz, and the

4th harmonic (9.8GHz) -600MHz, which seem to correspond to the line noises. Therefore,

the generation of these noises in the high frequency bands is caused by the intermodulation

between the line noises in the low frequency bands and the harmonics.
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Cause of excessive line noises at Ib=400mA and If=OA

As shown in Fig. 5.15, the low frequency noise levels observed larger in some frequency bands

at If=OA than If=10A. Here we discuss this contradictory phenomena to the effects described

in Sec. 5.3 and by Brown [41,51].

   We consider that these excessive line noises are caused by the magnitudes of the filament

temperature and the electrostatic field. It is experimentally known that the more the anode

current increases, the more the filament temperature increases, as described in Sec. 2.3. Also,

it is experimentally observed that the absolute value of the anode voltage increases as the

filarr}ent current is turned off, as shown in Fig. 5.7. Combining these experimental results

and the discussion described in Sec. 4.2, the excessive line noises at lb :400mA and If=0A

may be caused by superposing the effects of both the increase of the filament temperature

and the increase of the anode voltage.

5.5 Measurements ofDC-RF conversion efliciency

The DC-RF conversion eMciency of the reference magnetron was also measured with the

measurement system shown in Fig. 5.1. In terms of the input DC power Pi, the anode

voltage eb and the anode current Ib are measured with an oscilloscope via a high voltage

probe and an ampere meter, respectively. The output RF power P. is measured with a

power meter (HP 437B) via a power sensor. The filament power Pf is measured with an

voltmeter for the filament voltage Vf and an ampere meter for the filament current If. Then,

the DC-RF conversion eMciency n is expressed in the following;

                                Po Po                           n= Pi+Pf=eblb+vflf' (5.3)

5.5.1 Experimental results and discussions

Fig. 5.18 shows the filament current versus the DC-RF conversion eMciency when the anode

current is 250mA and 400mA. From the measurement results, it is found that the DC-RF

conversion eMciency deteriorates as the filament current decreases at both the anode current

values.

   There are two causes of the degradation of the DC-RF conversion eMciency due to reduc-

tion of the filament current. One is the increase of the input power to the magnetron. The

other is the decreased microwave output power. The former cause results from the increase in

the anode voltage, as shown in Fig. 5.7, in order to compensate for lack of electron emission

in the magnetron. The latter is attributed to an increased amount of work, performed by

the RF electromagnetic energy in the tube, on the electrons moving toward the cathode.

As results, the DC-RF conversion eficiency of the magnetron is degraded in the filament-

off operation. Combining these two causes above, we can conclude that the degradation of
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Figure 5.18: Filament current vs. DC-RF eficiency when a magnetron is operated by a DC

stabilized power supply. Ib: anode voltage.

DC-RF conversion eficiency results from the energy consumption for the internal feedback

mechanism.

5.5.2 Relation between DC-RF conversion efficiency and noise levels

In terms of the DC-RF conversion eficiency of a magnetron, the equation of the electron

eMciency is utilized in the following steps. First, the DC input energy corresponds to the

potential energy of an electron eV. Next, the RF output energy is given by subtracting

the kinetic energy mv2/2 from the potential energy when the electron arrives at the anode.

Hence, the equation of the electron eMciency n is expressed as the following;

                         n= eV-i:V2/2) =1- Y,"v2 (5'4)

   The electron velocity v is derived from differentiating Eq. (2.15) with respect to t, then

                     " = fl == IIiltT (IRi l ej9i` + IR2 1ej st2`)

                            = j'IRi19iej'sti`+j'IR21st2ej'st2`, (5.5)

where IRii and IR21 is introduced instead of Ri and R2, in order to express a radii of the

electron trajectory. Here we define the initial velocity of the electron as zero when t =: O,

then Eq. (5.5) becomes
                            dlCl
                        "=: dt ,=,=IRilsti+IR21st2• (s.6)

Then, Eq. (5.4) becomes
                                m(IRiilsti + IR21st2)2
                         n=1' 2,v • (5•7)
Here 92 shows the azimuthal velocity of the circulating motion of the electron. When a

magnetron has N anode vanes and it is operated in the r-mode oscillation, the oscillating

-Ib=250mA
-trIb=400mA
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angular frequency w is equal to 92N/2. Therefore, we substitute IRil,IR21, 9i and st2 of

Eq. (2.16) and Eq. (2.17) for Eq. (5.7), finally the equation of the electron eMciency is

express as the following;

                        n=i- ;::;i (eNB/i.)-i' (5•8)

   Eq. (5.8) means that DC-RF conversion eMciency theoretically increases as the magnetic

field B increases when we assume the steady oscillation in frequency.

   However, note that the experimental results and discussion described in Sec. 4.2 indi-

cated that spurious noises are generated more and more as the magnetic field B and/or the

electrostatic field lÅqErÅr1 increase. When the magnetic field B increases, the electrostatic field

1ÅqErÅrI has to increase in order to realize the steady oscillation in frequency, since the electron

velocity is basically determined by the E Å~ B drift velocity lÅqErÅr1/B•

   In conclusion, the DC-RF conversion eMciency and the noise features of a magnetron may

be caught in a dilemma in the present magnetron configurations.

5.6 Summary
In this chapter, we have experirnentally demonstrated that both the oscillation bandwidth

and the spurious noises generated from a magnetron highly improved by turning off the

filament current during the oscillation when the magnetron was operated by a DC stabilized

power supply. Although the harmonics of the carrier frequency was not improved even though

the filament current was turned off, the reduction levels of the filament-off magnetron are

up to 50dB in the high frequency bands and 40dB in the low frequency bands, respectively,

compared to the magnetron with the normal rated filament current. In conclusion, the

demerits of a magnetron, which has a wide oscillation bandwidth and spurious noises in

various frequency bands, are possible to overcome with the following method; a magnetron is

operated by a DC stabilized power supply and the filament current is turned off during the

oscillation.

   With regard to the oscillation bandwidth, we have found out that there are two main

causes that the oscillation bandwidth become narrower; one is the disappearance of the

anode current disturbance, and the other is the decrease of thermal effects by reduction of

the filament temperature. Especially, we have first found out that the mechanism of the

former cause. The anode current disturbance at a filament current of 10A takes place due to

the anode current-anode voltage characteristic that is almost a constant-voltage type. The

constant-voltage range is caused by the abundance of electron emission when the filament

current is turned on. On the other hand, the slope of the anode current-anode voltage

characteristic at a filament current of OA is attributed to the variation of the electrons in

the tube, therefore the anode current-anode voltage characteristic has no constant-voltage

range.
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   This improvement of the oscillation bandwidth has enabled the development of Phase-

Controlled Magnetrons (PCM) [43-45] by the injection locking method and the phase locked

loop feedback, as described in Sec. 1.4. By means of PCM systems, the high power mi-

crowave transmission system with PCM array, which is called SPORTS (Space POwer Radio

Th ansmission System), was also developed [12,45,67], as described also in Sec 1.4.

   With regard to the spurious noises, we conclude that the dominant cause of the noise

reduction is suppression of electron motions around the filament ends due to the fa11off of the

fiIament temperature, throughout the experimental measurements ofthe various magnetrons.

We have also found out that there is the intermodulation effect between the low frequency

line noises and the fundamental or the harmonics, and that the high frequency spurious noises

are suppressed greatly when the filament current is turned off because of the suppression of

the low frequency line noises.

   In terms of DC-RF conversion eMciency, when a magnetron is operated with the inter-

nal feedback mechanism, the degradation of the DC-RF conversion eMciency occurs. This

is because the energy consumption for the sustainment of the internal feedback mechanism

increases in order to maintain the oscillation. From the numerous experimental measure-

ments, there seems to be a trade off between the noise features and the DC-RF conversion

eMciency, and the trade-off problem has not been solved yet in the present study. However,

the DC-RF conversion eMciency is essentially important to realize a totally eMcient WPT

system from DC to DC. Therefore, the realization of a WPT system with both low noises

and high conversion eMciency comes up for future works.
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Concluding Remarks

6.1 Summary
In this thesis, we have experimentally studied on noise features of a magnetron, and low noise

WPT, in order to develop both a magnetron and a WPT system which are compatible with

other radio applications.

   In order to obtain necessary data for discussing generation mechanisms of noises from a

magnetron, we have conducted two experimental measurements of electron emission from the

filament cathode in Chapter 2; one is the measurements of the anode current with axially-

segmented anode blocks, the other is the measurements of the filament temperature. As the

former experimental results, we observed that half ofthe electrons arrived at the center region

ofthe anode, and that the amount ofthe electrons arriving at the HV input side ofthe anode

was twice as much as that arriving at the RF output side of the anode. We also analyzed

the trajectory and the diffusive motion of an electron in the cases of both a cylindrical diode

and a magnetron. From the analysis, the axial travel distance of an electron by the diffusive

motion was comparable with the size of the tube in the cylindrical diode case, and it was

about ten times larger than the size ofthe tube in the magnetron case, when it was calculated

at a position of the anode radius. Therefore, the axial diffusive motion of an electron is not

negligible in a magnetron operation. We have also found out that the axial diffusive motion

is caused by the charge density gradient, and that it is hardly linked to the initial velocities

of thermal electrons. As the latter experimental results, we have found out that the filament

temperature is high enough to sustain the oscillation, and that the filament temperature falls

much more on both the filament ends, especially on the RF output side than at the center,

when a magnetron is operated by a DC stabilized power supply and the filament current

is turned off. Summarizing these experimental results above from the viewpoint of electron

emission from the cathode filament, we concluded that the examined magnetrons denoted

the tendency that electrons are estimated to be emitted most in the center region, next on

the HV input side, and least on the RF output side.

   In Chapter 3, we have conducted a time domain analysis of magnetron noises. From the
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analysis, we have found out that spurious noises generated from a magnetron are classified

into the following five types; (1) side band noises around the carrier and low frequency line

noises at frequencies below about 150MHz, generated at an anode current of less than O.2A,

(2) high frequency spurious noises and low frequency line noises generated in the transition

region between the constant voltage range and the non-constant voltage range at an anode

current of around O.4A, (3) low frequency line noises generated in the non-constant voltage

range characterized by frequencies of 400MHz or 800MHz, and high frequency spurious noises

generated at an anode current of around O.6A, attributed to the intermodulation of the low

frequency line noises and the harmonics, (4) the harmonics generated in synchrony with the

fundamental, and (5) low frequency line noises generated in synchrony with the electron

circulation. We also discussed generation mechanisms of spurious noises with respect to each

classification. The generation mechanisms of the categorized noises are likely to be different.

Hence, it will be a beneficial way to deal with these classified noises independently for the

purpose of developing a low noise magnetron to fulfi11 EMC with other radio applications in

specified frequency bands. Besides, we discussed spurious noises in constant-voltage range

generated constantly in various frequency bands. We concluded that the variation of the

potential minimum and the axial oscillation ofelectrons could be regarded as one ofthe noise

sources in the constant-voltage range. Furthermore, we analytically verified that the axial

oscillation of electrons has a great possibility to take place at frequencies of several tens of

MHz.

   In Chapter 4, we have studied newly-designed low noise magnetrons. With regard to the

modifications ofthe interaction space and the anode voltage, we have found that the wider the

interaction space and the lower the anode voltage, the less the spurious noises are generated.

Also, we found out that the modMcation of the anode voltage was more effective than that of

the interaction space. With regard to the magnetrons with cathode shields, we conclude that

a cathode shield attached to the end of the cathode filament works effectively for suppressing

spurious noises when it is designed to correspond to the axial distribution of the filament

temperature. The reduction levels of the low frequency line noises of a magnetron with a

cathode shield on the HV input side are up to 30dB compared to the reference magnetron. In

the experiments in Chapter 4, we operated a magnetron by a half-wave voltage doubler, but

not a DC stabilized power supply. Besides, the filament current was not cut back or turned

off during the oscillation at all. Therefore, this achievement means that the newly-designed

magnetron with a cathode shield has a great possibility to be operated with reduced spurious

noises even though they are mounted in a conventional microwave oven system.

   In Chapter 5, we have studied noise features of a filament-off magnetron for the use of

WPT. We have experimentally found out that turning off the filament current effectively

works not only for making the oscillation bandwidth narrower but also for suppressing spu-

rious noises generated from a magnetron. With regard to the oscillation bandwidth, we have

verified that there are two main causes that the oscillation bandwidth of the filament-off mag-
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netron becomes narrower when a magnetron is operated by a DC stabilized power supply; one

is the disappearance of the disturbance in the anode current, and the other is the decrease

of the thermal effects. Especially, we have first verified that the mechanism of the former

cause. The disturbance in the anode current takes place when the filament current is turned

on, due to the anode current-anode voltage characteristic that is almost a constant-voltage

type. With regard to the spurious noises, the reduction levels of the filament-off magnetron

are up to 50dB in high frequency bands and 40dB in low frequency bands, respectively,

compared to the magnetron with the normal rated filament current. We conclude that the

dominant cause of the noise reduction is suppression of electron motions around the filament

ends due to the falloff of the filament temperature, throughout experimental measurements

of the various magnetrons. We have also found out that there is the intermodulation effect

between the low frequency line noises and the fundamental or the harmonics, and that the

high frequency radiation noises of the filament-off magnetron are suppressed greatly because

of the suppression of low frequency spurious noises.

6.2 Future works

For future works, three-dimensional analysis of a magnetron with computer simulation will

play an extremely important role in developing a low noise magnetron aimed at a low noise

WPT system and EMC with other radio applications. This is because we have verified, in this

thesis, that a study ofa magnetron from a three-dimensional perspective was absolutely neces-

sary, although many previous studies of a magnetron were conducted from a two-dimensional

perspective. However, theoretical three-dimensional analysis is near-impossible since we have

to consider all elements in a magnetron, such as lines of the electric and magnetic force,

distribution of the charge density, diffusive motion of electrons, the structure of a magnetron

etc., as equivalent circuits. Our research group has successively been conducting computer

simulations on a magnetron with the electromagnetic particle code called KEMPO (Kyoto

University EIectroMagnetic Particle cOde) [68-73], and the latest study [73] has been suc-

ceeded in three-dimensional computer simulations with KEMPO. Also, three-dimensional

computer simulations of an oven magnetron are ongoing with commercially available elec-

tromagnetic particle-in-cell codes called MAGIC [74], in several countries [66, 75,76]. These

numerous three-dimensional studies on a magnetron with powerfu1 computers are expected

as a design support tool for realizing a development of a noiseless magnetron, a low noise

WPT system and EMC with other radio applications in the future.

   With respect to WPT and SPS applications, EMC with other radio applications is an

inevitable problem. A study of EMC of a future SPS transmitting system at a frequency

of 2.45GHz with other radio applications such as satellite communication services, wireless

communication systems, radio astronomy etc. is described in Appendix B. We conducted nu-

merical simulation on one-dimensional microwave beam pattern with random phased arrays,
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and found out that the IGW-class 2.45GHz SPS transmitting system satisfied the EMC with

a 5GHz-band microwave relay system or a fixed satellite service when the phases of antenna

elements have a random distribution at the harmonics of the carrier frequency. EMC of a

WPT and SPS transmitting system with other radio applications should be thoroughly in-

vestigated for future works. Especially, EMC with radio applications at the carrier frequency

of a WPT and SPS transmitting system will be quite diMcult problem, but needing to be

solved.

   AIso, improvement of the DC-RF conversion eMciency of a magnetron will be quite im-

portant especially for the use of WPT. From our numerous experimental measurements, there

seems to be a trade off between the noise features and the DC-RF conversion eficiency, and

the trade-off problem has not been solved yet in the present study. However, the DC-RF

conversion eMciency is vitally important to realize a totally eficient WPT system from DC

to DC. Therefore, the realization of WPT with both low noise and high conversion eMciency

comes up for future works.



Appendix A

Experimental Results of Time

Domain Analysis

In this appendix, we show the experimental results of the time domain analysis, described in

Chapter 3, at all the frequencies of the time domain analysis points.

A.1 Time domain analysis in the fundamental bands
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Figure A.1: Experimental results of the time domain analysis in the fundamental bands (1).

Thick line and right axis: video output signal from the spectrum analyzer, thin line and left

axis: the corrected anode current waveform of the reference magnetron.
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Thick line and right axis: video output signal from the spectrum analyzer, thin line and left

axis: the corrected anode current waveform of the reference magnetron.
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Figure A.7: Experimental results of the time domain analysis in the high frequency bands
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Figure A.10: Experimental results of the time domain analysis in the low frequency bands

(2). Thick line and right axis: video output signal from the spectrum analyzer, thin line and

left axis: the corrected anode current waveform of the reference magnetron.



A.3. LOW FREQUENCY BANDS 119

1.

L

fe.s

[.

8e.6
g
to.A

O.2

 e

1.

L

10 20 30   Time las]

  530MHz

  3o.s
  t
  :. O' 6

  SO.4

  O.2

   O 10 !O           Tine dns)

          807MHz
Figure A.11:

(3). Thick line and ri

left axis:

,4

,2

  Eo.S  t.

o.6g
  tL

O.4;

O.2

40

so

.4

,2

o.sE
  :a

,,6e

  g-
O.4

O.2

40

t

1.

3e.B

s
:. o fi

SO.4

 O.2

 o

t

t

3o.a
E•

go.6

g
`O.4

O.2

 o

le 2o oo   Time ims]

  717MHz

.4

.2

o.sS

  d
,,Ge

  ;-
O,4

O,2

4e

10 20 so   Time laE}

  892MHz

.4

.2

o.sE

  d
o.fi e

  l-
O.4

e.2

40

t

L

3o.s
:t

:.06

Eo.4

 O.2

 o IO 20 so   Tima las}

  792MHz

,4

,2

o.s

O.6

O.4

O.2

40

   Experimental results of the time domain analysis in the low frequency bands

         ght axis: video output signal from the spectrum analyzer, thin line and

the corrected anode current waveform of the reference magnetron.

s
g
g
s.

'



Appendix B

with

of a SPS Thransmitting System

Other Radio Applications

EIectromagnetic compatibility (EMC) between a SPS transmitting system and other radio

applications such as satellite communication services, wireless communication systems, radio

astronomy etc. is an important problem that has to be solved for the practical use of the

SPS. In this appendix, we describe the EMC between a IGW-class 2.45GHz SPS transmitting

system and other radio applications, with numerical investigations on radiation levels from a

SPS transmitting system.

   In the present investigation, a magnetron is adopted as a transmitter of a 2.45GHz SPS.

The harmonic levels generated from the 2.45GHz magnetron when it is operated by a DC

stabilized power supply are put in Table B.1 [61,62]. The figures put in Table B.1 is seemingly

low as an element, however in the case of IGW-class 2.45GHz, the harmonics totally radiate

a microwave power from several hundreds watt to the order of 10kW.

   In the following sections, the higher level at the harmonics put in each row of Table B.1 is

defined as the harmonic levels generated from the 2.45GHz magnetron. These harmonic levels

are also adopted in previous EMC studies between a SPS and other radio applications [61,

77, 78], which we review in the next section.

Table B.1: Harmonic levels of a 2.45GHz magnetron [61,62].

Harmonics Filament current: on Filament current: off

2nd -62.6dBc -64.6dBc

3rd -81.2dBc -75.0dBc

4th -74.6dBc -82.9dBc

5th -77.ldBc -78.5dBc

6th -72.ldBc -72.ldBc

7th -78.3dBc -77.ldBc
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   In terms of the spurious noises excluding the harmonics, these levels are lower than those

of the harmonics when the magnetron is driven in the filament-off operation, as shown in

Fig. 5.12, and described in Sec. 5.4. Hence, the spurious noise levels excluding the harmonics

are expected to be below -62.6dBc, which is the highest level of the harmonics as shown in

Table B.1.

B.1 Preliminary study of EMC between a SPS and other radio

applications

B.1.1 Reviews ofprevious studies

A study of EMC between a 2.45GHz or a 5.8GHz SPS and other radio applications has been

conducted by Matsumoto et al. [61]. One of their discussions was EMC between the 2nd

harmonic (4.9GHz) and a 5GHz-band microwave relay system. In their study, the radiation

pattern of the 2nd harmonic from a SPS transmitting system is expected to be omnidirec-

tional. The compatibility level ofthe 5GHz-band microwave relay system is considered to be

-193.6d•BW/m2/4kHz, and they have concluded that the 2nd harmonic from a IGW-class

SPS met the compatibility level considering the attenuation of -67.3dB by the directivity of

the 5GHz-band microwave relay system.

   A study of EMC between a 2.45GHz SPS and a fixed satellite service (FSS) has been con-

ducted by Hatsuda et al. [77,78]. They have mentioned that "We have found that interference

constraints in the 12.25-GHz bands are relatively severe". According to the interference bud-

get calculation between the 5th harmonic of a SPS transmitting system and a FSS satellite for

12.25GHz conducted by Hatsuda et al. quoted in Fig. B.1 [77], their quantitative conclusion

is shown in the column of "Required improvement value" in Fig. B.1; 28.8dB suppression of

the 5th harmonic from the SPS transmitting system is necessary to meet the compatibility

level of the FSS satellite.

   Hatsuda et al. [77] have also mentioned EMC between the 2nd harmonic of a 2.45GHz SPS

and 4.95GHz-band radio astronomy. Although the allocated frequency to the 4.95GHz-band

radio astronomy is slightly different from the 2nd harmonic i.e. 4.9GHz-band, the required

level is estimated to be 94.20dB, if the 2nd harmonic of a 2.45GHz SPS come close to the

allocated frequency to the 4.95GHz-band radio astronomy. In this case, a phase-controlled

magnetron (PCM) described in Sec. 1.4 is the key technology for satisfying the EMC with

4.95GHz-band radio astronomy. When the carrier frequency of a PCM is locked, the n-th

harmonics of the PCM are also locked to the n-fold frequencies of the carrier frequency.

Therefore, we conclude that a stable PCM in frequency is indispensable for satisfying the

EMC with the 4.95GHz-band radio astronomy.
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B.1.2 Phase control ofthe harmonics

In the calculation by Hatsuda et al., the 5th harmonic has been also beam-controlled by a

phased array system of the SPS transmitting system as well as the carrier frequency, as shown

in Fig. B.2 [77]. Then, they have considered service area separation between the FSS Earth-

stations and the SPS, and finally they have estimated 40.0dB as "[I]ransmitting antenna gain"

in the 12.25GHz band.

   Their thorough investigations are significantly valuable since they deal with the worst case

of the SPS transmitting system interfering with radio applications. In practice, however, the

harmonics are unlikely to be focused to a particular direction with phased arrays, owing to

the following reasons;

   e Even if each electric length from an oscillator to an antenna is adjusted within an error

    ofa% to the carrier frequency, errors ofthe electric lengths to the n-th harmonics spread

    to naoro.

   e Features of a phase shifter, which is necessary for a SPS transmitting system to control

     and focus a microwave beam by active phased arrays, will not be guaranteed against

     the frequency bands of the n-th harmonics.

   Therefore, in the present study, we introduce a concept that microwave power of the

harmonics is not focused to a particular direction, as a realistic estimation. A method for

realizing the concept above can be easily imagined; each antenna element has a random phase,

that is to say, the SPS transmitting antennas consist of random phased arrays. In the next

section, one-dimensional linear arrays with uniformly excited, equally spaced, and random

phased antennas are adopted as a simulation model, and numerical simulations of radiation

patterns of the harmonics from a SPS transmitting system are conducted.

B.2 Expressions ofone-dimensional phased arrays

B.2.1 General introduction ofone-dimensional linear arrays

A schematic of uniformly excited, equally spaced, one-dimensional linear arrays is shown in

Fig. B.3. The array factor Al7(e) at an angle ofe of the linear arrays shown in Fig. B.3 in

the far-field region is expressed as the following [79];

                                                   N-1
   Al7(e) = AoejuO + Alejuie2'6dCOSe + A2eju2ej'62dCOSe . . . = 2 A.ej"aneo'findcOse, (B.1)

                                                   n=O

where orn is the phase of the element n, and An is the amplitude of the element n, N is

the number of elements, and 6 is the wave number 6 == 2T/A where A is the wave length.

Considering uniformly excited linear arrays, Ao = Ai = A2 = • • • = An = A, then Eq• (B•1)
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Figure B.3: Uniformly excited, equally spaced, one-dimensional linear arrays. d: distance

between the elements, a.: phase of the element n, and An: amplitude of the element n.

Considering uniformly excited linear arrays, Ao = Ai = A2 = ' ' ' = An•

becomes
                                  N-1
                         A17 (e) =A2 ,jan ,j"6nd cos e. (B.2)
                                  n=O

   In the case of the carrier frequency of the SPS transmitting system, the microwave beam

should be focused on the SPS receiving site accurately. One of the easiest ways to focus the

beam on the SPS receiving site is to introduce linear phase progression. Then, orn is equal to

be na, therefore Eq. (B.2) becomes

                             N-1 N-1                   AF(e) =A2 e2'n(Bdcos e+a) = A2 ej'nth, (B.3)
                             n=O n=O
where we define th = 6dcose + or. Then, multiplying Eq. (B.3) by ej'ip and subtracting this

from Eq. (B.3), the array factor is expressed in the following;

                  AF(e) =Aii-el,N.thip = Aej'("-i)th12 Si,nii(\thth//2i). (B.4)

Defining the coordinate origin as the center of the linear arrays, we can neglect the phase

factor e2'(N-i)ip12. Thus, we obtain the normalized array factor f(th);

                                   sin(NÅë/2)
                             f(th)=Nsin(th/2)' (B-5)

   When we define ga(V) as the one-dimensional normalized pattern of a single element

antenna, finally we obtain the complete normalized pattern of the array F(th);

                             F(th)=9a(V)f(th)• (B•6)

   Eq. (B.6) also expresses the normalized beam pattern ofa typical SPS transmitting system

at the carrier frequency, because a SPS transmitting system is considered to be uniformly
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excited, equally spaced linear arrays with linear phase progression, except that the trans-

mitting system consists of two-dimensional arrays. Even in the case of the two-dimensional

arrays, the generality is maintained by expanding the process on the one-dimensional arrays

described above into the two-dimensional arrays.

B.2.2 Beam pattern formed by random phased linear arrays

Now we analyze the beam pattern of the harmonics which is formed by random phased linear

arrays.

   Let us start from Eq. (B.2), the array factor of uniformly excited, equally spaced one-

dimensional linear arrays. Note that eju"ej'fi"dCOSe in the summation on the right-hand side of

Eq. (B.2) only has the phase factor. The term eJ'fi"dCOSe expresses the regular phase rotation

by increasing the element number n. On the other hand, the term eJa" can be independently

set up as an active phase term of the phased arrays.

   Here we assume that orn is defined as a value in uniform random numbers between O ev

2r in order to implement random phased arrays. Then, we can replace ej'(an+6ndCOse) by

e27",where 7. is also defined as a value in uniform random numbers between O tv 2T.

   In the complex plane, ej7" is expressed as a vector line from the coordinate origin to unit

circle with a complex argument of arg(or.). When we assume the number of antennas IV

goes to infinity, 2 eJty" means that the summation of vectors with unit length and uniformly-

random complex arguments, therefore

                                    N
                              Nit;m. 2 ejtyn = o.

                                   n=O

   Finally, Eq. (B.2) becomes

                            N-1 N              AF(e) = Nlt3m.A2 ejanej6ndCOSe=ANr;m.2ej7n =o. (B.7)

                            n=O n=0
   The value O ofthe array factor shown in Eq. (B.7) has no physical meaning, since Eq. (B.7)

directly means that any electromagnetic waves are not propagated from antenna arrays at

all. That is inconsistent with energy conservation law in an arbitrary closed surface including

antenna arrays. Therefore, Eq. (B.7) will be interpreted as an expression that the beam

pattern is omnidirectional and independent of the beam angle e, the distance of the elements

d and even the wave length A. The generality is maintained in the case of two-dimensional

arrays.

   Therefore, if we manage to set up random phased arrays for the spurious noises form a

SPS transmitting system, the beam pattern will ideally be omnidirectional in no matter what

frequency bands the spurious noises radiate.



B.3 Simulationparameters

Table. B.2 shows simulation parameters for the calculation of radiation patterns of the har-

monics from a IGHz-class and 2.45GHz SPS transmitting system.

   The equations described in the previous section are valid when the SPS transmitting

system is employed in the far-field region. The far-field condition is expressed in the foIlowing;

                                      2D2
                                  rff = A '

where rff is the minimum path length we can treat as the far-field region and D is the length

ofthe line source [79].

   In the case of the 2.45GHz SPS system put in Table. B.2, D is replaced to the diameter

of the transmitting system. Then rff is calculated to be 1.63Å~107m and it is less than

the transmission distance of 36000km, which is the distance from the GEO to the Earth.

Therefore, the assumption on the far-field region above is reasonable.

   A beam pattern of a single antenna is not considered in the simulations, since the main

subject is to investigate only the array factor which is created by random phased arrays.

The number of antenna elements is defined by the diameter of the SPS transmitting system

divided by the distance between the elements.

Table B.2: simulation parameters for the calculation of radiation patterns of the harmonics

frorn the SPS transmitting system. A: wavelength at the carrier frequency (A Rs O.1224m).

Carrier]Flrrequency 2.45GHz

TXansmissiondistance 36,000km

DiameterofSPStransmittingsystem lkm
Distancebetweentheelements O.5A

Numberofantennaelements 16,333

Amplitudeofeachantenna uniform

Phaseofeachantenna random
Beampatternofasingleantenna omnidirectional

Number of trials 60

B.4 Simulat ion results of radiat ion pattern with random phased

       arrays

Fig. B.4 shows a simulation result of the radiation pattern with random phased arrays nor-

malized by the omnidirectional antenna gain.

   The radiation pattern seems to be almost uniform; however, there are some peaks as one

can be seen in Fig. B.4. This is because the number of antenna elements is finite and the
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distribution of uniform random numbers which are given by software is not perfectly uniform,

compared to the ideal case as expressed in Eq. (B.7).

   Erom 60 simulation trials, the mean value and the standard deviation of the maximum

radiation levels in the patterns is calculated to be 9.46dBi and O.66dB, respectively. Therefore,

the directivity of random phased array is estimated to about 10dBi, and we define 10dBi as

the "worst" directional gain for the random phased arrays. (We use the word "worst" here

because the purpose of the random phased arrays is to realize the omnidirectional beam

pattern.) The peaks dose not always appear to the direction of the Earth i.e. the angle of

O degree in Fig. B.4, and one can not predict their directions at all, because they randomly

appear.
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Figure B.4: A simulation result of the radiation pattern with random-phased array antennas.

B.5 Discussions

In this section, numerical calculations of the compatibility conditions at the frequency of the

2nd and the 5th harmonics are discussed. In the discussions, the 2.45GHz SPS transmitting

power is IGW (9edBW).

B.5.1 Case ofthe 2nd harmonic

The noise Ievel of the 2nd harmonic is -62.6dBc as indicated in Table B.1. Then, the power

density ofthe 2nd harmonic radiated from the SPS to the Earth is calculated in the following:

                      90dBW - 62.6dBc                                      "= -131.7dBW/m2,
                      2T Å~ (36, 000km)2
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assuming the 2nd harmonic isotropically radiates in the hemisphere of the Earth's side owing

to the random phased arrays.

   Then, the bandwidth Af of the carrier frequency f is derived from the Q value of the

magnetron spectrum Q = f/Af. As described in Sec. 5.3, Q = 1.1 Å~ 105 in the case of the

filament-off magnetron, hence Af is calculated to be 22kHz. Then, the bandwidth of the 2nd

harmonic is estimated to be twice as wide as that of the carrier frequency i.e. 44kHz, since

the harmonics are generated by the distortion of the fundamental, and the 2nd harmonic is

estimated to be twice as wide as that of the carrier frequency. Besides, considering the worst

directional gain of 10dBi for the random phased arrays, and the attenuation of -67.3dB by

the directivity of the 5GHz-band microwave relay system, the received power density on the

5GHz-band microwave relay system from the SPS transmitting system is calculated in the

following;

(-131.7dBW/m2 + 10dBi - 67.3dB) Å~ 4kHz
44kHz

: -199.4dBW/m2/4kHz.

   In conclusion, the 2nd harmonic from the SPS meets the compatibility level against

-193.6dBW/m2/4kHz, the 5GHz-band microwave relay system, when random phased arrays

are applicable to the harmonic components of the SPS transmitting system.

B.5.2 Case ofthe 5th harmonic

With regard to the EMC between the 5th harmonic from a IGW-class SPS transmitting

system and a FSS, the figures in Fig. B.1 are adopted for discussions. It was mentioned that

the "Tlrransmitting antenna gain" have been estimated to be 40.0dB [77,78]. On the other

hand, the transmitting antenna gain is estimated to be 10dB even in the worst case form

the simulation results of the radiation pattern with random phased arrays. That means the

transmitting antenna gain is subtracted from 30dB, and then the "Required improvement

value" of 28.8dB in the calculation of Fig. B.1 can be compensated.

   What we carefu11y take into consideration is that the "Tteansmitting antenna gain" in-

cludes the directional gain of a microstrip patch antenna [77, 78]; in contract, a beam pattern

of a single antenna is omnidirectional i.e. OdBi in the present simulations as shown in Ta-

ble B.2. With respect to the antenna gain of the harmonics, an experimental study [80] has

shown the antenna gain of the circular microstrip antenna (CMSA) for the 5th harmonic

when the fundamental mode TMiio of the CMSA was designed at 2.45GHz. The experimen-

tal results have indicated that the resonance mode of the CMSA in the vicinity of the 5th

harmonic was TMi3o, and that its antenna gain was measured to be a few dBi. Hence, the

directional gain of the CMSA for the 5th harmonic will have less impact on the complete

pattern of the SPS transmitting arrays. Besides, power loss at a frequency of the 5th har-

monic in a SPS transmitting system will compensate the difference or it will reduce the 5th

harmonic level away from the compatibility level against the FSS.

/t
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   In conclusion, the 5th harmonic from the SPS also satisfies the compatibility level against

the FSS, when random phased arrays are applicable to the harmonic components of the SPS

transmitting system.

B.6 Summary
From the numerical simulations and calculations, we conclude that the 2nd and 5th harmonic

from the SPS both rneet the compatibility Ievels against the 5GHz-band microwave relay

system and the FSS, respectively, when random phased arrays are applicable to the harmonic

components of the SPS transmitting system. Although we discuss only two cases of EMC, the

worst directional gain of 10dBi indicated in Sec. B.4 is applicable to the spurious noises from

the SPS transmitting system in any frequency bands, when the phases of antenna elements

in the SPS transmitting system are deemed to be set at random. Therefore, works in this

appendix will be effectively utilized as a means of estimating the radiation levels of the

spurious noises from the SPS transmitting system.

   EMC of a SPS transmitting system with other radio applications should be of course

investigated more thoroughly for future works. Especially, EMC with radio applications at

the carrier frequency of a SPS transmitting system is quite important and diMcult problem,

because the method of the random phased arrays can not be applied to the carrier frequency

at all. In the case of a 2.45GHz SPS, EMC with 2.4GHz-band WLAN such as Bluetooth

and IEEE 802.11b will be one of the most serious problems, which has also been pointed out

by Matsumoto et al. [61] and Hatsuda et al. [77,78]. Hatsuda et al. [77] has mentioned that

"required improvement value" ofa 2.45GHz SPS is almost 80dB. In the case ofa 5.8GHz

SPS, EMC with the ETC (Electronic Toll Collection) system has been a serious problem

in Japan. Matsumoto et al. [61] has mentioned that a 5.8GHz SPS is required to let the

sidelobe Ievels lower than 30dB than its present design to satisfy the EMC of the present

5.8GHz SPS transmitting system with ETC. Therefore, both the effective beam focusing and

the suppression of sidelobes which satisfies EMC with other radio applications have to be

established by the use of various techniques and algorithms for future works.
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