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Dedication

This book is dedicated to my father, William W. Maxwell, W8YNG (SK), who inspired and pointed me
in the scientific direction. My interest in radio originated when I was three, while watching him build
radios, and has continued since that year, 1922. With his support, when I was six I built my first one-tube
broadcast receiver using a UV-200 detector.

My father operated his own engineering and machining business. He was a mechanical engineer,
machinist, innovative welder, astronomer, telescope builder, and radio amateur. Growing up under his
guidance in his machine shop fostered my creative ability. I learned from observing his methods for solv-
ing problems that required ingenuity, and his attention to precision and detail was not lost on my impres-
sionable mind. In short, I owe my successful and enjoyable lifetime career in the scientific world to his
early teachings and continued support.

He was a member of the ARRL for many years, was very active on all the phone bands, and for a long
time before becoming a Silent Key in 1958 he was the net control station for the 75-meter Michigan
Emergency Net, a position | held as W8KHK from 1938 until 1940.







Preface to the Third Edition

The previous two editions of this book have enjoyed great success, having sold over 13,000 copies
since first published 1990. Reflections IIl now provides several additions and changes that will better
serve the reader:

An addition to Chapter 19 that begins with Sec 19.10 presents further experimental data reaffirming that
a conjugate match can exist when the source of power is an RF power amplifier. Several professional RF
engineers reviewed the material appearing in Chapter 19, and found it to be a factual representation of RF
power amplifier operation with respect to conjugate matching to its load. In their expert opinion, the facts
as stated in Chapter 19 resolve any controversy that may ever have existed regarding this material. Three
of these engineers are retired from the RF transmitter design group of the Collins Radio Corp. They are
Jan Hornbeck, NOCS; Warren Amfahr, E.E., WOWL; and a third who wishes to remain anonymous. Others
include Robert P. Haviland, E.E, W4MB, retired RF engineer from GE; John C. Fakan, Ph.D., E.E.,
KB8MU, consultant, formerly consultant to NASA; the late Forrest E. Gehrke, BSEE, K2BT, retired
microwave engineer of the former RCA; and Al Helfrick, Ph.D. in Applied Science, K2BLA, Professor of
Avionics, Embry-Riddle Aeronautical University.

A continuation of Chapter 21, Sec 21.11 describes the origin of the W2DU ferrite-bead current balun,
which is a spin-off from the development of the antenna system the author developed for the TIROS weath-
er satellites.

New additions to the previous section “Antennas In Space,” retitled “Antennas in Space from an
Historical and Archival Perspective,” now Chapter 28, describe in detail the author’s work in the design
and development of the VHF antenna system that flew on the world’s first weather satellite, TIROS 1, plus
his work on the world’s first orbiting communications repeater, the SCORE project, in which an ATLAS
ICBM rocket was placed in orbit carrying the repeater that broadcast President Eisenhower’s famous
“Christmas Message from Space” in 1958. The author believes this book is an appropriate place to archive
his work on these important early space-age projects.

Some readers have expressed confusion in a portion of Chapter 23 concerning how virtual open and short
circuits are established by wave interference and how wave actions in a A/4 transmission-line transformer
transform impedances. Some have failed to appreciate how virtual open and short circuits are established
by certain magnitudes and phase angles of specific resultants of voltage and current reflection coefficients
appearing at the matching point in the matching device. As a result, the original Chapter 23 has been
replaced with a new version that explains more clearly how the virtual open and short circuits are achieved,
and includes figures that detail the wave actions occurring in M4-wave transformers, reflection by reflec-
tion. The section “Virtual Open and Short Circuits Established by Wave Interference” appearing in the new
Chapter 25 further clarifies the confusion with more detail concerning the action of the voltages and cur-
rents, and of the E and H fields in the wave mechanics leading up to the establishment of the virtual open
and short circuits.

Some amateurs, as well as professional engineers, are uncomfortable when considering conjugate con-
ditions in networks having real vs lossless elements. In Chapter 24, Figs 24-2 through 24-8 contain eight
mathematical analyses using Mathcad which will eliminate the discomfort. Fig 24-9 contains a summary
of the eight analyses and is entitled, “Comparison of Lossless vs Real Elements and Forward vs Reverse
Directions in Pi-Networks.”

The new Chapter 25 also exposes and corrects some new myths and misconceptions that have crept into
the recent literature. The reader may recall that the first seven chapters of all editions are copies of the




seven-part QST series “Another Look at Reflections,” published during the 1970s. These earlier articles
were written specifically to expose and correct the then prevalent misconceptions concerning the mechan-
ics of transmission-line operation. From the feedback received by the ARRL, WorldRadio, and the author
over the years following publication of the QST articles and the two editions of Reflections, it is evident
that these publications have made a valuable contribution to both the Engineering and Amateur communi-
ties. Recent literature has introduced entirely new misconceptions concerning the use of transmission lines.
Continual vigilance is needed for exposing and correcting misconceptions as they appear. Chapter 25 was
written to correct this erroneous material and to provide proof that it is erroneous.

Appendix 11, “On the Fundamentals of Impedance Matching,” in the first two editions of Reflections has
been moved to become Chapter 26; and Appendix 13, “Investigation of the Shaped-Beam Capabilities of
the Quadrifilar Helix Antenna,” has been moved to become Chapter 27.

I want to acknowledge the late George Baker, W5YR, and James Reid, KH7M, with thanks for their sup-
port in the writing of Chapter 25, and the identical material appearing in QEX (Ref 154). 1 also want to
acknowledge Robert Lay, WODMK, James Kelley, AC6XG, and William Klocko, N3WK, for their support
in my new analysis of the quarter-wavelength transmission-line transformer appearing in revised Chapter
23, and again to Robert Lay for the excellent critiquing of the addition to Chapter 19.

I want to acknowledge my son Rick’s (W8KHK, ex-WB4GNR and WB2HKX) work in making the
material from Reflections I and I into a format usable by CQ Communications to help create Reflections
I11. However, I especially want to thank Gail Sheehan, K2RED, Managing Editor, CQ magazine, for the
humongous task she performed in editing the entire book and reviewing the layout of every page.

Walter Maxwell, W2DU
May 2010
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M. Walter Maxwell, W2DU, is an ARRL Technical Adviser (TA) in the specialty field of antennas and
transmission lines. Walt was born in Daytona Beach, Florida in 1919, and grew up in Mount Pleasant,
Michigan. At age six he built his first one-tube receiver using a UV-200 detector and with the inductor
wound on a Mother’s Oats cereal box. A life member of both the ARRL and QCWA, and a Fellow of the
Radio Club of America, he was licensed at age 14 as WEKHK in 1933, and as of 2010 he has been licensed
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in Mount Pleasant in 1935, earning a BS degree in mathematics and physics. He played in professional
dance bands, and specialized in designing, building, and using auditorium and outdoor sound systems until
early 1940. Then Walt joined the announcing and technical staff of WMEFJ, Daytona Beach, and was
assigned the call WAGWZ. In the absence of teletype at that time, Walt also copied Press Wireless News
Service from WCX/WIS, 38 wpm CW, while at WMF].

With the FCC from September 1940 to April 1944, he was a Monitoring Officer with its Radio
Intelligence Division (RID) (see Table of Contents, “Tasks While with the FCC”). His professional anten-
na experience during that time included participation in designing and building antenna farms at FCC mon-
itoring stations in Hawaii and Allegan, Michigan. Then until 1946 he was in the U.S. Navy as instructor
of Aviation Electronic Technicians at Corpus Christi, Texas. While in the Navy he played trumpet in the
big band of Alvino Rey, WOUK. From 1946 to 1949 in his own electronic and mobile-communications
business, Walt did broadcast-engineering consulting, and was chief engineer of WCEN, having engineered
and built that AM station in 1948, Mt. Pleasant’s first radio station (see Table of Contents, “Broadcast
Engineering Consulting”).

In 1949 Walt joined the RCA Laboratories (the David Sarnoff Research Center) in Princeton, New Jersey
as an electrical engineer. He was hired at RCA by Clarence D. Tuska, the founder of QST and co-founder
of the ARRL. Walt later became a charter member of its new Astro-Electronics Division in Princeton. From
1960 until retirement in 1980 he was in charge of Astro’s Space Center Antenna Laboratory and Test
Range. More than 30 Earth-orbiting spacecraft utilize antennas that were designed solely by Walt, which
include the world’s first weather satellite, TIROS 1, and the follow-on TIROS-ESSA-NOAA weather satel-
lites, ECHO 1, the first satellite used in an attempt to achieve global TV (see Chapter 28, “Antennas in
Space from a Historical and Archival Perspective™). He assisted in the design of many other spacecraft
antenna systems, including the data-link antennas on NOAA’s TIROS-M and TIROS-N, and on RCA’s
SATCOM communications satellites. He also designed the Search and Rescue (SAR) system quadrifilar
helix antennas flying on TIROS-N, which are used worldwide for relaying signals from emergency loca-
tor transmitters (ELT) aboard aircraft in distress. He was one of a three-man team that designed the Moon-
to-Earth TV dish antenna used on the Moon on Apollo’s lunar rover—the moon buggy. (See Table of
Contents, Chapter 28, “The Lunar Rover (the Moon Buggy)”. He also set up its test-range facilities and
performed all of its final pattern, gain, and impedance-matching measurements prior to acceptance by
NASA. He engineered ground-based antenna systems at the Kennedy Space Center, Cape Canaveral, for
pre-launch communication with the TIROS and RELAY spacecraft while on the launch pad. In addition
he had total engineering responsibility for the receivers, transmitters, and antennas of the five ground sta-
tions set up across the U.S., used in Project SCORE, the orbiting Atlas rocket carrying the world’s first
communications repeater in space which broadcast President Eisenhower’s “Christmas Message from
Space” in December 1958 (see Table of Contents, Chapter 28 “The SCORE Chronicles”).

Having been originally licensed as W8KHK, Walt has also held callsigns W4GWZ, W8VIR, W2FCY,
and PJ7DU, the Extra Class license since 1967, and the callsign W2DU since 1968. (His son Rick now has




his dad’s original call, W8KHK.) Every full-time position in his career resulted from association with ama-
teur radio. He has served as antenna consultant for AMSAT, as a member of the FCC’s advisory commit-
tee for WARC-79, and as trustee for K2BSA at National Headquarters, Boy Scouts of America, before they
moved from North Brunswick, New Jersey to Texas. By petition to the FCC, Walt obtained the K2BSA
callsign for the Headquarters’ station to replace the original callsign K2BFW.

After retiring from RCA in 1980, he moved to Deland, Florida, where he writes and edits using state-
of-the-art computers, and still enjoys music, playing string bass in small jazz combos and in a profession-
al 14-piece 1940’s Glenn Miller styie big band. His favorite big bands are Benny Goodman, Glean Miller,
Duke Ellington, and Count Basie. He also enjoys Florida boating in his 17-ft outboard sportster. From
1992 to 1997, he was President, Frequency Coordinator, and Data Base Manager of the Florida Repeater
Council, administering to the more than 1000 Florida repeaters. A three-generation family of hams, Walt’s
father was W8YNG, and his three sons are Bill, W2WM (ex-WA2ETP, AG2B, 5A4TY), Rick, WSKHK
{ex-WB2HKX and WB4GNR), and John, K4JRM (ex-KI4CVQ). His daughter Sue was KC4UBZ (license
expired) and son-in-law Keith is WD9ICA.




Frontispiece 1. William “Bill” Maxwell, W8YNG, in 1957. Bill was the author’s father and patriarch of the
three-generation Maxwell family of hams. Watching his dad build radio receivers beginning in 1922 inspired
the author to enter the scientific field (see Dedication). Bill was licensed as an amateur radio operator in 1944,
and was active as a ham until shortly before becoming a silent key in December 1958. Bill also taught Morse
code classes for hundreds of Naval Cadets during WW I1.

Frontispiece 2. The author, age 19 in 1938, first
licensed in 1933 at age 14, the second generation of o
the Maxwell family of hams. Frontispiece 3. The author in 1968.




Frontispiece 4. The second and third generations of the Maxwell family of hams at the Dayton Hamvention®
in 2006. From left to right: the author, third son John, K4JRM; first son Bill, W2WM; and second son Rick,
WSKHK, the author’s original call in 1933.

Frontispiece 5. The author, age 90, at the Orlando
Hamcations™ 2009. (Photo by Rick, WSKHK)




Frontispiece 6. The author’s ham family at Orlando HamcationsM 2009. Back row, from left: sons Rick,
WSKHK (ex-WB2HKX, WB4GNR); John, K4JRM, (ex-KI4CVQ); Bill, W2WM (ex-WA2ETP, AG2B,
5A4TY). Front row: John’s twin Sue (ex-WDYAJC, KC4UBZ); the author; son-in-law Keith, WD4JCA.

(Photo by Dave, K4RU)
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Frontispiece 7. W2DU RF Lab setup showing a General Radio GR-1606A RF impedance bridge used in meas-
uring the impedance of various antennas, the resulting data of which are shown in both tabular and graphi-
cal form in Chapters 15 and 20. (The lab bench was formerly David Sarnoff’s desk at the RCA Laboratories

[the David Sarnoff Research Center], Princeton, New Jersey.)

2\

Frontispiece 8. W2DU RF Lab showing the setup when measuring output impedance of the RF power ampli-
fiers in the Heathkit HW-100 and Kenwood TS-830S. Data resulting from these measurements appear in

Chapter 19, Secs 19.8 and 19.9.




Introduction

The chapters in this book are a mixture of old and new. The older chapters comprise a collection of arti-
cles and other material 1 previously had published in QST, The Radio Amateur’s Handbook, and The ARRL
Antenna Book. Hence, the reader will find some unavoidable repetition on the subject of impedance match-
ing among some of the chapters, because those chapters were written during different time periods, and
for achieving different objectives, which did not include the continuity one obtains when the original writ-
ing is intended for a book. This third edition also includes my writings that appeared in QST’s “Technical
Correspondence,” an article from QEX, and the report on my research while with the RCA Space Center
that led to the development of the quadrifilar helix antennas presently used on NOAA’s polar orbiting
weather spacecraft.

Chapters 1 through 7 are from my series of seven articles published in QST in the early 1970s entitled,
“Another Look At Reflections.” The articles were well received, and over the years both the ARRL and |
had many requests for reprints. It is because of these requests that the articles are reprinted in this book,
along with some of my writings from other ARRL publications. Except for Chapters 3 and 4, which have
been revised extensively, Chapters 1 through 7 are essentially the same as the original articles. They are
identical in substance, but I have edited them rhetorically for easier reading.

The idea for writing the original series of articles was born while listening to and participating in many
discussions concerning mismatch and reflections on transmission lines. I made up a list of topics that
appeared to be the most controversial among amateurs I heard or talked with. The topics themselves are
not controversial, except as the amateurs misunderstood the factual realities. From the list I wrote out 27
true statements, which I presented as a true-false test in the QST series. Those statements are included here
in Chapter 2. From the discussions I mentioned earlier, it was apparent that many amateurs would mark
them false.

Those discussions also revealed that many experiments involving antennas and transmission lines were
performed for which the results were predestined to futility. The reason is the experimenters were unaware
that they lacked sufficient understanding of the principles involved. Then the appearance of erroneous
material in amateur literature motivated my desire to do something constructive about the problem. Some
of the amateur radio literature implied that little is known on the subject of mismatch on transmission lines.
This is not true, unless the author was referring specifically to us amateurs, because the scientific and engi-
neering literature is replete with voluminous data on the subject, going back to the late 19th century with
the works of James Clerk Maxwell, Oliver Heaviside, and many others.

One of the problems that limits the understandability and quality of our experiments on antennas and
transmission lines is the limited equipment available for amateurs to make precise and complete measure-
ments at RF, as compared to DC and audio frequencies. However, this doesn’t excuse us from needing to
know some of the fundamental principles of transmission lines; it actually makes knowledge of the fun-
damentals all the more necessary so we can diagnose and evaluate logically the limited measurement data
we do obtain. Our experimental efforts can become more productive if we are able to visualize an accu-
rate physical picture of the voltages, currents, and fields, and how they interact on the transmission line.

My original plan was to compile and publish an extensive bibliography of accurate and readily available
references on the subject in OST. However, in 1971, the late John Marsh, W3ZF, convinced me that a mere
list of references would receive little attention. John then proceeded to fire real enthusiasm for writing an
extensive paper which would not only complement and unify the references, but would also underscore the
problem and stimulate interest in studying the subject of antennas and transmission lines. I followed John’s




suggestion, and as the work progressed it became apparent that additional references from professional
engineering sources would be valuable in providing access to greater depth of study for the more advanced
amateur, and also to make available reliable sources for verification of the points that have been clouded
by controversy among amateurs.

During the study of the numerous references in the preparation of the manuscript for the articles, an
interesting and valuable aspect emerged: The ARRL Antenna Book was seen to unify many of the other ref-
erences, plus more, because in one handy volume it contains concise, sufficient, and well-presented mate-
rial on nearly every point of importance to the amateur’s needs concerning antennas and transmission lines,
including the fundamental principles! For the amateur who has no access to the other references, but could
manage to acquire just one book, The Antenna Book is it! Every amateur who feeds RF into an antenna
should have a copy—and read it! One would be surprised to learn how many antenna engineers have a
copy in their own personal libraries. .

However, with the exception of The Antenna Book, the details of reflections and wave action in trans-
mission lines seems to be somewhat obscure in the amateur literature. Thus, let us now examine what this
book is about in more detail.

This is not a “how to” book. Instead, its theme is “how it works.” It is about the care and feeding of
antennas, with special emphasis on dispelling some of the prevalent myths and misconceptions surround-
ing the mismatched antenna and its feed line in routine operations with tuners, feed lines, and antennas. It
is tutorial in that it explains certain principles of transmission-line theory that are important to the ama-
teur’s understanding of what is occurring in routine operations with tuners, feed lines, and antennas. It
explains in great detail how the antenna tuner at the input terminals of the feed line provides a conjugate
match at the antenna terminals and an impedance match for the output of the transceiver, and tunes a non-
resonant antenna to resonance. This aspect of impedance matching is of great importance to users of mod-
ern transceivers having broadband output circuits that require a 50-ohm load to deliver full power.

The quote below typifies our actual amateur operation with transmission lines that feed antennas, while
supplying the basis for tuning a non-resonant antenna to resonance and obtaining the forward-power
increase factor required to achieve the conjugate match:

“Pictures or models that illuminate a mathematical formula in terms of a readily visualized physical
mechanism often serve a valuable purpose. . . . In terms of such a physically attractive picture the instan-
taneous potential difference at any point along a terminated transmission line is the resultant of all the con-
tributions reaching that point simultaneously from both directions after an infinity of successive reflections
at the ends. The terminated line is thus seen to play the role of an infinite line folded back and forth upon
itself, with discontinuities at intervals equal to the actual length and with the potential difference in these
folded parts actually superimposed and combined algebraically into a single value.” (Ronold W. P. King,
Ph.D., Transmission Line Theory, Dover Publications, 1965)

Reflections I1I also highlights some of the reasons many amateurs seek low values of SWR for the wrong
reasons. It explains why a 1:1 SWR isn’t always a necessary goal, and it also describes how to determine
whether it’s worth the effort to reduce the SWR below a given value based on the conditions at hand.
However, the book is written in language easy to understand at the amateur level. In addition, a volumi-
nous, broad-based references section is included for those who wish to seek further study.

Chapter 3 presents a simplified treatment of the interaction of the fields, currents, and voltages on a
transmission line in explaining the development of the standing wave.

A simple introduction to the Smith Chart is presented, along with a novel use of the chart to assist in
understanding how the impedance changes with length on a transmission line. A new phasor-type presen-
tation using the Smith Chart is given, which enhances the physical picture of standing-wave development,
transmission-line input impedance, and other activity along the line, and forms a basis for an analytical
proof that the explanations presented are correct.

For those who are unfamiliar with the Smith Chart, it is easy to learn. See Chapter 10 in this book, Part
| of Ref 25, and Chapter 28 of Ref 71. You'll find the chart to be a valuable tool. It has separate sets of cir-




cles for resistance and reactance. To plot a single complex impedance R + jX, you simply find the point
where the appropriate resistance, R, and reactance, X, circles intersect. Knowledge of the Smith Chart is
helpful in understanding and devising impedance-matching circuitry; it is actually fun to use for this pur-
pose. Additional references of interest are included at the end of the book. Smith Charts are available at col-
lege book stores and stores that carry engineering supplies. They may also be ordered from The ARRL.
Chapter 15 includes several computer program listings for solving impedance-matching problems.
Included are programs for solving T- and pi-networks, and for obtaining the frequency response of the net-
works. Also included are programs for obtaining precise values of the transmission-line constants—charac-
teristic impedance, electrical length, and attenuation—obtained from measurements made on the line. There
is also a program for transferring complex impedances from one end of the line to the other for accurately
determining the terminal impedance of an antenna from measurements made at the input of the feed line.
The efficacy of these transmission-line programs may be seen in the figures and tables they produced from
data I measured—Figs 15-1 and 20-1 through 20-3, and Tables 15-1, 15-2, and 20-1 through 20-5.
Some important aspects of baluns that are not generally appreciated are presented in Chapter 21. These
are taken from my QST article, “Some Aspects of the Balun Problem.”
I hope you will find my book interesting and useful, and enjoy reading it as much as I enjoyed
preparing it.
Walter Maxwell, W2DU
May 2010







