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Report on Advances in Microwave Theory

and Techniques—1960*

R. C. HANSEN~, SENIOR MEMBER, IRE, AND M. T. WEISS~, SENIOR MEMBER, IRE

T HIS is a compendium of the principal advances

in the microwave area for the calendar year 1960;

only United States journals are included in this

report which is not a catalog of all published papers,

but rather, is intended to be a semicritical review of the

major accomplishments in the field. ‘I’he report is

divided into four major sections which cover, respec-

tively, tube sources, electromagnetic devices, solid-state

devices, and measurements.

The year has seen outstanding accomplishments in

the realization of new types of solid-state devices such

as low-noise amplifiers, tunnel-diode oscillators ancl

amplifiers, and quantum devices. Other highlights in-

clude new structures for traveling-wave interaction,

resolution of the single-mode ferrite-slab-in-guide para-

dox, advances in high-power component testing, and in

plasma analysis/diagnostics. A major advance has oc-

curred in the testing and operation of various lo~v-

noise systems.

This report continues a series which started with the

report for 1954; 1958 was the last year covered by the

series. Survey reports covering the interim that might

be useful include three papers on MTT progress out-

side of the United States [1 ]– [3 ], and the URSI USA

National Commission report to the 13th General As-

sembly of URSI. This last report [4], [5] covers USA

progress during the trienniurn 1957–1959 on a variety

of topics including radio measurements and standards,

parametric amplifiers, masers, ferrites, microwave tubes,

and plasmas.

[1] J. Brown, “Report of advances in microwave theory and tech-
niques in Great Britaill—1959, ” IRE TRANS. ON MICROWAVE
THEORY AND TECHNIQUES, vol. MTT-8, pp. 382–386; July,
1960.

[2] G. Goudet, “Report of advances in microwave theory and
techniques in Western Europe—1959, ” IRE TRANS. ON
MICROWAVE THEORY AND TECHNIQUES, vol. MTT-8, pp. 387-
394 ; July, 1960.

[3] K. Morita, “Report of ad~,ances in microwave theory and tech-
niques in Japan—1959, ” IRE TRANS. ON MICROWAVE THEORY
AND TECHNIQUES, vol. MTT-8, pp. 395–397; July, 1960.

[4] E. A. Gerber, et al., “USA National Committee URSI Report:
radio measurement methods and standards, ” ~. Res. NBS,
vol. 64D, pp. 592–605; November-December, 1960.

]5] p. K, Tien, et al., ‘lLTSA National Committee URSI Report:

radio electronics, ” .T. Res. NBS, vol. 64D, pp. 751–767; Novem-
ber–December, 1960.

I. SOURCES

.4. Klystrons

Large signal studies [6], [7], noise studies [8], [9],

and the cascading of reflex tubes as regenerative

amplifiers [10], [11 ] are the major areas of work. A

* Received by the PGMTT, May 11, 1960.
~ Electronics Lab., Aerospace Corp., Los Angeles, Calif.

hybrid tube has been developed [12 ] which is a com-

bination of klystron and TWT. Cavities are used for

bunching of the beam, and a traveling-wave section

is the output coupler. Development of a Ku band

electrostatically-focused tube [13 ] and a novel scheme

for wide-band tuning using ferrite material have been

reported [14].

[6] S, E, 11’ebber, “Some calculations on the large signal energy
exchange mechanisms in linear beam tubes, ” IRE TRANS. ON
&J3Ct’KON ~LWCF3, VO[, ED-7, Pf). 154–162 ; July, 1960.

17] S. Y. Yadavalli, “OU the large-signal aspect of the broadband
Inulticavity klystron problen-—theory and experiment, ” PROC.
IRE (Correspondence), vol. 48, pp. 95.3-954; May, 1960.

[8] G. .+. Espersen, ~,-\roise st~ldies OU two-cavity CW klystron s,”

IRE Twins. ON MICROWAVE THEORY AND TECHNIQUES,
vol. NITT-8, pp. 47+–477; September, 1960.

(9] K. Ishii, l~+\Toise fig~,resof reflex kl~StrOn amplifiers!” lRE

‘fk+NS. ON MICROJV.IVE THKORY AND TECHNIQUES, vol. MTT-
8, pp. 291–294; hlay, 1960.

[10] — ‘[Phase adjustment etiects on cascaded reflex klystron
am piifiers, ” IRE TRANS. ON MICROWAVE THEORY AND TECH-
NIQUE+, vOI. ~lTT-8, pp. +45–449 ; July, 1960.

[11] — “Isolator effect on cascaded reflex klystron amplifiers, ”
PRo/. IRE (Correspondence), vol. 48, pp. 1503–1504; August,
1960.

[12] S. V. Yada~-alli, ‘(On the performance of a class of hybrid
tubes, ” PROC. IRE (Correspondence), vol 48, p. 263; February,
1960.

[13] R. G. Rockwell, ‘[A four-cavity, electrostatically focused, Ku-
baud klystron amplifier, ” 1960 IRE WESCON CONVENTION
RECORD; pt. 3, pp~ 109–113.

~141 G. R. roues and 1. C. Cacheris. “MameticalIv tuned klvstrons
for w~de-band ~requency modula~on applications, fi IRE
TRANS. ON ELECTRON DEVICES, vol. ED-7, pp. 206–214; Oc-
tober, 1960.

B. Magnetyon and Crossed-Field Tubes

Relatively little effort is being expended in this area;

a new use (as a detector) of the original-type smooth-

anode magnetron has appeared [15 ]. An analysis of the

crossed-field amplifier which uses a boundary-value

approach to include the effects of evanescent modes at

the input boundary has been made by Hershenov [16].

Velocity sorting for secondary emission reduction is used

in a crossed-field collector applicable to both TW and

klystron tubes [17 ]. Noise measurements have been re-

ported on ‘( M’’-type tubes [18].

[15] R. M. Hill and F. A. Olson, “ Microwave oscillation and detec.
tion by a smooth anode coaxial magnetron, ” PROC. IRE (Cor-
respondence), vol. 48, pp. 1906–1907; November, 1960.

[16] B. Hershenov, “A small-signal field theory analysis of crossecl-
field amplifiers applicable to thick beams, ” IRE TRANS. ON
ELECTRON DEVICES, vol. ED-7, pp. 163-171; July, 1960.

[17] D. A. Dunn, et al., “A crossed-field multkegment depressed
collector for beam-type tubes, ” IRE TRANS. ON ELECTRON
DEVICES, vol. ED-7,, pp. 262–267; October, 1960.

[18] J. R, Anderson, “Noise measurements on an M-type backwarcf -
wa~,e amplifier, ” PROC. IRE (Correspondence), vol. 48, pp.
946–9%7; May, 1960.

C. Trawling-Wave Tubes

Theoretical work probably represents most of the

advancement in this area. A general analysis of the
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depeudellce of output power ol~ various factors for dis-

persive structures is given by Sr)bol and Rowe [19].

Another anal~sis compares the differential and integral-

equatiou approaches, and happily arrives at compatible

results [20 ]. E)OW has analyzed behavior near cutoff by

using an expansion about cutoff frequency [21]. An-

other paper covers the effects of variations in dc elec-

tron velocity in electrostatically-focused tubes [22 ]. The

space-charge-wave noise exchanger of Sturrock has been

investigated further [23 ]; this reduces the noise tenl-

perature of the tube.

[19]

[20]

[21]

[22]

[23]

H. Sobol and J. E. Rowe, “Theoretical power outpllt and band-
width of traveling-wave amplifiers, ” IRE TRANS. ON ELECTRON
DEVICES, vol. ED-7, pp. 84–94; April, 1960.
J. E. Rowe, “One-dimensional traveling-wave tube analyses
Jnd the effect of radial electric field variations, ” IRE TRANS.
ON ELECTRON DEVICES, vol. ED-7, pp. 16–21; January, 1960.
D. G. Dow, “Behavior of traveling-wave tubes near circuit
cutoff, ” 1RE ‘h{~NS. ON F.LECr~ON DEVICES, voi. ED-7, pp.
1’23-131; JLdy, 1960.
JV. IV. Siekanowicz, “A small-RF-signal theory for an electro-
statically focused traveling-wa>.e tl[be, ” ~ROC. IRE, vol. 48,
pp. 1888–1901; November, 1960.
D. C Forster, “Cooling of the slow space-charge wave with ap-
plication to the traveling-wwve tube. ” 1960 IRE] W’ESCON
CONVENTION RECORD, pt.-3, pp. 90-9S.

Advances have also been made in new and different

interaction configurations. One type, developed by

Phillips, utilizes a magnetically-undulated beam react-

ing with the TEOI mode in waveguide; this is ‘(0 “-type

interaction [24 ]. Another scheme involves a helical

beam between coaxial cylinders, interacting with a

TEN[ mode [25]. This is called an “E’’-type tube. Two

schemes which use cyclotron resonance interaction in-

volve a linear-q uadripole fielci [26] and a TEO1 wave-

guide [27 ]. AU interesting application of TWT’S uses

successive signal removal which converts RIF to video

at a number of output points and couples these into a

video delay line to obtail~ large dynaulic range [28].

[24 I

[25]

[26]

[27]

[28]

R. hI. Phillips, ‘(”rhe Ubitron, a high-power traveling-wave
tube based on a periodic beam interaction in unloaded wave-
guide, ” IRE ‘rR~NS. ON EL~CTJ<ON DRVICL~S, vol. ED-7, pp.
231–241; October, 1960.
R. H. Pantel], “Small-signal almlysis of the heliLron oscillator, ”
IRE TRANS. ON ELECTZON DKVICES, vol. ED-7, pp. 22-29;
Jauuary, 1960.
E, I. Gordon, “.1 transverse-field traveling-wave tube, ” PROC.

IRE (Correspondence), vol. 48, p. 1158; Juue, 1960.
K. K. Chow and R. H. panLell, “The cyclotron resonance baclc-
m-ar(f-wave oscillator, ” PROC. IRE, vol. 48, pp. 1865-1870;
No~,ember, 1960.
J. Kliger and E. J. Downcy, “Exte,ldeci-dyll: illlic-l-allge travel-
ing- wave tubes, ” 1960 II< E IN’[1z1<NA’11oNA1. CONVIHW1ON
R;CORD, pt. 3, pp. 87-94.

Research and development ill hardware have pro-

duced several interesti;lg devices. Carlile aud Sensiper

~lse ferrite-loaded coupling apertures in a re-entrant

cavit~ chain [.29]. Hollow-beam S-band tubes using

periodic focusing have been investigated \vith electro-

static focusing appearing most advantageous [30]. .4

5-nlln tube ~vith half-~ratt output. and bandwidth O( 10

Gc has also been developed [3 t ]. The effects of traus-

verse-beanl velocities and magnetic fields have been

deternlined by artificially introducing these into Q con-

trolled experiment [32 ]. Finally, three tutorial /rm’iew

articles may be mentioned [33]- [3s ].

[29] R. N. Carlile and S. Sensiper, “A nonreciprocal-loss traveling-
wave-tube circuit, ” 1RE TRANS. ON EI.ECTRON DEWICLW, vol.
ED-7, pp. 289–296; October, 1960.

1.30] C.o$.,,Johnson, “A periodically focused backward-wave oscil-
lRE T’RANS. ON EIXCTRON DEVICW, vO1 ED-7, PP.

274--~79; October, 1960.
[311 H. I.. McDowell, e~al., “.4 half-watt C\fT traveling-wave ampli-

fier for the 5–6 millimeter band, ” PROC. IRE, vol. 48, pp.
321--328; March, 1960.

[32] L. 1.. Maniuger, “The effects of magnetic focusing fields and
trm~m-erse beam velocities on spurious oscillations in backward-
wave oscillators, ” 1960 IRE INTL?RNANONAL CONVENTION
RECORD, Pt. 3, pp. 67-77.

[33] E. J. Nalos, “Present state of art in high power traveling-wave
tubes, ” h~icrowave J., vol. 3, pp. 46–52; January, 1960.

[34] J. R. Hechtel, “Electrostatic focusing of microwave tubes, ”
Mzoowave 1., vol. 3, pt. I, pp. 41-48, November; pt. II, pp.
81–86, December, 1960.

[35] C. L. Cuccia, “Lightweight very-wide-band integral package
TWT’s,” Mic?owave J., vol. 3, pp. 47–57; July, 19610.

D. Harmonic Generation and Millimeter Wanes

Work has continued on unusual devices for the

generation of millimeter waves. The megavolt Cereukov

device of Coleman follows the philosophy of building

characteristic frequencies into the beam, rather than

into the microwave structure [36 ]. The device has pro-

produced 3 w at 8 mm using the 13th harmonic. An-

other scheme shoots a highly-bunched beam into a high-

mode cavitity (harmodotron concept) [37 ]. Anderson

has recognized that the nonlinear volt-ampere char-

acteristic of a Langmuir plasma probe can be utilized

for har~ nonic generation [38]. However, with present

configurations, efficiency is considerably belclw that of

diode generators.

[36]

[37]

[38]

P. I). Coleman and C. Enderby, ‘{IV1egavolt electronics Cerenkov
coupler for the production of millimeter and submillirneter
waves, ” J. .4ppl. Phys., vol. 31, pp. 1695–1696; September,
1960.
E. Brannen, et al., “Generation of millimeter waves by the
electron beam of a microtron, ” J. Af@. Phys., vOI, 31, p. 1829;
October, 1960.
J, M. .%nderson, “ IYIicrowave detection and harmonic genera-
tion by Langmuir-type probes in plasmas, ” P ROC. IRE ( Corre
spondence), vol. 48, pp. 1662–1 663; September, 19(50.

Nfost of the effort on harmonic generation has used

the nonlinear properties of diodes. Hedderly uses a dis-

tributed transmission line loaded with diodes [39 ]

Johnson has made an analysis for the large-si:gnal/high-

harmonic case and has concluded that higher (efficiencies

w-e possible for it than for the small-signal case [40].

The theoretical conversion loss is 2.9 db X n for large n.

A related analysis derives conversiol~ efficiency for the

case \vhere some circuits are resistively terminated [41].

There are several papers on specific harmonic generators

and their performance [42 ]– [46]. Conversion losses

quoted are: 2.7 db/octave at an output of 1 Gc; 3.0

db/octave at 1 Gc; 3.9 db/octave at 1.6 Gc; and 9

db/octave at 48 Gc. From these limited data, little can

be concluded except that losses i ucrease with frequency.

139] D. 1.. IHedderly, ‘(A traveling wave harmonic generator, ” PROC.
IRE (Correspondence), >-[)1. M, p. 1658; September, 1960.

[+0] K. M. Johnson, “Large signal analysis of a parametric har-
UI(H1ic generator, ” IRE ‘rRANS. ON MICROWAVE ‘rHEORY AND

‘rl?CHNIQUWi, vol. h’[’~T-8, pp. 525--532; September, 1960.
[41 ] I. Kaufmau and D. Douthett, “Harmonic generation using

idling circuit:, ” PROC. 11<!3 (Correspondence), vol. 48, pp.
790-791 ; I@d, 1960.

[42] G. F. Montgomery, “Eficieut harmonic gemration,” PROC.
IRE (Cm-respondence), vol. 48, pp. 251–2.S2; February, ~96~.
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[43] G. H. Heilmeier, “Millimeter wave generation by parametric
methods. ” PROC. IRE (Corresoondeuce). vol. 48. OD. 1326–
1327; JLL~y, 1960. ‘ ‘

,. ,..

[44] R. Lowell and M. J, Kiss, “Solid-state microwave power sources
using harmonic generation, ” PROC. IRE (Correspondence), vol.
48, pp. 1334-1335; July, 1960.

[45] D. Leenov and J. W. Rood, “UHF harmonic generation with
silicon diodes, ” PROC. IRE (Correspondence), vol. -!8, p. 1335;
July, 1960,

[46] G. Luettgenau, et al., “High power at 1000 mc using semicon-
ductor devices, ” 1960 IRE WESCON CONVENTION RECORD,
pt. 3, pp. 13–26.

II. ELECTROMAGNETIC DEVICES

A. General EM Theory

1) Energy and Reciprocity: Energy-transport proc-

esses in dispersive media are still of considerable in-

terest: witness two important papers. Tonning iden-

tifies a “dispersion energy” and calculates energy

velocity and group velocity for dispersive media [47 ],

while Sturrock treats the negative energy of a slow wave

in a moving coordinate system [48]. Two papers have

appeared on reciprocity theorems for nonperiodic

sources. One obtains a Lorentz integral form containing

cross correlations of fields [49]; the other, using the

Reaction Concept, obtains general reciprocity involving

electric- and magnetic-current sources and their asso-

ciated fields [50 ]. An interesting note shows that at-

tenuation for common types of waveguides can be

written in a quasi-separable form where separate co-

efficients relate dielectric loss, conductor loss, and ge-

ometry; however, the cutoff wavelength common to all

prevents complete separability [51 ].

[47]

[48]

[49]

[50]

[51]

A. Tonning, “Energy density in continuous electromagnetic
media, ” IRE TRANS. ON ANTENNM AND PROPAGATION, vol. AP-8,
pp. 428–434 ; July, 1960.

P. A. Sturrock, “In what sense do slow waves carry negative
energy?” ~. APP1. Pkys., vol. 31, pp. 2052–2056; lNo\,ember,
1960.
G. Goubau, “A reciprocity theorem for nonperiodic fields, ”
IRE TRANS. ON ANTENNAS AND PROPAGATION (Communica-
tions), vol. AP-8, pp. 339–342; May, 1960.
W. J. Welch, “Reciprocity theorems for electromagnetic fields
whose time dependence k arbitrary, ” IRE TRANS. ON ANTENNAS
AND PROPAGATION, vol. AP-8, pp. 68–73; January, 1960.
D. K. Gannett and Z. Szekely, “A simple general equation for
attenuation, ” PROC. IRE (Correspondence), vol. 48, pp. 1161-
1162; June, 1960.

2) Obstacles: One of the more intriguing problems

has been the thermodynamic paradox associated with

the single surface-wave mode in a waveguide with

ferrite slab. Bresler has carefully investigated this

problem and has discovered that the correct secular

equation obtained as the slab is moved to the wall

has a different limit than the previously obtained secu-

lar equation [52 ]. The correct equation admits pairs of

modes representing power flow in opposite directions,

thereby resolving the paradox. Another unusual prob-

lem has been solved by Forrer and Jaynes, who have

shown that ghost modes are resonant modes in dielec-

tric windows in waveguide [53]. Investigation of these

has led to advances in design of high-power windows.

The change in parameters produced in a gas excited by

acoustic waves allows the partial reflection of inci-

dent electromagnetic energy; this has been investigated

by Schmitt and Sengupta [54]. Gradual-transition ab-

sorbers constitute another partial-reflection problem.

Walther solved the resulting Riccati equation by the

WKB method for thick layers [55]. Other general

studies have included the application of Babinet’s prin-

ciple to transmission lines [56]. Oliner has studied,

theoretically and experimentally, symmetrical dis-

continuities in transmission lines [57], [58]. Spruch and

Bartram, in another important paper, have applied

a quantum-scattering technique to three-dimension-

al waveguide scattering problems wherein the usual

Schwinger form gives only an upper bound [59]. This

new method obtains upper and lower bounds on the

principal wave phase shift. Other papers include a con-

formal evaluation of strip-line parameters [60] and

thickness corrections for strip-line structures obtained

from an exact solution using semi-infinite plates [61].

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

A, D. Bresler, ‘[On the TEnO modes of a ferrite slab loaded rec-
tangular waveguide and the associated thermodynamic paradox,
IRE TRANS. ON MICROWAVIZ THEORY AND TECHNIQUES, vol... ---- . . .

u-y, 1960.
Lynes, “Resonant modes in waveguide

windows.” IRE TLZANS~ ON MiCrOWaVeS THEORY AND TECH-

lVI 11-8, pp. 81–95; Janua
M. P. Ferrer and E. T. Tz

NIQUES, ~ol. NITT-8, pp. 147–150; lbIarch, 1960.
H. J. Schmitt and D. L. Sengupta, “On the reflection of electro-
magnetic wa~-es from a medium excited by acoustic wa>-es, ”
~. Appz. Pkys., vol. 31, pp. 439–440; February, 1960.
K. Walther, “Reflection factor of gradual-transition absorbers
for electromagnetic and acoustic waves, ” IRE TR~NS. ON
ANTENNAS AND PROPAGATION, vol. AP-8, pp. 608-621; No-
vember, 1960.
G. H. Owyang and R. King, “Complementarity in the study of
transmission lines. ” IRE TRANS. ON MICROWAVE THEORY AND
TECHNIQUES, vol. MTT-8, pp. 172–181; March, 1960.
.4. .4. Oliuer, ‘[Equi~,alent circuits for small symmetrical longi-
tudinal apertures and obstacles, ” IRE TRANS. ON MICROWAVE
THEORY AND TECHNIQUES, vol. MTT-8, pp. 72–80: January,
1960.
H, LII. .41tschuler and A. A. Oliuer, “Discontinuities in the
center conductor of symmetric strip transmission line. ” IRE
TRANS. ON MICROWAVE THEORY AND TECHNLQU~S, vol. MTT-8,
pp. 328–339; May, 1960.
L. Spruch and R. Bartram, “Bounds on the elements of the
equl~-alent network for scattering in waveguides, ” -T. .4 ppl.
Phys., vol. 31, “Part I: Theory, ” pp. 905–91.3; “Part II: Ap-
plication to dielectric obstacles, ” pp. 913–917; May, 1960.
T.-S. Chen, “Determination of the capacitance, inductance,
and characteristic impedance of rectangular lines, ” IRE TRANS.
ON MICROWAVE THEORY AND TECHNIQUES. \,ol. MTT-8. ~D.
510-5 19; September, 1960.

., . . .

S. B. Cohn, “Thickness corrections for capacitive obstacles and
strip conductors, ” IRE TR~NS. ON MICROWAVE THEORY AND
TECHNIQUES, vol. MTr-8, pp. 638–644; November, 1960.

B. Waveguides and FilteYs

I) Waveguia’es: Strip transmission lines and asso-

ciated devices have been in use now for several years;

Cohn has contributed a critical reappraisal of their

merits, drawbacks, and estimated future [62 ]. This

article also contains an excellent bibliography. Tai has

demonstrated that evanescent modes in a waveguide

partially filled with ferrite are members of an orthog-

onal set although they do not carry power [63].

Corrugated waveguides have been analyzed by replac-

ing the periodic structure with an anisotropic quasi-

homogeneous medium [64]. However, this appears to

be equivalent to the transverse-resonance method and

does not include the effect of all evanescent modes.

Other investigations include the elliptic waveguide [65],
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roumf waveguide with a double lining [66], [67] (for

spurious mode suppression), and a superconductive co-

axial line [68]. An interesting feature of the latter is

that care must be exercised to avoid reflections, as the

absence of loss eliminates sometimes-beneficial attenua-

tion.

[62]

[63]

[64]

[6.5]

[66]

[67]

[68]

S. B, Cohn, ‘(.% reappraisal of strip transmission line, ” ilficro-
waw J., vol. 3, pp. 17–27; March, 1960.
C. T. Tai, “Evanescent modes in a partially filled gyromagnetic
rectangular wave guide, ” f. AppL Plzys., vol. 31, pp. 220–221;
Januar:, f qf$o
G. Pief .“ ‘2--”Ice, A contribution to the theory of corrugated guides, ”
~. Res. NBS, \ol. 64D, pp. 533–555; September–October, 1960.
G. R. Valenzuela. ‘{Impedances of an elliutic wavezuicle (for the
,Hl mode), ” IRE TR~&s ON MICROWA<E TH~OIt~ AND’ T~CH-
NIQUES, vol. MTT-8, pp. 431–435 ; July, 1960.
H.-G. Unger, “Round w-aveguide with double lining, ” Bell Sys.
Tech. J., vol. 39, pp. 161–167; January, 1960.
A. P. King, “The observed 50–90 kmc attenuation of two inch
improved - ‘waveguide, ” 1960 IRE WESCON CONVENTION
RECORD, pt. 1, pp. 28–33.
N. S. Nahman and G. M. Gooch, “Nanosecond response and
attenuation characteristics of a superconductive coaxial line, ”
PROC. IRE, ~-ol. 48, pp. 1852–18S6; ,November, 1960.

In the open waveguide area, further investigations

have been made of trough waveguides by Cohn, et al.

[69], [70]. Also, prop~gation ~onstant- curves have

been given for a grounded dielectric slab with an air

gap between the slab and ground plane [71 ].

[69] M. Cohn, et al., ‘(TE mode excitation on dielectric loaded parallel
plane and trough waveguides, ” IRE TRANS. ON MICROWAVE
THEORY AND TECHNIQUES, vol. NITT-8, pp. 545--552; Septem-
ber, 1960.

[70] LI. Cohn, ‘(TE modes of the dielectric loaded trough line, ” IRE
TRANS. ON MICROWAVE THEORY AND TECHNIOUM. vol. MTT-
8, Pp. 449-454; July, 1960.

.,

[71] J. H. Richmond, “Surface waves on symmetrical three-layer
sandwiches, ” IRE TRANS. ON MICROWAVE THEORY AND ‘f%CH-
NIQU_ES (Correspondelice), ~-ol. MTr-8, p. 572; September,
1960.

2) Pwiodic Stmctzwes: An excellent review article on

guiding structures has been written by Harvey [72].

The article develops the theory of dispersive structures,

pass and stop bands, forward and backward waves,

etc. Extensive descriptions and analyses are given of the

many slow-wave structures including dielectric struc-

tures with and without metal, corrugated surfaces,

ladders, coupled cavities, and helices; the bibliography

contains nearly 300 references. Allen and Kino have

obtained field distributions and dispersive charac-

teristics of strongly-coupled cavities [73]. Variational

principles have been developed for Q and P for periodic

structures using closed-cavity modes as trial functions

[74], [75 ]. Additional papers are a general analysis of

periodic circuits [76 ] and an experimental description

of a block-loaded guide [77].

[72] A. F. Harvey, “Periodic and guiding structures at microwave
frequencies, ” IRE TRANS. ON ~IICROWAVEI THEORY ANII TECH-
NIQUES, vol. MTT-8, pp. 30–61; Januarv, 1960.

[73] M. .+. .411en and G. S. Kino, “On the theory of st,-ongly coupled
cavity chains, ” IRE TR~NS, ON MICROWAVE THEORY ..iND
TIiCHNIQUES, 101. NITT-8, pp. 362–372; hlay~ 1960.

[7+] T. J. Goblick, Jr:, and R. M. Beveusee, “1’arlational principles
and mode couphng in periodic structures, ” IRE TRANS. ON
MICROWAVE THiZORY AND TiZCHNIOUES, vol. N’fTT-8, P. 500-
509; September, 1960.

.

[75] R. kl. Be~-ensee, “misconceptions about equivalent circuits for
periodic microwave structures, ” 1960 IRE WESCON CONV~N-
TION RECORD, pt. 1, pp. 3–10.

Microwave IIreory and Techniques—796L) 281

[76] R. N. Carlil:, “General properties of the propagation constant
of a nonreciprocal iterated circuit, ” PROC. IRE (Correspond-
ence), vol. 48, pp. 1162–1163; June, 1960.

[7?] Ji’. B. Mires, “The block loaded guide as a slow wave struc-
ture, ” PROC. IRE (Correspondence), vol. 48, pp. 1176-1 177;
June, 1960.

3] iVonun@orwt and Coupled Guides: An interesting

validation of coupled transmission-line theory has been

provided by Bahiana and Smullin [78]. They analyzed

a waveguide filled with two dielectrics by coupling the

modes individually existing in each dielectric. The phase

constant using this approach was found to compare

favorably with that using exact theory. Cohn has de-

rived even- and odd-characteristic impedances for

closely-coupled strip lines of the type useful in coupled

filters, 3-db couplers, etc. [79]; the Schwartz-Christoffel

transformation was used. Other work includes a study

of multi-element transmission lines by superposition of

virtual two-element pairs [so], and a derivation of the

higher-mode indicial equation in coaxial helices [81].

General analyses of transmission lines include a varia-

tional integral for propagation constant of ;a lossy line

assuming only axial current [8.2 ], and an analysis of

the pulse response of several hybrids in nondispersive

line [83 ]. Finally, Sugai has attempted to fit specialized

solutions of Riccati equations to the nonuniform

transmission-line problem [84].

[78] L. C. Bahiana and L. D. Smullin, “Coupling of modes in uni-
form, composite waveguides, ” IRE TRANS. ON MICROWAVE
l&oRY AND TECHNIQUES, vol. MTT-8, pp. 45+-458; July,

[79] S. B: Cohn, “Characteristic impedances of broadside-coupled
strip transmission lines, ” IRE TRANS. ON MICROWAVE THEOIW
AND TECHNIQUES, vol. MTT-8, pp. 633–637; November, 1960.

[80] H. Kogo, “A study of multi-element transmission lines, ” IRE
TRANS. ON MICROWAVE THEORY AND ‘kCHINIQUES, vol.
MTT-8, pp. 136–142; March, 1960.

[81] R. E. Hayes, “Higher order modes in coupled helices, ” IRE
TRANS. ON hIICROWAVE THEORY AND TECHNIQUES (Corre-
spondence], T-ol. MTT-8, pp. 119–120; January, 1960. ‘

[82] R, E. Colhn, “A variational integral for propagation constant
of lossy transmission lines, ” IRE TRANS. ON MICROWAVE
THEORY AND TECHNIQUES, vol. MTT-8, pp. 3.39–342; May,
1960.

[83] W. J. Getsinge~, “Analysis of certain transmission-line net-
works in the time domain, ” IRE TR.ANS. ON MICROWAVE
THRORY AND TECHNIQUES, vol. MTT-8, pp. 30-309; May,
1960.

[84] I. Sugai, “The solutions for nonuniform tra~[smission line
problems, ” PROC. IRE (Correspondence), vol. 48, pp. 1+89-
1490 ; August, 1960.

C. .lsofropic .Devices

As might be expected in a rapidly growing hardware

field, there have been many advances in components

These are grouped into six categories: switches and

duplexers, mixers and modulators, filters, phase shifters,

transformers and baluns, and junctions. However, sev-

eral developments do not readily fit in these categories.

Sooy, etal,, developed a microwave IVIeacham bridge

oscillator where, in a fashion analogous to that at audio

frequencies, the resonant feedback element is incorpo-

rated into a bridge circuit, thereby multiplying Q and

providing exceptional stability [85 ]. Gradual mode

transducers have been designed by determining the ap-

propriate eigenfunction from the input amd output
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modes [86 ]. Design equations and curves for broad-

band chokes have also appeared [87 ].

[85] W. R. Sooy, et al., “A microwave Meacham bridge oscillator, ”
306; July, 1960.
1, “Design of mode transducers, ”

IRE TRANS. ON MICROWAVE THEORY AND TECHNIQUES, vol..—— . . .
- nuarv, 1960.

pROC. IRE, vol. 48, pp. 1297-1
[86] L. Solymar and C. C. Ea.glesfielc

lVI’1’’1’-8, pp. 61–65; J a)
[87] H. E. King, “Broad-band coaxial choked coupling design, ”

IRE TRANS. ON MICROWAVE THEORY AND TECHNIQUES, vol.
MTT-8, pp. 132-135; March, 1960.

.,

1) Switches and Duplexers: Harvey has prepared an

excellent survey article covering all aspects of micro-

wave duplexers, both ferrite and gaseous; a large

bibliography is included [88]. Hill and Ichiki have de-

veloped hot-cathode gas switches [89 ], [90]. Two

schemes have appeared for increasing average-power

capabilities of gas duplexers by reducing gas volume

and

[88]

[89]

[90]

[91]

[92]

using silica tubes [91 ], [92].

A. F. Harvev. “Dudexin!z svstems at microwave frequencies. ”
IRE TRANS~ ON NfICROW-A{E THEORY AND TECHNI~ULZS, vol.
MTT-8, pp. 415431; July, 1960.
R. M. Hill and S. K. Ichiki, “Microwave switching with low-
pressure arc discharge, ” IRE TRANS. ON MICROWAVE THEORY
AND TECHNIQUES, vol. MTT-8, pp. 628–633; November, 1960.
S. J. Tetenbaum, et aL, “Arc discharge, microwave switch tube,”
1960 IRE WESCON CONVENTION RECORD, pt. 3, pp. 96–102.
D, W. Downton and P. D. Lomer, “A pre-TR tube for high
mean power duplexing, ” IRE TRANS. ON MICROWAVE THEORY
AND TECHNIQUES, vol. MTT-8, pp. 654–659; November: 1960.
R. S. Braden, ‘[A new concept in microwave gas switching
elements. ” IRE TRANS. ON ELECTRON DEVICES, vol. ED-7, DD.

54-59; Januarv, 1960.
. .

Garver, et al., have shown experimentally that ger-

manium diodes follow the majority-carrier theory of

Lawson whereas silicon diodes follow Shockley’s minor-

ity-carrier theory [93 ]. This accounts for the switching

action which is noted in germanium diodes, but is not

observed in those of the silicon type. Finally, another

ring waveguide switch has appeared [94].

[93] R. V. Garver, et al., “Theory of the germanium diode micra-
wave switch, ” IRE TRANS. ON MICROWAVE THEORY AND
TECHNIQUES, vol. MTT-8, pp. 108–1 11; January, 1960.

[94.] R. C. Johnson, et al., “A waveguide switch employing the offset
ring-switch junction, ” IRE TRANS. ON MICROWAVE THEORY
AND TECHNIQUES, vol. MTT-8, pp. 532–537; September, 1960.

2) Mixers and ~oda~ators: Advances in crystal

mixers have largely been concerned with operational

problems. Garver and Rosado have analyzed the equiv-

alent circuit for a microwave diode and conclude that

a three-arm circuit is needed [95]. Two papers concern

the optimum operating conditions. Mohr and Okwit

give curves showing the proper RF drive [96] ; Stani -

forth and Craven indicate that a 100-pa bias and low-

video load resistance give an optimum dynamic square-

law range for 1 N23B mixers [97]. Other papers cover a

broad-band mount (with dimensions) [98 ], and tem-

porary deterioration of silicon diodes due to high-power

ionization at the barrier [99].

[95]

[96]

[97]

R. V. Garver and J. A. Rosado, “Microwave diode cartridge
impedance, ” IRE TRANS. ON MICROWAVE THEORY AND TECH-
NIQUES, vol. MTT-8, pp. 104–107; January, 1960.
R. J. Mohr and S. Okwit, ‘(A note on the optimum source con-
ductance of crystal mixers, ” IRE TRANS. ON MiCrOWaVe
THEORY AND ‘rECHNIQU!LS, vol. MTT-8, pp. 622–627; Novem-
ber, 1960.
A, Staniforth and J. H. Craven, “Improvement in the square
law operation of 1N23B crystals from 2 to 11 kmc, ” IRE TRANS.

ON MICROWAVE THEORY AND T~CHNIQUES, vol. M’IT8, pp.
111–115; January, 1960.

[98] A. Stauiforth, “A broad-band crystal mount 10.5 kmc to 20
kmc, ” IRE TRANS. ON MICROWAVE THEORY AND TECHNIQUES
(Correspondence), vol. MTT-8, pp. 464-465; July, 1960.

[99] P. P. Lombardini and R. J. Doviak, “Temporary and perma-
nent deterioration of microwave silicon crystal diodes, ” F’ROC.

IRE (Correspondence), vol. 48, pp. 119-120; January, 1960.

lMicrowave modulators (for modulation or attenua-

tion) have been developed, These use semiconductor

wafers across the waveguide [100], [101].

[100] F. C. De Roude, et al., “The@-n modulator, an electrically con-
trolled attenuator for mm and sub-mm waves, ” IRE TRANS.
ON MICROWAVE THEORY AND TECHNIQUES, vol. MTT-8, pp.
325–327; May, 1960.

[101] H. Jacobs, et at., “A new semiconductor microwa>-e modulator,”
IRE TRANS. OFJ MICROWAVE THEORY AND TECHNIQUES, vol.
LITT-8, pp. 553–559; September, 1960.

3) Filters: Matthaei has contributed an important

paper on the theory and design of microwave filters us-

ing the insertion-loss principle [102 ]. This allows the

designer to use either equal-ripple or maximally-flat

insertion loss. Cohn has treated these two cases where

isolation rather than bandwidth narrowing is desired

[103 ]. He shows that for this case the equal-ripple de-

sign is superior to the maximally flat. Others have used

an analog computer for cascading klystron cavities

[104].

[102]

[103]

[104]

G. L. Matthaei, “Design of wide-band (and narrow-band)
band-pass micrawave filters on the insertion loss basis, ” IRE
TRANS. ON MICROWAVE THEORY AND TECHNIQUES, vol. MTT-
8, pp. 580-593; November, 1960.
S. B. Cohn, “Phase shift and time-delay response of microwave
narrow-band filters, ” Jficrowcme ~., vol. 3, pp. 47–51; October,
1960.
A. Narris and D. M. B yck, “Analog simulation: a network
method for solving microwave problems, ” Microwave ~., \,ol.
3, pp. 43-48; June, 1960.

In the cavity area, Kotzebue discusses broad-band

circuits in coax and waveguide for a tuned filter using a

\“IG sphere [105]. A detailed design of temperature-

compensated cavities is given by Cogdell, et al. [106].

Other papers include an analysis of a transmission

cavity wavemeter which is treated as a 10SSY transmis-

sion line [107 ], peak fields in cavity filters [108], and

the effects of refractive index variations in limiting re-

fractometer resolution [109 ]. An interesting develop-

ment uses two quarter-wave lines coupled together to

provide a linear tuning-range resonator [1 10]. As one

quarter-wave line is lengthened the other is shortened,

so that the uonlinearities cancel.

[105] K. L. Kotzebue, “Broadbaud electronically-tuned microwa>-e
filters, ” 1960 IRE WESCONT CONVENTION RECORD, pt. 1,
pp. 21–27.

[106] J. R. Cogdell, et al., “Temperature compensation of coaxial
cavities, ” IRE TRANS. ON MICROWAVE ‘rHEORY AND TECH-
NIQUES, vol. MTT-8: pp. 151–155; March, 1960.

[107] L. Young, “Analysls of a transmission cavity wavemeter, ”
IRE TRANS. ON MICROWAVE THEORY AND TECHNIQUES, vol.
MTT-8, pp. 436–439 ; July, 1960.

[108J — “Peak internal fields in direct-coupled-cavity filters, ”
IRE’ TRANS. ON MICROWAVE ‘rHEORY AND ‘r13CHNIQUES, VO1.
MTT-8, pp. 612–616; Novembe~, 1960.

[109] W. J. Hartman, “Lmlit of spatial resolution of refractometer
~9~$ies, ” J. Res. NBS, vol. 64D, pp. 65–72; January-February,

[1 10] B. H. Wadia and R. L. Sarda, “UHF resonator with linear
tuning, ” IRE TRANS. ON MICROWAVE THEORY AND TECH-
NIQUES, 1701.MTT-8, pp. 66–72; January, 1960.
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4) Phase Shifters: A novel phase shifter, developed

by Augustine and Cheal, consists of a helix wound of

coaxial line with the portion of the outer conductor that

faces inward in the helix removed [111]. Insertion of a

dielectric slug produces the variable phase shift. An-

other scheme in this paper is a coaxial 3-db coupler with

ganged shorts. This is similar to the waveguide short-

slot coupler with ganged shorts that has become so pop-

ular. A related scheme terminates the coupler with

diodes, thereby allowing the phase shift to be electronic-

ally controlled [112 ]. Wide-band phase shifters have

been produced by using three half-wave anisotropic

plates at appropriate angles [113], and by an iterative

calculation to obtain a dispersionless dielectric quarter-

wave plate [1 14]. Another scheme uses a feedback

scheme similar to the single-sideband phase cancellation

technique [115 ].

[1 11] C: F. August},?e al~d J. C+al~ ..-“’lhe design and Illeasurement.. . ..- -
of nvo broad-band coaxial phase shdters, ” lKb 1 RANS. ON
MICROWATE THEORY AND ‘I% CHNIOUKS, vol. MTT-8. PP. 398-
402; Ju]

12] R. H.
[y, 1960.

. .

--- Hardiu, et al., %lectrouically-variable phase shifters
utilizing variable capacitance diodes, ” PROC. IRE (Corre-
spondence), vol. 48, pp. 944–9+5; May, 1960.

1.?] S. Adachi and E. ~1. Kennaugh, “The analysis of a broad-band
circular Dolarizer mcludinz interface reflections. ” IRE TRANS.
ON MIC~OWAVE THEORY ~ND TECHNIQUES, vol. MTT-8, pp.
520-525; September, 1960.

14] R. D. Tompkins, “A dispersionless dielectric quarter-wave
plate in circular waveguide, ” PROC. IRE (Correspondence),
vol. 48, pp. 1171–1172; June, 1960.

[1 15] A. 4. Ahlmed, “A wide band phase shifter, ” PROC. IRE (Cor-
respondence), vol. 48, p. 945; May, 1960.

5) T,yansformers and Baluns: >-oung has derived an

improved quarter-wave transformer by making the

matching section less dispersive [1 16], [117], and has

shown the relation between the quarter-wave trans-

former and a directly-coupled cavity [118]. Riblet con-

siders the binomial transformer of equal quarter-wave-

length steps, and derives a sort of “physical limitations”

theorem stating that only minor improvement can be

made without increasing the transformer length [119 ].

This is for monotonic, maximally-flat transformers.

.4nother work gives the design for equal-ripple trans-

formers in coax and in double-ridged waveguide [120].

[1 16] L. Young, “Optimum quarter-wave transfcmmers, ” IRE
TRANS. ON MICROWAVE THEORY AND TECHNIOUIZS, vol. MTT-
8, pp. 478-482; September, 1960.

.

[11 7] —–, “ Inhomogeneous quarter-wave transformers of two sec-
tions,” IRE TRANS. ON MICROWAVE THEORY AND TECH-
NIQUES, vol. MTT-8, pp. 645–649; November, 1960.

[1 18] —–, “The quarter-wave transformer prototype circuit, ”
IRE TRANS. ON MICROWAVE THEORY AND TECHNIQUES, vol.
MTT.8, pp. 483–489; September, 1960.

19] H. J. Riblet, “A general theorem on an optimum stepped im-
pedance transformer, ” IRE TRANS. ON MICROWAVE THEORY
AND TECHNIQUES, vol. MTT-8, pp. 169–1 70; March, 1960.

20] D. J. Sullivan and D. A. Parkes, “Stepped transformers for
partially filled transmission lines, ” IRE TRANS. ON MICRO-
WAVE THEORY AND TIZCHNIQUES, vol. MTT-8, pp. 212–217;
March, 1960.

Duncan and Minerva have developed a wide-band

balun where a smooth transition is made from the outer-

coax conductor to one twin-line conductor [121]. This

device can have impedance bandwidths of 100:1. Other

work includes an impedance analysis of the split coaxial

or British dipole balun [122], and two strip-line baluns
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which can be used with printed antennas, e.g., spiral

antennas [123], [124]. It has been remarked that a

balun is just a hybrid with special terminations and, in

fact, one of these printed baluns is just a strip-line rat

race.

[121] J. JV. Duncan and 1’. P. Minerva. “100:1 bandwidth baIun
transformer,” PROC. IRE, vol. 48, pp. 156-164; February, 1960.

[122] H KOgO, “.\nalYsis of split coaxial line type balun, ” IRE
TRANS. ON M ICROWAVB THEORY AND TECHNIQUES ( Corre-
spondence), vol. MTT-8, pp. 24.5-246; March, 1’960.

[123] R. Bawer and J. J. IVolfe, “A printed circuit balun for use with
spiral antennas, ” IRE TRANS. ON MICROWAVE THEORY AND
TIZCHNIQtT~S, vol. MTT-8, pp. 319-325; May, 1960.

[124] J. H. Craven, “A novel broad-band balun, ” IRE TRANS. ON
MICROWAVE THEORY AND TECHNIQUES (Correspondence), vol.
MTT-8, pp. 672-673; November, 1960.

6) Junctions: Several interesting hybrid junction de-

velopments have appeared. Jones has developed a wide-

band distributed circuit hybrid in strip-line using two

coupled strip-line filters [125 ]; a coaxial version of this

has also been in use [126]. Multiple hybrici power di-

viders are of interest for such applications as antenna

array feeding; a multi-terminal hybrid which is a modi-

fied ‘rat race has appeared [12 7]. A novel directional

coupler for TEU1 circular-electric mode in round wave-

guide has been developed [128 ]. This uses two coaxial

waveguides with two bifurcations; the coupling exists i n—
the space between the two bifurcations.

[125] E, M. T. Jones, “IVide-band strip-line magic-T, ” IRE TRANS.
ON MICROWAVE ‘rHEO1<Y AND TECHNIQUES, vol. MTT-8, pp.
160–168; March, 1960.

[126] S. J. Robinson, “Broad-band hybrid junctions, ” IRE TRANS.
ON MICROWAVE THEORY AND TECHNIQUES ( Cor respondence),
vol. MTT-8~ pp. 671–672; November, 1960.

[127] E. J. 117ilkmson, “An N-way hybrid power divider, ” IRE
TRANS. ON MICROWAVE THEORY AND TECHNIQUES, vol. MTT-S
pp. 116–1 18; January, 1960.

-,

[128] B. Oguchi, “Circular electric mode directional coupler, ” IRE
TRANS. ON MICROWAVE THEORY AND TECHNIQUES, vol. MTT-
8, pp. 660-666; November, 1960.

D. Plasmas

Several books could and have been written just listing

references in the plasma field. From this vast science, of

particular interest to the microwave area are the micro-

wave properties of the atmosphere, and microwave

diagnostic techniques.

In the first category, Bachynski, et al. [129], have

given propagation parameters for high-temperature air

for the frequency range 1 to 100 Gc with temperatures

up to 12 X 103 ‘K. Phelps has analyzed the errors in-

herent in the use of an energy independent collision

frequency [130 ]. The conductivity tensor is derived

using a linear dependence of electron collision frequency

on electron energy, with the result that errcms are comp-

arable to the experimental errors in ionclspheric obs-

ervations. Kelly and Margenau postulate by kinetic

theory that the major electron loss for a moving antenna

is caused by sweeping [131 ]. This paper gives voltage

breakdown plots. Another paper investigates electron-

ion recombination in water vapor [132].

[129] M. P. Bachynski, et al., “Electromagnetic properties of high-
temperature air, ” PROC. IRE, vol. 48, pp. 34’7–356; March,
1960.
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[130] A. V. Phelps, “Propagation constants for electromagnetic
waves in weakly ionized, dry air, ” J. Appl. Phys., vol. 31,
pp. 1723–1729; October, 1960.

[131] D. Kelly and H. Margenau, “High-frequency breakdown of
air, ” J. AppZ. Phys., vol. 31, pp. 1617-1620; September, 1960.

[132] S. Takeda and A. A. Dougal, “Microwave study of afterglow
discharge in water vapor, ” J. Appl. Phys., vol. 31, pp. 412-
416; February, 1960.

Microwave absorption for the case where collisions

can be neglected has been investigated by Cullen [133].

The absorption is obtained in closed form for the ex-

traordinary wave from electron dynamics. Other work

concerns particle densities behind hypersonic shock

waves [134 ], and on a precise definition of average

electron collision frequency [135 ].

[133]

[134]

[135]

A. L. Cullen, “Propagation of microwaves through a magneto-
plasma, and a possible method for determining the electron
velocity distributions,” Y. Res. NBS, vol. 64D, pp. 509-513;
September-October, 1960.
C. A. Roberts, et al:, “Theory of equilibrium electron and
particle densities behind normal and oblique hypersonic shock
waves in air. ” IRE TRANS. ON ANTENNAS AND PROPAGATION
(Communications), vol. AP-8, pp. 102-103; January, 1960.
J. M. Anderson, “A note on the relation between the “exact”
and “simplified” theories for EM wave propagation in ionized
gases, ” IRE TRANS. ON ANTENNAS AND PROPAGATION ( Com-
munications), vol. AP-8, pp. 337–338; May, 1960.

Diagnostic papers include plane wave reflection and

scattering by a plasma sheet [136], a microwave inter-

ferometer technique [137 ], and a heuristic derivation

of an absorption spectrum [138].

[136] R. G. Buser and P. Wolfert, “Microwave interaction with
plasmas, ” 1960 IRE INTERNATIONAL CONVENTION RECORD,
pt. 3, pp. 146-154.

[137] C. B. Wharton and D. M. SIager, “Microwave determination
of plasma density pro files,” J. Appl. Phys., vol. 31, pp. 428-
430; February, 1960.

[138] W. D. Hershberger, “Absorption and reflection spectrum of a
plasma, ” J. Appl. Phys., vol. 31, pp. 417-422; February, 1960.

III. SOLID-STATE DEVICES

A. Parametric Amplifie~s

1) General: An interesting history of parametric

transducers is given by Mum ford [139] which includes

a 200-item bibliography dating from Faraday’s work

in 1831 to Chang’s in 1959. A very complete bibliog-

raphy is provided by Mount and Begg [140] which

covers both parametric devices and masers.

[139] W. IV. Mumford, “Some notes on the history of parametric
transducers, ” PROC. IRE, vol. 48, pp. 848-853; May, 1960.

[140] E. Mount and B. Begg, “Parametric devices and masers: an
annotated bibliography, ” IRE TRANS. ON MICROWAVE THEORY
AND TECHNIQUES, vol. MTT-8, pp. 222–243; March, 1960.

Numerous general theoretical papers have been pub-

lished including generalizations of the lL’’anley-Rowe

relations [141 ], [142], an important correction to the

Heffner-Wade paper [143], and new formulations of the

bandwidth and noise theory [144]– [149 ]. An important

theoretical discussion of a parametric amplifier having

a resonance at idler but not at the signal frequency is

given by Fisher [150].

[141] C. Yeh, ‘(Generalized energy relations of nonlinear reactive
elements, ” PROC. IRE (Correspondence), vol. 48, p. 253;
February, 1960.

[1421 H. Iwasawa, “The extended theor~- of the Manlev-Rowe’s

[143]

[144]

[145]

[146]

medium, ” IRE TRANS. ON MICROWAVE THEORY AND TECH-
NIQUES (Correspondence), vol. MTT-8, pp. 459–460; July,
1960.
H. Heffner and G. lt’ade, “Noise figure and gain of parametric
converters, ” ~. Appi. Phys., vol. 31, p. 2316; December, 1960.
S. T. Fisher, “Bandwidth of lower sideband parametric up-
converter and parametric amplifiers, ” PROC. IRE ( Corre-
spondence), vol. 48, p. 946; May! 1960.
S. Deutsch, “Symmetrical matrm analysis of parametric am-
plifiers and converters, ” PROC. IRE, vol. 48, pp. 1595-1602;
September, 1960.
D. K. Adams, “An analysis of four-frequency nonlinear react-
ance circuits. ” IRE TRANS. ON MICROWAVE THEORY AND
TECHNIQUES,’VOI. NITT-8, pp. 274–283; May, 1960.

[147] G. Herrmann, “Idler noise in parametric amplifiers, ” PROC.
IRE (Correspondence), vol. 48, pp. 2021–2022; December,
1960.

[148] J. C. Greene and E. W. Sard, “Optimum noise and gain-
bandwidth performance for a practical one-port parametric
amplifier,” PROC. IRE, vol. 48, pp. 1583–1590; September,
1orm.. ””.

[149] K. L. Kotzebue, “Optimum noise performance of parametric
amplifiers, ” PROC. IRE (Correspondence), vol. 48, pp. 1324-
1325; July, 1960.

[150] S. T. Fisher, “Theory of single-resonance parametric ampli-
fiers, ” PROC. IRE, vol. 48, pp. 1227-1232; July, 1960.

2) Diode Type: A number of papers discuss theo-

retical and experimental results on various diode para-

metric amplifiers [151 ]– [153]. The highest-frequency

amplifier reported is a 30-Gc degenerate amplifier by

DeLoach [154]. Results of an X-band amplifier using

the unique silver-bonded diode were reported by Kita

and Obata [155]. Bossard, et al, [156] discuss a super-

regenerative amplifier. The use of diodes as subhar-

monic oscillators [157 ] is well known but Kibler [158]

reports on diode oscillations at frequencies higher than

the pump. At low microwave frequencies the parametric

up-converter is of importance and is discussed in several

papers [159]–[161].

[151] M. Uenohara, ~~l\Toi~econsideration of the variable capacitance

parametric amplifier, ” PROC. IRE, vol. 48, pp. 169-1 79; Feb-
ruary, 1960.

[152] R. C. Knechtli and R. D. Weglein, “Low-noise parametric am-
plifier, ” PROC. IRE, vol. 48, pp. 1218–1226; July, 1960.

[153] I. Goldstein and J. Zorzy, “Some results on diode parametric
amplifiers,” PROC. IRE (Correspondence), vol. 48, p. 1783;
October, 1960.

[154] B. C. DeLoach, “17.35 and 30-kmc parametric amplifiers, ”
PROC. IRE (,Correspondence), vol. 48, p. 1323; July, 1960.

[155] S. Kita and F. Obata, “.4n X-band parametric amplifier using a
silver-bonded diode, ” PROC. IRE (Correspondence), vol. 48,

PP. 1651–1652; September, 1960.
[156] B. B. Bossard, et al,, ‘X-band super-regenerative parametric

amplifier, ” PROC. IRE (Correspondence), vol. 48, pp. 1329–
1330: TuIv. 1960.,J..–,,—.–.

[157] A. H. Solomon and F. Sterzer, “A parametric subharmonic os-
cillator pumped at 34.3 kmc, ” PROC. IRE (Correspondence),
~701. 48, pp. 1322–1323; July, 1960.

[158] L. U. Kible~, “Parametric oscillations with point contact diodes
at frequenmes higher than pumping frequency, ” PROC. IRE
(Correspondence), vol. 48, pp. 239-240; February, 1960.

[1591 R. Pettai, et al., ‘[Sinzle-diode Parametric u~-converter with
large gain’-bandwidth &oduct, ” PROC. IRE ( Correspondence),
VO1. 48, pp. 1323–1324; July, 1960.

[160] A. K. Kamal and A. J. Holub< “Gain inconsistencies in low-
frequency reactance parametric up-converters, ” PROC. IRE
(Correspondence), vol. 48, pp. 1784-1 785; October, 1960.

[161] A. K. Kamal and M. Subramanian, “Gain optimization in low-
frequency parametric up-converters by multidiode operation, ”
PROC. IRE ( Correspondence), vol. 48, pp. 2020–2021; Decem-
ber, 1960.

Several papers [162 ]–[164 ] discuss the appropriate

definition of a figure of merit for a varactor diode while

one paper [165 ] expands the capacitance coefficients inenergy relations in nonlinear elements and nonlinear lossless
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terms of the hypergeometric function. Attention is also

given to the anomalous reverse current in diodes and its

effect on amplifier performance [166], [167]. Nfeasure-

ment techniques of diode Q are described in two papers

[168 ], [169] while contradictory results on the fre-

quency dependence of the equivalent series resistance

are also discussed [170 ].

[162]

~163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

R. C. Kuechtli and R. D. Weglein, “Diode capacitors for para-
metric amplification, ” 1..4 bpl. P12Ys., vol. 31, pp. 1134-1 135;
June, 1960.

. . . .

K. E. Mortenson, “Parametric diode figure of merit and opti-
mization, ” ~. Ap@l. Phys., vol. 31, pp. 1207-1212; July, 1960.
C. R. Boyd, “Noise figure measure] nents relating the static
and dynamic cutoff frequencies of parametric diodes, ” PROC.
IRE (Correspondence), vol. 48, pp. 2019–2020; December,
1ofin., u”.

S. Sensiper and R. D. Weglein, ‘[Capacitance and charge coeffi-
cients for parametric diode devices, ” PROC. IRE (Correspond-
ence), vol. 48, pp. 1482–1483; August, 1960.
R. D. Weglem, “Some [imitations on parametric amplifier noise
performance, ” IRE TRANS. ON MICROWAVE THEORY AND
TECHNIQUES, vol. MTT-8, pp. 538–544; September, 1960.
K. SiegeI, “.knomalous re~,erse current in ~-aractor diodes, ”
PROC. IRE (Correspondence), vol. 48, pp. 1159–1 160; June,
1960.
IN. Houlding, ‘(ilIeasurement of ~,aractor quality, ” Microzwaw
J., vol. .3, pp. 40-45; January, 1960,
R. 1, Harrison, “Parametric diode Q measurements,” MicrLJ-
waw I, LVO1. 3, pp. 43–46; May, 1960.
S. T. Lug and R. Solomon, “Frequency dependence of the
equivalent series resistance for a germanium parametric ampli-
fier diode, ” Pnoc IRE (Correspondence), >-01.48, pp. 358–.359;
March, 1960.

Two unusual uses of parametric amplifiers as a

limiter [171 ] and as a nonreciprocal element [172] are

to be noted as well as the use of space-charge capacitors

for parametric amplifiers [173 ]. A new development

which may prove to be of importance is the ~{parametric

mode” of operation of transistors [174] which signif -

icantly increases the amplification and oscillation fre-

quency of transistors.

[17 1] A. D. Sutherland and D. E. Countiss, “Parametric phase dis-
tortionless L-band limiter, ” PROC. IRE (Correspondence),
vol. 48, pp. 9.38–939; Ma>-, 1960.

[172] .%. ~. ~amal, “A parametric device as a nonreciprocal ele-
merit, ” PROC. IRE, vol. 48, pp. 1424-1-$30; August, 1960.

[173] J. R. Macdonald, “Space-charge capacitors for parametric
amplifiers,” PROC. IRE (Correspouclence), vol. 48, pp. 1483-
1485 ; .4ugust, 1960.

[174] R. Zuleeg and V. lV. Vodicka, “Pammetric amplification proper-
ties in transistors. ” PROC, IRE ( Corres~ondence). vol. 48. PP.

1785–1786; October, 1960. ‘ ‘ “’ “ ‘

3) T?aveling- Urave Pa~amct~ic .4nafilijievs: A number

of theoretical papers [17.s ]– [180] appeared giving a

rigorous analysis of the traveling-wave parametric

amplifier taking into account the nonlinear, parasitic, or

lossy elements as well as the more usual simple time

varying characteristics previously analyzed. A method

for keeping the pump, signal, and idler in synchronism

over a broadband is also discussed [181 ] in a theoretical

paper. A detailed theoretical and experimental treat-

ment of a coupled-cavity amplifier is given in two com-

panion papers [182 ], [1831. Several other papers [184]–

[186] present a theoretical and experimental discussion

of various traveling-wave amplifiers in the UHF and

S-band regions. One paper [187 ] describes an unusual

amplifier structure using a helix.
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[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[1 84]

[185]

[186]

R. Landauer,, “Parametric amplification along nonlinear
transmission hnes,” ~. Appl. Phys., vol. 31, pp. 479–484;
March. 1960.
.— “Parametric standing wa~-e amplifiers, ” PROC. IRE
(Co~respondence),, vol. 48, pp. 1328-1329; July, 1960.
D. Fleri and J, Sle, “The effect of parasitic diode elements on
traveling-wave parametric amplification, ” PROC. IRE ( Corre-
spondence), vol. 48, pp. 1330–1331; July, 1960.
W. Jasinski, “Gain of a traveling-wave parametric amplifier
using nonlinear 10SSYcapacitors, ” PROC. IRE (Correspondence),
~x]l. 48, pp. 2018–2019; December, 1960.
K. Kurokawa and J. Hamasaki, “An extension of the mode
theory to periodically distributed parametric amplifiers with
losses, ” IRE TRANS. ON MICROWAVE THEORY ANU TECHNIQUES,
xwl. hlTT-8, pp. 10–18; January, 1960.
K. K. N. Chang. “Theory of a negative-resistance transmission
line amplifier with distributed noise generators, ” J. Appl. Phys.,
vol. 31, pp. 871–875; May, 1960.
H. Boyet and D. Fleri, “A method for broad-banding syn-
chronism in travel ing-wa~e parametric devices, ” PROC. IRE
(Correspondence), vol. 48+ pp. 133 1-1333; July, 1960.
M. R. Currie and R. W . Gould, “ Cou~led-cavitv tra~elin r- .
wave parametric amplifiers: part I—analysis, ‘“ PROC. IRE,
vol. 48, pp. 1960–1973; Decembe\, 1960.
K. P. Grabowski and R. D. lVeglem, “Coupled-cavity traveling-
wave parametric amplifiers: part 11—experinnents, ” PROC.
IRE, vol. 48, pp. 1973–1987, December, 1960.
R, C. Honev and E. M. T. Jones, “A wide-band tJHF traveling-
wave variable reactance amplifier, ” IRE TRANs. ON MICRO-
WAVE THEORY AND TECHNI~UES, ‘vol. NITT-8, pp. 351–361;
May, 1960.
Clinton G. Shafer, “Design and operation of an S-band travel-
ing-wal-e diode parametric amplifier, ” 1960 IRE JVESCON
CONVENTION RECORD, pt. 1, pp. 49–54.
C. V. Bell and G. \Vade, ‘[’rhe noise figure of iterati~-e tra~-eling-
wave ~arametric amtllifiers. ” 1960 IRE tI”ESCON CONVEN-

[187]
TION RECORD, pt. 1, pp. 55–60.
G. Conrad, et al. “The diode-loaded helix as a microwave am-
plifier, ” PROC. IRE (Correspondence), \ol. 48, pp. 939-940;
May, 1960.

~) Elect~on-Beam Paramet~ic .4 mplijiers: There has

been apparently little experimental activity in electron-

beam parametric amplifiers except for the Adler quad-

ruple type. Bridges and Ashkin [188] give experimen-

tal results on an Adler tube operating at 4140 IMc

with 24-db gain, 67-Mc bandwidth, and 2.5-db double-

channel noise figure. Possible causes of excess noise in

Adler tubes are discussed [189 ] and analytical descrip-

tions of various electron-beam amplifiers are given

[190 ]--[193 ]. A novel de-pumped quadrupc,le amplifier

which needs no RF pump and has no idler is analyzed

by Siegrnan [194]. Kino [19.5] gives a theoretical dis-

cus,siou of plasma and electron-beam parametric

amplifiers,

(188] T. J. Bridges and A. .Ashkin, “A microwave Adler tube, ” PROC.
IRE (Correspondence), vol. 48, pp. 361-363; March, 1960.

[189] C. P. Lea-tVilson, “Some possible causes of noise in Adler
tubes, ” PROC. IRE (Correspondence), vol. 48, pp. 255–256;
February, 1960.

[190] C. C. Johnson, “Theory of fast-wale parametric amplifica-
tion, ” J. Aj)l. Phys., vol. 31, pp. 338–345; February, 1960.

[191] H, Sobol, “Extension of longitudinal-beam paivametric-ampli-
fier theory, ” P~oc. IRE (Cm-respondence), T-o]. 48, pp. 792–
793; April, 1960.

[192] B. J. lJdelso~, a.h electrostatically focused electron beam para-
metric amphtier,” PROC. IRE (Correspondence), vol. 48, pp.
1485-1486; August, 1960.

[193] ~, Matsuo, “ 1~ew, microware tube devices Fawshmotron’
using the fast electron ~vave, ” PROC. IRE (Correspondence),
vol. 48, p. 1908; November, 1960.

[194] A.. E. Sieqman. “The dc pumped quadrupc,le amplifier—
a wave analysis,” PROC. IRE, vol. 48, pp. 1750- 1755; October,
1960.

[195] G. S. Kino, “Parametric amplifier theory for plasmas and elec-
tron beams, ” J, Afipl. Phys., VO1O 31, pp. 1449--1458; August,
1960.
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5) Ferrite Amplifier: The most significant develop-

ment in ferrite parametric amplifiers is Denton’s [196]

longitudinal-pumped magnetostatic amplifier which re-

quires only fractional watt pump power for amplifica-

tion at 4600 Mc. Thomson [197] also describes a lon-

gitudinal-pumping experiment in which subharmonic

spin-wave excitation is observed. Damon and Eshbach

[198] discuss the theoretical limitations to ferrite

amplifier performance due to spin-wave instabilities.

[196]

[197]

[198]

R. T. Denton, “.4 ferromagnetic amplifier using longitudinal
pumping, ” PROC. IRE (Correspondence), vol. 48, pp. 937-938;
May, 1960.
A. F. H. Thomson, “Ferromagnetic amplifiers, ” PROC. IRE
(Correspondence), vol. 48, p. 259; February, 1960.
R. tl’. Damon and J. R. Eshbach, ‘[Theoretical limitations to
ferromagnetic parametric ampliher performance, ” 1RE
TRANS. ON MICROWAVE THEORY AND TECHNIQUES, vol.
MTT-8, pp. 4-9; January, 1960.

B. Tunnel Diodes

An excellent review of the properties, principle of

operation, and applications of the tunnel diode is given

by Hall [199]. Remarkable progress has been made in

raising the frequency of oscillation of tunnel diodes

[200] with the highest frequency reported [201 ] being

103 Gc. The power output varied from several milli-

watts in the UHF [202] to 2 ,UW [201] at 90 Gc, The ef-

fect of voltage on the frequency of oscillation has also

been investigated [203 ].

[199]

[Zf)o]

[201]

[202]

[203]

R. N. Hall, “Tumlel diodes, ” IRE Twuss. ONTELECTRON DE-
VICLZS, vol. ED-7, pp. 1–9; January, 1960.
R. Trambarulo and C. A. Burrus, “Esaki diode oscillators from
3 to 40 kmc, ” PROC, IRE (Correspondence), T-01. 48, pp. 1776-
1777; October, 1960.
C. A. Burrus, “Millimeter wave Esaki diode oscillators, ” PROC.
IRE (Correspondence), vol. 48, p. 2024; December, 1960.
D, E. Nelson and F. Sterzer, “Tumlel-diode microwave oscil-
lators with milliwatt power outputs, ” 1960 IRE IVESCON
CONV13NrIO~ I< ECORD, pt. 1, pp. 68-73.
J. K. Pulfer, “\’oltage tuning in tunnel diode oscillators, ”
PROC. lRE (Correspondence), Yol 48, p. 1155; June, 1960.

Progress has also been made in the use of tunnel

diodes in amplifiers both in attaining unusual band-

widths [204] (210–625 Mc) and in reaching 26 Gc [205].

The noise figures, however, have not yet reached an

attractively low level, with reports of 7 db at 4.5 Gc

[206] to 10 db at X band. The tunnel diode has also

been used as a down converter with gain [207], [208].

The use of distributed tunnel diodes which lend them-

selves naturally to microwave applications is discussed

in an important paper by Hines [209].

[204] J. S. Sic, “Absolutely stable hybrid coupled tunnel-diode am-
plifier, ” PROC. IRE (Correspondence), >-01, 48, p. 1321; JLIIY,

1960.
[20.5] R. F. Trambarulo, “Esaki diode amplifiers at 7, 11, and 26

kmc, ” PROC. IRE ( Correspondence), vol. -!8, pp. 2022–2023;
December, 1960.

[206] A. Yariv, et a;., “Operation of an Esaki diode microwave am-
plifier, ” PROC. IRE (Correspondence), vol. 48, p. 1155; June,
I mn

[207]

[208]

[209]

.. -”.

K. K. N. Chang, et al., “Low-noise tunnel-diode down con-
verter having conversion gain, ” PROC. IRE, vol. 48, pp. 854–
858; May, 1960.
W. J. Robertson, ‘{A broad-band hybrid coupled tunnel diode
down converter, ” PROC. IRE (Correspondence), vol. 48, pp.
2023–2024; December, 1960.
M. E. Hines, “High-frequency negative-resistance circuit
m-inciDles for Esaki diode aDulications. ” Bell. Svs. Tech. J.. vol.
39, pp. 477–513; May, 196hT

Great interest [210 ]–[218 ] has also been shown ‘in

theoretical calculations of the noise performance of

tunnel-diode amplifiers and in design procedures for

optimizing the amplifier noise performance.

[2 10] K. K. N. Chang, “The optimum noise performance of tunnel-
diode amplifiers, ” PROC. IRE (Correspondence), vol. 48, pp.
107–108; January, 1960.

[2 11] M. E. Hines and W. W. Anderson, “Noise performance theory
of Esaki (tunnel) diode amulitiers. ” PROC. IRE (Correspond-
ence), vol.’ 48, p. 789; April, ~960.

[2 12] .+. van de. Ziel and J. Tamiya, “Note on the noise figure of
negative conductance amplifiers, ” PROC. IRE (Correspondence),
vol. 48, p. 796; April! 1960.

[2 13] D. I. Breitzer, “Noise figure of tunnel diode mixer, ” PROC,
IRE (Correspondence), vol. 48, pp. 935-936; May, 1960.

[2 14] A. van der Ziel, “Noise of measure of lossy tunnel diode ampli-
fiers. ” PROC. IRE (Correspondence). >-01. 48, pp. 13’2–1322;
July’, 1960. ‘ ‘ “

[2 15] J. J. Tiemann, “Shot noise in tunnel diode amplifiers, ” PROC.
IRE, VO1, 48, Pp. 1418-1423; .\ugust, 1960.

[216] P. Penfield, Jr., ‘{Noise performance of tunnel-diode amplifiers, ”
PROC. IRE ( Correspondence), vol. 48, pp. 1478–1479; August,
1O&n.. ”.,.

[2 17] E. G. Nielsen, “Noise performance of tunnel diodes, ” PROC.
IRE (Correspondence), vol. 48, pp. 1903–1904; Sovember,
1960.

[2 18] R. La Rosa and C. R. Wilhetmsen, “Theoretical justification
for shot-noise smoothing in the Esaki diode, ” PLLOC. IRE
(Correspondence), vol. 48, p. 1903; November, 1960.

The use of metal and insulator films as a tunnel-

emission amplifier has been proposed [219] though not

specifically for microwave applications.

[219] C, .\. hIead, “The tunnel-emission amplifier, ” PROC. IRE, VOI.
48, pp. 359-361; March, 1960.

C. Masers

Solid-state masers have received continuing atten-

tion with two papers [220], [221 ] discussing the prog-

ress that has been made in packaging masers and mak-

ing them suitable for low-noise-system applications. In

radar applications [222 ], conventional duplexers can-

not adequately prevent degradation of maser per-

formance due to the saturation effects of the leakage

spike. However, in ruby masers, a desaturation pulsing

technique is described [223] which significantly reduces

the maser recovery time. Several tunable masers are

described [224], [225 ] and a novel broad-banding

technique is describ~d [226] which makes use of the fact

that a maser has a negative L and C characteristic.

Another paper [227 ] gives a thorough discussion of the

parameters entering the design of masers of the uni-

directional type which do not require circulators. .4 70

Gc-pulsed-field maser [228] and ~everal titania masers

are also discussed [229 ]– [231 ]. The technique of noise

temperature measurement of a traveling-wave maser is

described by DeGrasse and Scovil [232].

[220] H. R Serif, “Masers for systems applications, ” 1960 IRE
IVESCON CONVENTION RECORD, pt. 1, pp. 43-48.

[221] F. R. Aram. and S, Okwit, “Packaged tunable L-band maser
system, ” PROC. IRE, vol. 48, pp. 866-874; May, 1960.

[222] J. L. Carter, et al., “Use of an .X-baud solid-state ruby maser-
with a conventional duplexing system, ” Mcrowaue -T., VO1. 3,
ftp. 43–46; July, 1960.

[223] G. K. IVessel, “ Reco~-ery technique for saturated masers, ‘“
IRE TRANS. OK ELECTRON DEVICES, vol. ED-7, pp. 297-302;
October, 1960.

[224] P. D. Gianino and F. J. Dominick, “A tunable X-band ruby
maser, ” PLLOC. IRE (Correspondence), vol. 48, p. 260; Febru.
ary, 1960.
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[225] S. Okwit, et al., “Electronically-tunabIe traveling-wave masers
at L and S bands, ” PROC. IRE (Correspondence), vol. 48, pp.
20~5–2026; December, 1960,

[226] R, L. Kyhl, “Negative L and C in solid-state masers, ” PROC.
IRE (Correspondence), vol. 48, p. 1157; June, 1960.

[227] M. lV. P. Strandberg, “Unidirectional paramagnetic amplifier
design, ” PROC. IRE, vol. 48, pp. 1307-1320; July, 1960.

[228] L. R. Memo, et al., “Pulsed field millimeter wave maser, ” ~.
Appl. Phys., vol. 31, p, 443; Februar~,, 1960.

[229] S. Foner and L. R. Memo, “CW mdhnreter wave maser using
Fe3+ in TiO,, ” J. .4PP1. Phys., vol. 31, pp. 742-743; April, 1960.

[230] H. J, Gerritsen and H. R, Lewis, “Operation of a chromium
doped titania maser, ” ~. Appl. Phys., vol. 31, pp. 608–609;
March, 1960.

[231] H. J. Gerritsen, ej al., “Chromium-doped titania as a maser
material, ” .T. Appt. Plzys., vol. 31, pp. 1566–1571; September,
1960.

[232] R. IV. DeGrasse and H. E. D. Scovil, “Noise temperature
measurement on a traveling-wave maser preamplifier, ” ~.
Appl. Phys., vol. 31, pp. 443-444; February, 1960.

The possibility of amplifying signals at frequencies

higher than the pump is described by Arams [233] who

uses harmonic-spin coupling to amplify a 1O,59O-MC

signal using a 9595-Mc pump. Another paper [234]

shows that maser action in nuclear-quadrupole systems

is unlikely to result in net gain, although it is shown

[235 ] that by applying an RF field near the frequency

of the quadruple resonance of the Al nuclei, increased

gain of a ruby maser results. Proposals are also made

for millimeter-wave oscillators using a beam-type gas

maser [236] or Na atoms in a cavity [237]. Theoretical

expressions for the emitted power and frequency pulling

in an ammonia-beam maser are given [238] while the

productizing of an ammonia maser as a frequency stand-

ard is also described [239]. The problem of beam forma-

tion for a gas maser is discussed in two papers [240],

[241].

[233] F. R. Arams, “Maser operation with signal frequency higher
than pump frequent>-, ” PROC. IRE (Correspondence), vol. .!8,
p, 108; January, 1960.

[234] R. E. Douovan and A. fl. Vuylsteke, ‘[On the possibility of
maser action in nuclear quadruple systems, ” ~. .42PZ. Phys.,
vol. 31, pp. 614–615; March, 1960.

12351 G. NIakhot,. et u1.. “Effect of nuclear Dolariza tiou on the be-

[236]

[237]

[238]

[239]

[240]

[241]

hal-ior of solid state masers, ” J. AP@. >hys., VO1. 31, Pp. 936-
938; May, 1960.
W:, Gordy and M. Cowan? “Proposed molecular amplifier and
coherent zenemtor for mdlimeter and submillimeter waves, ”
J, Appl. l?hys., vol. 31, pp. 941-942; May, 1960.
S. M. Bergmann, “Submillimeter wave maser, ” .7. Appl. Phys.,
vol. 31, pp. 275–276; February, 1960.
H. G. ~enkates and M. 117. P. Strandberg, “Operating char-
acteristics of a molecular-beam maser, ” ~. Abti. Phys., vol.
31, pp. 396–399; February? 1960.

. .

S. Hopfer, “Design conskderatious fol- a self-contained am-
monia maser oscillator, ” 1960 IRE IN’IFJiNA~IONAL CONVEN-
moN RECORD, pt. 3, pp. 78–86.
J. C. Helmer, et al,, “Focusing molecular beams of NTH3, ” J.
Appl. Phys., vol. 31, pp. 458-463; March, 1960.
J. .%. Giordmaine and T. C. Wang, “Molecular beam formation
by long parallel tubes, ” Y. Appl. Phys., vol. 31, pp. 463--!71 ;
March, 1960.

The most significant development in the whole field

of quantum electronics is of course the first realization

of the optical maser by Maiman [242]. This develop-

ment opens up a whole new area of technology of great

importance. Though perhaps not properly falling into

the field of microwave theory and techniques, the

optical maser is certainly the child of the microwave

mzser and can indeed profit frolm the application of

microwave techniques as evidenced in the Fox and Li

[242] T. H. Maiman, “Optical maser action in ruby, ” British Cow-
mun. and Electronics, vol. 7, pp. 674–675; September, 1960. See
also, R. J. Collins, et al., “Coherenc~, narrowing, directional-
ity, and relaxation oscillations in the hght emission from ruby-, ”
Phys. Rev., vol. 5, pp. 303-305; October, 1960.

[243] A. G. Fox and T. Li, “Resonant modes in an optical maser, ”
PROC. IRE (Correspondence), vol. 48, pp. 1904--1905; Novem-
ber, 1960.

D. Ferrites

1) General Micyowave ProPert ies: ‘1’here is a very ex-

tensive literature on fundamental investigations of

ferrites, particularly on ferromagnetic resonance, mag-

netostatic modes, high-power studies, magnetic struc-

ture and chemistry, and anisotropy. A good many of

these papers are included in the Proceedi~gs of the Fijth

Symposium on Magnetism and h~agnetic Materials pub-

lished as a supplement to the lMay, 1960, Journal of Ap-

plied Physics. In order to make the present review of

manageable size, most of the papers which deal with

ferrites from the fundamental physics point of view

rather than from the point of view of microwave ap-

plications are not included. It is hoped that the avail-

ability of the above Proceedings in the Journal of .lp-

plied Physics will serve as an adequate bibliographical

source for those interested in the areas not covered lby

this review.

An excellent historical sketch of the ferrite field to-

gether with an 82-item bibliography is given by Button

[244]. Button and Lax [245] have also published an

outstanding three-part review paper on the microwave

properties and applications of ferrites. Magnetostatic

modes are reviewed by White [246], while Morgen-

thaler [247] gives a brief theoretical survey of ferri-

rnagnetic resonance in ellipsoids. A review of resonance

phenomena at high-power levels is given by Schlomann,

et al. [248], who also give a detailed discussion of sub-

sidiary absorption obtained with a microwave magnetic

field applied parallel to the dc field, New methods for

growing large single crystal garnets are given by Niel-

sen [249 ]. The progress made in the theory of propaga-

tion in ferrite-loaded structures has been discussed in

Section II-A, 2) of the present review.

[244]

[245]

[246]

[247]

[248]

[249]

K. J. Button, “Historical sketch of ferrites and their microwave
applications, ” Microwat,e ~., vol. 3, pp. 73-79; March, 1960.
B. Lax and K. J. Button, “Electromagnetic properties of ferri-
maguets and their applications from UHF to millimeter waves, ”
Microwuve Y., vol. 3, pt. I, pp. 43-49; September; pt. 11, pp.
52–62, October; pt. III, pp. 49–56, November, 1960.
R. L. N’bite, “Use of magnetostatic modes as a research tool, ”
~. A@pZ, .Plzys., vol. 31, pp. 86S–94S; Supplement to May,
1960.
F. R. Morgenthaler, “Survey of ferromagnetic resonance in
small ferromagnetic ellipsoids, ” ~. Ap,o1. PILJJS., vol. 31, pp.
95 S–97S; Supplement to May, 1960.
E. Schlomann, et al., “Recent developments in ferromagnetic
resonance at high power levels, ” J. Appl. Phys., vol. 31, pp.
386S–395S; Supplement to May, 1960.
J. W. ATielsen, “Improved method for the growth of yttrium-
iron and yttrium-gallium garnets, ” 1. A ppz. Phys., vol. 31,
PP. 51 S–52S; Supplement to May, 1960.

High-power effects have been studied extensively and

a representative list of papers should include the fol-

lowing [250]– [254]. An experimental study of the line-

width of high-anisotropy materials is given by Bady,

[243 ] paper. “ et al. [255].
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[250]

[251]

[252]

[253]

[254]

[255]
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E. Schkimann, et al., “L-band ferromagnetic resonance experi-
ments at high peak power levels, ” IRE TRANS. ON MICROWAVE
~9’oo~Y AND TECHNIQUES, vol. MTT-8, pp. 96–100; January,

J. J.” Green and E. Schlomann, “High power ferromagnetic
resonance at X-band in polycrystalline garnets and ferrites, ”
IRE TRANS. ON MICROWAVE THEORY AND TECHNIQUES, vol.
MTT-8, pp. 100–103; January, 1960.
P. E. Seiden and H. J. Shaw, “High-power effects in ferrite de-
vices, ” PROC. IRE (Correspondence), T,ol. 48, p. 122; January,
1960.
M. T. Weiss, “High power effects on ferromagnetic resonance, ”
J. Appl. Phys., \,ol. 31, pp. 778-782; May, 1960.
F. C. Rossol, ‘[Subsidiary resonance in the coincidence region
in yttrium iron garnet, ” J. Appl. Phys., vol. 31, pp. 2273–2275;
December, 1960.
Isidore Bady, et al., “Ferromagnetic liuewidth of single crystals
of barium ferrite ( B~FwO1g ),” PROC. IRE (Correspondence),
vol. 48, p. 2033; December, 1960.

2) Fewite Devices: For commercial purposes, the Y

circulator has become of very great importance and a

number of papers are devoted to the design of such de-

vices [256]– [258 ]. Y circulators have now been de-

veloped in most frequency ranges from 360 MC [259] to

140 Gc [260]. A similar device, called the three-port ring

circulator [261 ], which makes use of nonreciprocal phase

shifters, has also been developed.

[256] U. Milano, et a;., “A Y-junction strip-line circulator, ” IRE
TRANS. ON MICROWAVE THEORY AND TECHNIQUES, vol.
MTT-8, pp. 346–351; May, 1960.

[257] L. Frelberg, “Lightweight Y-junction strip-line circulator, ”
IRE TRANS. ON MICROWAVE THEORY AND TECHNIQUES ( Cor-
respondence), vol. MTT-8, p. 672; November, 1960.

[258] S. Yoshida, ‘(Strip-line Y circulator “ PROC. IRE (Correspond.
ence), vol. 48, pp. 1337–1338; July, 1960.

[259] — “J-band strip line Y circulator, ” PROC. IRE (Corre-
spondence), vol. 48, p. 1664; September, 1960.

[260) J. B. Thaxter and G. S. Heller, “Circulators at 70 and 140
kmc, ” PROC. IRE (Correspondence), vol. 48, pp. 110-1 11;
January, 1960.

[261] M. Grace and F. R. Arams, “Three-port ring circulators, ”
~’R~&, IRE (Correspondence), vol. 48, pp. 1497–1498; August,

A detailed theoretical discussion of resonance isola-

tors is given by Schlomann [262], while an analytical

and experimental study of the field displacement isolator

is presented by Comstock and Fay [263]. In the UHF

region, there is a need for avoiding coincidence of main

and subsidiary resonance in a resonance isolator and a

method for accomplishing this is described [264].

[262]

[263]

[264]

E. Sch16mann, “On the theory of the ferrite resonance iso-
later, ” IRE TRANS. ON MICROWAVE THEORY AND ‘TECH-
NIQUES, vol. MTT-8, pp. 199–206; March, 1960.
R. L. Comstock and C. E. Fay, “Operation of the field dis-
placement isolator in rectangular waveguide, ” IRE TRANS.
ON MICROWAVE THEORY AND TECHNIQUES, vol. MTT-8, pp.
605–61 1; November, 1960.
E. Stern,,, “Ferrite shape considerations for UHF high-power
isolators, IRE ‘lRANS. ON MICROWAVE THEORY AND ‘r~cH-
NICXTES (Corresponceuce), vol. MTT-8, p. 565; September,
1960.

Several new ferrite switches are described including

one making use of the zero-permeability condition of

the ferrite as a reflective switch [265], one using ferrite

toroids [266], and one using multimode propagation

[267 ] with a 3000-Mc bandwidth at X band. Weiss

[268], [269] describes the tetrahedral junction as a

switch. This device consists of two waveguides which

are mutually cross-polarized and loaded by a longitu-

dinally-magnetized ferrite rod. The use of a quadruple -

ridged waveguide in the Faraday rotators and a doubly-

ridged rectangular waveguide in an isolator is de-

scribed by Grimes et al. [270], and in a single-ridge

waveguide by Chen [271]. Higher-order modes and

temperature sensitivity in the Reggia-Spencer phase

shifter are discussed [272 ] and a wide ferrite-slab phase

shifter is described [273].

[265] C. M. Johnson and J. C. Wiltse, ‘[A broad-band ferrite reflec-
tive switch, ” IRE TRANS. ON MICROWAVE THEORY AND TECH-
NIQUES (Correspondence), vol. MTT-8, pp. 466–+67; July,
1960.

[266) L. Levey and L. M. Silber, “A fast-switching X-band circu-
lator utilizing ferrite toroids, ” 1960 IRE WESCOiV CONVEN-
TION RECORD! pt. 1, pp. 11–20.

[267] J. E. Tornpkms: et az., .’(Multimode propagation in gYromag-
netlc rods and Its apphcation to traveling-wa~,e devices, ” J.
A bii. Phys., vol. 31, pp. 176S–177S; Supplement to May,

[268]

[269]

[270]

[271]

[272]

[273]

1%0.
.

J. A. IYeks, “The tetrahedral junction as a waveguide switch, ”
IRE TRANS. ON MICROWAVE THEORY AND TECHNIQUES ( Cor.
respondence), \-ol. MTT-8, pp. 120–121; January-, 1960.
— “Tetrahedral junction, ” J. Appl. Phys., vol. 31, Pp.
168S~169S; Supplement to May, 1960.
E. S. Grimes, et at., “Broad-band ridge waveguide ferrite de-
vices, ” IRE TRANS. ONJMICROWAVE THEORY AND TECHNIQUES,
\-ol. MTT-8, pp. 489–492; September, 1960.
T. S. Chen, “lNonreciprocal attenuation of ferrite in single-
ridge waveguide,” IRE TRANS. ON MICROWAVE THEORY AND
TECHNIQUES, vol. MTT-8, pp. 247–248: March, 1960.
A. Claviu, “Reciprocal ferrite phase shifters, ” IRE TRANS. ON
MICROWAVE THEORY AND TECHNIQUES (Correspondence),
101. MTT-8, pp. 254–255; March, 1960.
T. D. Geiszler and R. A. Henschke, “Broadband reciprocal fer-
rite phase shifters, ” J. Appl. Phys., vol. 31, pp. 174S-175S;
Supplement to May, 1960.

Two papers [274 ], [275] describe Faraday-rotation

structures while Coale [276] discusses a novel rotating

half-wave plate which uses a four-wire transmission line

for generating both the rotating microwave fields and

the rotating low-frequency magnetizing fields. The use

of single crystal garnets in microwave filters is discussed

in three papers [277], [278], [105]. Several papers

[279]-[281] treat the problem of microwave generation

by pulsed-magnetic fields.

[274]

[275]

[276]

[277]

[278]

[279]

[280]

[281]

W. Beust and E. G. Johnson, “High average power rotator, ”
Microwave J., vol. 3, pp. 55-57; May, 1960.
S. J. Lewandowski and J. Konopka, “on some problems in
designing microwave Faraday-rotation devices, ” IRE TRAiW.
ON MICROWAVE THEORY AND TECHNIQUES (Correspondence ),
T-ol. MTT-8, pp. 249–251; March, 1960.
F. S. Coale, “High-speed ferrite rotating half wave plate, ” J.
Aopl. Pkys., vol. 31, pp. 170S–171S; Supplement to May,
1960.
P. S. Carter, Jr., “lUagnetically tunable microwave filters em-
p!oying single crystal garnet resonators, ” 1960 IRE INTERNA-
TIONAL CONVENTION RECORD, pt. 3, pp. 130–135.
— and C. Flammer, “Unloaded Q of single crystal yttrium-
iron-garuet resonator as a function of frequency, ” IRE TRANS.
ON MICROWAVE THEORY AND TECHNIQUES (Correspondence),
vol. MTT-8, pp. 570–571; September, 1960.
B. J. Elliot, et al., ‘[Pulsed ferromagnetic microwave generator, ”
J. .~ppl. Phys., vol. 31, pp. 400S–401S; Supplement to May,
1960.
T. Schaug-Pattersen, “Growing spin waves in ferrites in un-
stable equilibrium, ” J. APpl. p.kYs., VO1. 31, pp. 372 S-383S ;
Supplement to May, 1960.
M. R. Stiglitz and F. R. Morgenthaler, “Resonance experi-
ments with single crystal YIG in pulsed magnetic fields, ” J.
Appl. Plzys., vol. 31, pp. 37 S–38S; Supplement to May, 1960.

Fewoelectrics: Gemulla and Hall [282] review the

of ferroelectrics at microwave frequencies and

3)

field

point out the many problems yet to be solved before ex-

tensive applications become practical. Two other papers

discuss the use of the nonlinear properties of ferroelec-
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tries as microwave mixers [283] and parametric am-

plifiers [284].

[282] tV. J. Gemulla and R. D. Hall, “Ferroelectrics at microwave
frequencies, ” Microwave J., >-01, 3, pp. +7-51; February, 1960.

[283] I. Goldstein, “Interaction of two microwave signals in a ferro-
electric material, ” P~oc. IRE ( Correspondence), vol. +8, p.
1665; September, 1960,

[284] Y. .qoki, “Proposed parametric amplifier utilizinz ferroelectric
substance, ” IRE TRAXS. ON MICRCNVAVE THEORY AND TECH-
NIQ~JES, ( Correspondence) vol. MTT-8, pp. 465–466; July, 1960.

IV. L’fE~SUREMENTS AND hfI~LLOW.lVE S\-STEMS

.-1. systems

Microwave and millimetric radiometry has again

been prominent in the microwave field. An excellent re-

view paper is by Harris [285]; Richter has described a

33-Gc radiometer [286]. The microwave aspects of par-

ticle accelerators have been covered in three articles:

Barrington, etal.,discuss the RF s~-stern for a synchro-

trons [287 ]; Robinson discusses the Cambridge electron

accelerator [288 ]; a review paper on linear accelerators

has also appeared [289]. The problems of duplexing a

ruby maser in a radar have been examined [290].

Finally, a frequency control system using a reference

cavity has been patterned after an ac carrier servo by

using a 100-kc crystal to modulate the reference cavity

[291].

[285] D. B. Harris, “M icmwa we radio metry,” M;c-nnoufle J., vol.
3, pt. I, pp. 4146, April; pt. 11, pp. 47–.54, May, 1960.

[z8Lj] E, lV. Richter, “illillimeter radiometers, ” Miwowaz,e J., vol.
3, pp. 63-66; October, 1960.

[287] A. E. Barrington, et al., “illodel studies of a strongly coupled
synrhrotron RF system, ” IRE TRANS. ON MICROWAVE THEORY
AND TECHNIQUIZS, vol. MTT-8, pp. 597–604; November, 1960.

[288] K, IV. Robinson, “Radio-frequency system of the Cambridge
electron accelerator, ” IRE “~RANTS. ON MICROW’AWI THEORY
AND TECHNIQUES, Yol. MTT-8, pp. 593–596; ATovember, 1960.

[289] A. E. Barrington, “lb’ficrowave engineering aspects of electron
linear accelerators, ” Microwave J., vol. 3, pt. 1, pp. 35-40,
April; pt. II, pp. 54-58, June, 1960.

[290] F. E. Good~~,in, “Duplexing a solid-state ruby maser in an X-
band radar system, ” PKOC. IRE (Correspondence), vol. 48, p.
113: January; 1960.

[291] J. R. Singer, “.1 new ~utomatic frequency regulation system, ”
IRE TRANS. ox MICROWAVE THEORI- AND TECHiWOUES (Cor-
respondence), vol. MTT-8, p. 249; March 1960, - ‘

B. E?igh-PoweY Resonators

Resonant ring circuits for testing of high-power com-

ponents have arrived at a high degree of perfection.

Tomiyasu has given curves relating ring gain, coupling,

and ring attenuation [292 ]. Golde has presented a der-

ivation of loaded and unloaded Q and gives para-

metrically the ratio of these vs gain [293]. Miller has

considered, in addition, impedance mismatch effects

[294]. This last paper also gives sample waveforms and

includes photographs of breakdown phenomena.

~292] K. Tomiyasu “Attenuation in a resonant ring circuit, ” IRE
T~.4Ns. ON MICROWAW THEORY -AND TECHNIQUES ( Corre-
spondence), ~-ol. hITT-8, pp. 253–25+; h~arch, 1960.

[293] H. Golde, “Theory and measurement of Q in resonant ring
circuits, ” TRE TRANS. OFJ ill ICKOWAVE THEO KI- AND TECH-

NIQIJES, vol. NITT-8, pp. 560–564; September, 1960.
[294] S. J. Miller, “The traveling wave resonator and high power

microwave testing, ” Microwatie 1., vol. 3, pp. 50–58; Septem-
ber, 1960.

C. Dielect~ic Measzwements

One method of measuring constitutive parameters in-

volves filling a length of transmission line or waveguide
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with the dielectric material. Sharpe terminates the

transmission line with a sliding short and uses a bilinear

transformation to derive the constants [29.5], He shows

that for a TElll line the transformation leads to an

immediate solution via the Smith chart. A similar

technique has been used on single crystals of barium

titanate, measuring transmission resonances through a

section of filled waveguide 1296]. Another method uses

a resonant dielectric cylinder between metal plates,

where the Q and two resonant frequencies are measured

[297]. Culsh aw has developed a Fabry-Perot inter-

ferometer at 6 mm [298].

[295]

[296]

[297]

[298]

C. B. Sharpe, “.% graphical method for measuring dielectric
constants at microwave frequencies, ” IRE TRANW. ON MICRO-
WAVE THEORY AND TECHNIQUES, vol. MTT-8, pp. 155–159;
March, 1960.
.\. Lurlo and E. Stern, “Measurements of the dielectric com
stant of B.,T;Ox single crystals in the Daraelectric region at Ar-
band, ” ~. Ap,bl. Plfis., ~ol. 31, pp. 1805-1809; Oct~ber, 1960.
B. W. Hakki and P. D. Coleman, “.4 dielectric resonator
method of measuring inductive capacities in the millimeter
range, ” I R E TRANS. ON MICROWAVE THEORY AIYD TECHiWQUES
VO1. MTT-8, pp. 402–410 ; July, 1960.
W’. Culshaw, “High resolution millimeter wave Fabry-Perot
interferometer. ” IRE TRANS. ON MICROWAVE THEORY AND
TECHNIQUES, vol. MTr-8, pp. 182–189; IMarch, 1960.

D. Noise Ternpe~ature

Low-noise systems have continued to be c,f great in-

terest. Haun calculates single- and double-sideband

noise figures for parametric amplifiers for the general

case where gain is different at the two sidebands [299].

The oft:en quoted difference of 3 db is only correct if the

gain is the same at both sidebands. Hogg, in a pair of

papers, has reported on investigations of sky tempera-

ture [300 ], [301]. At 6 Gc the sky temperature during

a storm may be as high as 120°K. Extensive nonstorrny

data are given on sun temperature, galactic noise,

atmospheric-absorption noise, etc., for a widle range of

frequencies. Finally, detailed calculations fc)r the per-

formance of a low-noise radar at 5 Gc have been made

[302].

[299] FL D. Haun, Jr:, “Sumnlary of measurement techniques of
parametric amphfier and mixer noise figure, ” IRE TRANS. ON
MICROW~VL? THEORY AND T~CHNIOUES. vol. MTr-8. DD. 410–
415; July, 1960.

., ,..

[300] D. C. Hogg and R, A. Semplak, “The effect of rain on the noise
level of a microwave receiving system, ” PROC. IRE ( Corre-
spondence), vol. 48, pp. 2024–2025; December, 1960.

[301] D. C. Hogg and W. W. Murnford, ‘[The effective noise tem-
perature of the sky, ” Microwave J., vol. 3, pp. 80-84; March,
1960.

[302] R. L. Forward and F. Richey, “Effects of external noise on
radar performance,” kfic~owaw J., vol. 3, pp. 73–80; December,
1960.

E. Miscellaneous Measurements

A general method for analyzing microwave measure-

ments using flow graphs has been proposed by Hunton

[303 ]. This procedure takes the place of the scattering

matrix solution, and for some purposes it is simpler.

Lerner and Wheeler measure filter bandwidths by ad-

justing amplitude modulation of the signaI until a 45°

phase shift is realized across the filter [304]. Q is then

simply given by the ratio of carrier frequency to twice

modulation frequency. Finnila, et al., have developed a

technique for measuring relative microwave phase shift
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in cases where a wide difference in signal amplitudes

exists [305 ]. They use a Serrodyne technique to trans-

late both signals to audio, where wide differences in level

can readily be handled. Another analysis compares

phase-shift mismatch errors for several choices of ref-

erence wave [306]. Hu has extended the modulated di-

pole scatterer method for measuring electric field to the

case of a modulated loop scatterer for measuring mag-

netic field [307 ]. Other devices include a calorimeter

with an absorptive harmonic filter for multimode power

measurements [308 ], and a bridge-type impedance

meter [309 ].

[303]

[304]

[305]

[306]

[307]

[308]

[309]

J. K. Hunton, “Analysis of microwa~e measurement tech-
niques by means of signal flow graphs, ” IRE TRAiWS. o~
MICROWAVE THEORY AND TECHNIQUES, vol. MTT-8, pp.
206–212; March, 1960.
D. S. Lerner and H. A lVheeler, “Measurement of bandwidth
of microwave resonator by phase shift of signal modulation, ”
IRE TRANS. ON MICROWAVE ‘rHEORY AND T~CHNIQLTIZS,vol.
MTT-8, pp. 343-345; May, 1960.
C. A. Finnila, et al.! ‘(Measurement of relative phase shift at
microwave frequencies, ” IRE TRANS. ON MICROW~VE THEOtW
AND TECHNIQUES, vol. MTT-8, pp. 143–147; March, 1960.
G. E. Schafer, “Mismatch errors in microwave phase shift
measurements, ” IRE TRANS. ON MICSLOW.4VE THEORY AND
TECHNIQUES, vol. MTT-8, pp. 617–622; NTovember,-1960.
M.-K. Hu, “On measurements of microwa~-e E and H field dis-
tributions by using modulated scattering methods, ” IRE
‘rRANS. o~ MICROWAVE THEORY AND TECHNIQUES, vol.

MTT-8, pp. 295-300; May, 1960.
V. G. Price, “Harmonic calorimeter for power measurelnents
in a ~multimode waveguide, ” 1960 IRE INTERNATIONAL CON-
VENTION RECORD, pt. 3, pp. 136–144.
R. W. Beattv. “A microwave im-oedance meter cauable of hiszh
~ccuracy, ” I’RE TRANS. ON MI~ROWAVIZ THEO~~ AND T~c%-
NIQU~S (Correspondence), vol. MTT-8, pp. 461–463; July,
1960.

Several new techniques have appeared for measuring

specific devices or material characteristics. In the

Doppler method for measuring back scatter, the sample

(in this case absorber) is nutated by means of counter-

rotating eccentric disks in a ground plane [310], This

imparts an audio modulation to the scattered return,

thereby allowing greater suppression of extraneous sig-

nals. .4 nanosecond-pulse radar has been useful in

identifying internal reflections of TWT’S [311 ]. Several

papers relate to excess carrier lifetime in semiconductor

materials [312 ]– [314]. The technique (see Section IV-

C) uses a section of waveguide filled with the material;

incident light pulses create excess carriers whose life-

time is determined from measurements of the micro-

wave power absorption through the sample.

[.310]

[311]

[312]

[313]

[31-I]

E. B. McLlillan, and H. J. Schmitt, “Doppler method for ab-
sorber testing, ” Mici’owaze J., vol. 3, pp. 64–68; No~-ember,
1960.
D. O. Melroy and H. T. Closson, “Measurement of internal
reflections in traveling-wave tubes ttsing a millimicrosecond
pulse radar, ” PKOC. IRE, vol. 48, pp. 165-168; February, 1960.
H. Jacobs, et az., “Further consideration of bulk lifetime meas-
urement with a microwave electrodeless technique, ” PROC.
IRE, vol. 48, pp. 229–233; February, 1960.

et al., “Some de~-ice aspects of multiple microwave re-
flections in semiconductors, ” 1960 IRE VJESCON CONVEN-

TION RECORD, pt. 3, pp. 42–48.
H, A. .\twater, “Microwave measurement of semiconductor
carrier lifetimes, ” ~. A/@. Plzys., vol. 31, pp. 938–939; May,
1960,
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The Short Pulse Behavior

Tapered Transmission

of Lossy

Lines*

R. STAPELFELDT~, MEMBER, IRE, AND F. J. YOUNG~, MEMBER,

Summary-An analytic method is given which allows the design
engineer to assess rapidly the short pulse characteristics of any given
tapered-transmission-line type of pulse transformer. The method

allows inclusion of both skin-effect losses and losses which are inde-
pendent of frequency. The effects of mismatching at either end are

shown to be as important as the taper function of the line itself. The

results of this approximate method are expressed as simple integrals

and matching terms to wKlch it is easy to attach physical significance.

The method is applied to the analysis of two tapered-line pulse

* Received by the PGMTT, Decenlber 6, 1960; re~,ised manu-
script received, March 15, 1961. This research was supported in part
by the Office of N’aval Research under Contract NONR 760(09).
This paper is abstracted from a dissertation submitted by R. Stapel-
feldt in partial fulfillment of the requirements for the Ph.D. degree
at Carnegie Institute of Technology.

t Carnegie Institute of Technology, Pittsburgh, Pa.

Ally

transformers which are geometrically

IRE

uniform coaxial structures
with tapered dielectric constants. The line whose nominal character-

istic impedance is an exponential function of electrical position is

shown to have a good rise time and tilt distortion characteristics.

l~TRODC~CTION

I

N the already extensive literature on the tapered-

transmission-line pulse transformer,l there has been

little investigation qf the pulse-distorting effects of

losses in the tapered line. That such distortions must

exist is evident, for even the 10SSY uniform line can be

1 H. Kaufman, “Bibliography of nonuniform transmission lines, ”
IRE ‘rRANS. ON .\NTENNAS AND PROPAGATION (Communication), vol.
AP-3, pp. 218-220; October, 1955.


