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FINAL REPORT

I. INTRODUCTION

This final report is a2 summary of work performed between
7 September 1962 and 7 September 1963 on the problems of shipboard radio
interference and its reduction by antenna techniques.

A serious shipboard problem is that of receiving weak signals while
near-by antennasg aboard the same vessel are transmitting at high power
levels and coupling interference into the receiving system. One research
apprcach to alleviate this situation has been directed toward examining
antennas which would be inherently decoupled, such as traveling-wave
antennas. A second approach has been to find an analytical formulation
for the shipboard coupling problem from field theory; this has led, among
other results, to a technique for measuring the coupling between many
antennas simultaneously which appears very promising. A third approach
has been the introduction of a nuliing signal to cancel the interference sig-
nal; this also shows considerable promise.

Another problem arises when signals so weak compared to atmospheric
noise are received that an antenna with considerable directivity is required.
Because the ship may maneuver on course or swing at anchor, it is neces-
sary to swing the directional pattern with respect to the ship. Because of
the limited space aboard ship, it is difficult to construct MF and HF antennas
with much directivity, and it is not possible, with present equipments, to
swing the pattern. To solve this difficulty. we have investigated the use of
adaptively phase-locked arrays which have the property of swinging the
pattern automatically and electronically. The subject of optimum-gain
arrays has also received zattention, mainiy to give ingight into how much
directivity can reasonably be expected from the limited space available
aboard ship.

The problem of antenna decoupling on shipboard is a difficuit one.
The order of decoupling required is, in some cases, as high as 120 db.
Because it is unlikely that such figures can be achieved by any one technique,
several approaches were investigated during the period of this contract.
Hopefully, these could be combined to satisfy the ~equirements.



Decoupling techniques may be broadly divided into two catagories —
interior techniques and exterior techniques. The first catagory includes
any device or system located behind the antenna terminals, which acts
upon the incoming signal to sift it out from unwanted noise and interference.
Such devices as frequency filters, nulling loops, exotic detectors (e. g.
those utilizing correlation techniques) linear amplifiers, bridge circuits,
etc., fall in this category. They are essentially circuit devices, which
offer the advantage that they act upon the entire signal after it has been
confined to a well-contrclled, easily managed region within the trans-
mission line. The second catagory includes any device or system located
ahead of the antenna terminals, which presents only desired signals at
the respective terminals. Such devices may comprise the antennas them-
selves or their judicious location and orienrtation; for example, the polari-
zation characteristics, the type (travelling wave or standing wave), the
spacing, the relation to nearby obstacles, the feed, all these are potential
tools for decoupling in the exterior region.

It seems plausible that, in general, the greatest decoupling effect can
be achieved where the decoupling action takes place in a small, high field-
density region of space rather than where such action is integrated over a
large volume; furthermore, dealing with such confined regions assures
better reliability since there is less influence of sea motion, antenna and
superstructure motion, and all other uncontrollable motions, all of which
become part of the system in the exterior region. On the other extreme,
however, the more confined the region of decoupling action, the more
caution must be taken to assure stability because small changes effect
large perturbations. Up to a point such stability should be easier to achieve
for small regions.

During the past year three decoupling techniques were investigated —
covering the spectrum from the interior, confined type to the exterior,
diffuse type. On the one extreme, a servo-ccntrolled nulling locp system
was devised and a prototype constructed. It indicates that this methed
works in principle but that certaindeficiencies must be corrected before it
can be called feasible. These include the effects of modulation sidebands
on the nulled signal and the effect of two clesely spaced, interfering
carriers. At the other extreme is the normal mode apprcach which views
the entire ship and its environment as a network supporting modes which
are orthogonal to one another. Progress in this area has been mostly in
the form of short excursions into various approaches to determine a sound
direction of attack on the problem. We feel {hat we now have a method
based on sound principles to aid this study. Between the two exiremes
just mentioned, the third decoupling technique investigated was the design
of multiport antennas to exhibit low coupling among the pcrts. The guiding
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principle used here was the traveliing-wave phenomenon and three antennas
operating on this principle were investigated — the helix, the scimitar, and
the conical spiral. Indications are that decoupling can be achieved, but that
pattern deterioration is severe and coupling through feed regions is serious.

In addition, work was performed during the past year which was only
obliquely directed at the decoupling problem. One effort was the design and
construction of a proictype phase-locked array for r.f. operation. The
results achieved with this array are promising but not yet compiete. In
particular, the effects of monochromatic, coherent, partially coherent,
and incoherent noise must be studied both theoreiically and experimentally
before the array can be recommended for shipboard use. Another effort
was purely theoretical research into the optimization of gain for uniformly
spaced arrays. A small experimental program is associated with this
work to learn how far gain optimization can be pushed before it becomes
impractical. Ih addition, at the writing of this report, a comprehensive
table of computer results is being constructed, giving the effects on small
antennas of nearby conducting circular rods. Another effort was the search
for a convenient experimental technique to determine the coupling between
the terminals of an n-port network; although we were not able to achieve
this, the work did result in some inieresting graphical constructions for
two-port networks.

I. ARRAY STUDIES

Antenna array studies under this contract have proceeded in three
directions, each one with shipboard operation in mind. The first is a
phase-locked array implemented for H. F. reception; the second is a
theoretical and experimental study of optimum-gain arrays; and the third
is an experimental program to develop a compact multi-antenna structure
which exhibits low coupling between its several terminais and maintains
good radiation pattern characteristics over a reasonable part of the 2-30 Mc
band. Each of these is discussed briefly in this section.

A. Phase Locked Array implementation for H. F. Reception

The advantages of directive aniennas for distani communication
purposes are obvious; they provide higher gain in the secticn cof interest
and reduce noise and interference arriving from other directions. On
board ship, however, it is difficuit to achieve high gains at communication
frequencies due to the space 'imitations, especiaily if the antennas are to
be steerable ones. Under this coriracr an antenna array was devised
which provides a maximum gain in the direction of a distani source by



properly phasing all the array elements. Since this phasing is achieved
automatically, the direction of maximum gair is always coincident with
that of the source, i.e., it "tracks' the source even during ship maneu-
vers and sea motions. In addition, the array may be implemeniedto
operate in a scan mode as directed by a preselected computer program.
Although the array has been constructed only to receive, it is possible to
instrument it for transmitting capability also. A short description of this
work follows; a more detziled description may be found in Report 1522-4,
"A Phase-Locked Receiving Array for High Frequency Communications
Use'.

An investigation was undertaken to determine the feasibility of
automatically phasing a receiving array by combiring the signais from
each element at an intermediate frequency. This type of array not only
can track a signal source automatically but it can also correct focr phase
errors due to individual antenna element motion, near field obstructions,
and phase instabilities of electronic componenis. The array has essentially
the pattern of a conventional program-phased array and rejects interfering
signals accordingly.

A block diagram of a prototype six-element phase- locked array
was constructed for experimental purposes and is shown in Fig. I,
This array can be extended to any numbe=> of elements. The received
signal consists of a carrier or piiot carrier and infcrmation sidebands.
The first local osciliator is tuned to adjust the cperating frequency cf the
array. A part of the signal appearing in the second i. F. amplifier of
each channel is sent to a combining network., The carrier phase, at the
same point,is compared with the phase cf a reference oscillator which
is common to all channels and the phase-error informaticn obtained is
used to control the phase cf the voliage-coniroiled second tocal oscillator.
Thus, the phases of the carriers from each channe! appearing at the com-
bining point are autemsticaliy adjusied to be the same as that of the
reference oscillator. A narrow-band fiiter is used before the phase
detector to select the carrier and to eliminate much of the noise and
interference which cou.d be present in “he information passband, which
would otherwise disturb the automati- phasing operation. Provisions
can be made for automatic ampiitude control by using coheren: detectors
to measure carrier strength. in addiiicn, *he array may be cperated in
a program-phased mode by using program-phased sec.nd Local oscillators
instead of voltage-controiied vs.illators,

A potential disadvaniage of the array is that interference and noise

can affect its performance by disturbing the autcmati: phasing process.
In particular, it has been shown tkai an inle-fering signa’ of rearly the
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frequency as the desired signal can cause amplitude and phase modulation
of the desired signal. It is recommended that theoretical and experimental
work be continued to determine the effects of interference and noise of
phase-locked array performance and to explore methods of eliminating
these effects.

B. Optimum-Gain Arrays

For communication purposes, the optimization of the signal-to-noise
ratio is the single most important cousideration. But because this
parameter depends so heavily upon the iocation and type of noise and
interference sources it is not always possible to achieve its optimization.
Under this contract. the optimization of the directivity of equi-spaced
antenna arrays was considered instead, both to observe the effect of
element spacing and to learn more about the practical minimum limits
of this spacing.

The optimum directivity of various arrays of equi-spaced dipoles
has been investigated theoretically as described in technical reports
1522-1, "On the Optimum Gain of Uniformly Spaced Arrays of Isotropic
Sources or Dipoles'', and 1522-2, "The Gain of Uniform Arrays of isotropic
Sources and Dipoles'. The first report deals with the general theory and
the second tabulates the nominal directivity of uniformly excited arrays.

It is shown in Report 1522-1 that for broadside arrays with an element
spacing greater than M/2, or for end-fire arrays with element spacing
greater than \/4, the optimum directivity and the nominal directivity do
not differ significantly. The uniform array, as far as directivity is
concerned, is therefore an excellent one provided that the element spacing
lies beyond these critical ranges.

Experimental work is now in progress to verify, () the best element
spacing for uniform arrays, and (2) the practical limitation in designing
an optimum array with small element spacing. Initial experimental work
on the optimum-gain array was concerned primarily with the problem of
coupling between the array elements. An array consisting of four helices,
three at the apices of an equiiateral triangle. the fourth at its geometric
center, was chosed as a test case. [t was verified that the effects of
coupling between eiements on the input impedance s very small, i.e.,
the impedance seen at the terminals of one element is relatively un-
affected by changes of termination on the remuining elements. Figures 2
and 3 present the power coupling between iwo helical elements as a function
of feed orientations and element spacing. We note that there is a definite
influence of the ground piane and helix orientation upon power coupling,

a fact which can limit the utility of the helix in 2 ship environment.
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Fig. 3. Coupling between helices as a function of spacing d.

To study the interference of cylindrical conducting posts on the
radiation pattern of short dipoles, an extensive calculation is being done
for cylinders of various diameters, and for different orientations of the
dipole as well as its separation from the cylinder. This geometry would
simulate, for example, a whip antenna located near a stack. This problem
has been studied previously by Carter, Lucke, Wait, and others. We
hope to compile a complete set of data covering all different cases since
this configuration may also approximate an interfering superstructure,
guy wires, masts, etc., on shipboard.

C. Low-Coupling Antennas

Because of the large number of radiating elements that must exist
on a communications ship, interaction between elements can seriously
limit the capabilities of the antenna system. Conventional stub-type
radiating elements exhibit high coupling. A generator at antenna A in
Fig. 4 will produce a relatively large signal at the terminals of B.
Kilowatts of signal at A may produce volts of signal at B for parallel
stub- and dipole-type antenna elements. That is, coupling may be on the
order of 10 to 20 db.

1522-6 8
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A
5

Fig. 4. Two parallel antennas.

In an attempt to reduce coupling between elements, a study has
been made of some traveling-wave antenna types. If A and B in Fig. 4
are travelling wave antennas effectively terminated in matched loads, a
pure travelling wave in the direction of the arrow in element A will
produce a wave in the same direction in B. Ideally there is no signal
coupled to the input terminals (the receiver) of element B. In practice,
some discontinuity at the input to the antenna, improper termination, and
scattering from surrounding structures will produce a small backward
travelling wave on element B due to element A.

Antenna types that have been studied are the helix, the scimitar
and the conical spiral. The helix and scimitar were described in
Report 1522-3, the interim report on this contract. Coupling data for
helices have been given in the previous section.

The scimitar lends itself to an antenna complex in the form of a
fountain array as shown in Fig. 5. Dimensions of the L (large) and
S (small) scimitars are given in Fig. 6. Coupling data comparing the
scimitars with stubs of the same height are given in Table I. Column (a)
is for stubs at the same locations as the scimitar feed points. Column (b)
is for stub locations at the center of the scimitars. Element 1 was the
fed element for the data in Table I. That is, a transmittei was connected
to element 1 and the transmitted power was monitored. The db-coupling
columns give the received power at individual elements in db below the
transmitted power.



[
n

(€]

3
L

Ground Plone

182,8 ¢cm

i—:

ol
L

X

Fig. 5. Top view showing locations of scimitar antennas
on ground plane.

/a6cm

-»| = 0.5¢m

Small Scimitar

~> l0.5cm

Fig. 6.

targe Scimitor

Dimensions of scimitar antennas.

10




1522-6

TABLE 1

Frequency Element Coupling in db with respect to
Number No. 1 element
Scimiter stubs

(a) (b)
1000 mc 8 23 15 24
" 7 27 22 23
" 6 9 28 28
" 5 29 27 36
700 mc 8 i il 21
" 7 28 15 23
" 6 33 e 26
" 5 33 20 26
300 mc 8 20 25 24
" 7 26 36 27
" 6 26 32 28
" 5 28 33 35

A comparison of stub and scimitar patterns are shown in Fig. 7
for the first two elements of the circular array. Due to symmetry, the
patterns of other elements are about the same except for rotation.
Figure 7 indicates that a small scimitar fed between two large scimitars
essentially forms a corner reflector antenna. The directional character-
istics of such an array might be quite useful in some beam-forming
applications.

Although the scimitar array exhibits somewhat lower coupling than
the stub array over portions of the frequency band, these results indicate
that there is no outstanding improvement in coupling to be obtained by an
array of scimitars. Although impedance measurements were not made,
the scimitar does have a better impedance-versus-frequency character-
istic than a stub of the same height.

Another traveliing-wave antenna type that has been studied is the
conical spiral as illustrated in Fig. 8. This is a circularly-poiarized
backward-wave antenna usually utilizing one pair of spiral elements.

If the two elements of the pair are fed cut-of-phase the "axiai mode'"
beam of Fig. 8{a) results. If the elemenis are fed in-phase the "normal
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(b)

Fig. 8. Conical spiral antennas.

mode" doughnut beam of Fig. 8(b) results.! For shipboard use, where
horizontal coverage is desired, the decision was made to study a multiple-
element spiral antenna with normal-mode operation.

The feed arrangement is shown in Fig. 9. One arm of each pair is
a coaxial line feeding the pair above. This type of feed is balanced in the
sense that equal currents are set up on the elements. This feed arrange-
ment requires one more pair of spiral elements than antenna terminals.
An objective would be to see how many separate antennas can be operated
on the same structure and still maintain good patterns with adequate
decoupling between antennas.

Patterns over a band of frequencies for a one-port conical spiral
are given in Fig. 10. This illustrates the normal-mode operation.

1522-6 14
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Fig. 9. Balanced feeds for in-phase excitation of spiral
elements in a multiple-element structure.
Figure shows a 3-port antenna.

Patterns of a three-port conical spiral are shown in Fig. 1l and measured
results of coupling between ports are given in Table II.

TABLE II

Frequency Spiral pair number Coupling in db below pair No. 1

1000 2 9
" 3 26
700 2 7
" 3 21
300 2 1
" 3 36

1522-6 15
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Although the patterns in Fig. 1l of the multiport conical spiral have
poor sidelobes and tend to be asymmetrical, this appears to be due to the
feed construction which was somewhat crude in the model that was tested.
The results indicate that with careful design of the feed section a multiple
port conical spiral can give good patterns over better than a 2:1 band of
frequencies and with quite low coupling between some of the ports.

III. REDUCTION OF INTERCHANNEL INTERFERENCE
BY SERVO-CONTROLLED NULLING LOOP

The presence of several high-powered transmitters in the vicinity
of an antenna attempting to receive a weak, distant signal at frequencies
that are near or even coincident is typical of a shipboard environment.
Hundreds of volts of interfering signal can be induced at the receiver
terminals alone with mullivolts of desired signal. If the desired and
interfering signals are suitably separated in frequency, filtering may
alleviate much of the problem but where these frequencies coincide
filtering is ineffective. For this reason, and to complement Navy
Electronics Laboratory's own extensive filter research program, effort
during this contract period was directed at a servo controlled nulling
system. Such a system accepts the fact that a transmitter, T;. at fre-
quency f, , will induce a large voitage at receiver terminals R by coupling
paths in the exterior region but it provides an additional path in the form
of a transmission line between T; and R; the signal coming via this interior
path can be controlled accurately in phase and amplitude to cancel that
coming via the exterior path. To ensure that the canceilation is continuous
and independent of changes in the exterior path, the attenuator and phase
shifter in this so-called ''nulling loop'' are servo-controlled. If a second
transmitter T, at frequency f, is offending the receiver R, in the same
way a second loop can be devised to cancel its interference. By building
up a sequence of such loops, a master switchboard can be envisioned
which will ensure that nuiling loops are connected between all transmitters
which are offending one or several receivers during simultaneous operation.

During the past year a study was made to establish the feasibility
of a servo-controlied nuliing loop between a single transmitter channel
and a single receiver channel in order to reduce extreme R. F. inter-
ference between them. A compleie descripiion of this work is given in
Technical Report 1522-5, ""A Servo-Controllied Nuiling System for
Reducing Radio Frequency Interference'. An experimental prototype
designed to cancel a low-level 4.5 mc signal is described, including
verification of the predicted error voltages, measurement of the servo-
system response, and measurement of nuil depth as a function of

1522-6 17
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interfering signal strength. On "he basis of analytical and experimental
results, the following conclusions are drawn:

(1) Nulls in excess of 45 db can be expected for a cw
interference signal.

(2) No severe limitations exist which preclude the operation
of a servo-controlled nulling system at high power levels.

(3) The system can be expected to automatically cancel AM
as well as cw interfering signals.

Questions which remain to be answered are: how close in frequency can
two interfering signals lie and still be nulled to beiter than 45 db by as-
sociated nulling loops? Is there a serious degradation of nulling loop
performance due to motion of the antenna elements and vibration effects
on narrow-band filters in the system? How does multi-path coupling in
the exterior region influence the nuiling capability?

IVv. FIELD METHODS FOR ANTENNA DECOUPLING

By field methods for antenna decoupling, we mean the excitation of
the fields and currents in the surrounding environment of the antennas
such that the antenna ports are decoupled. Such decoupling via field con-
figurations are nci unusual in closed systems, e.g., the matched hybrid
tee in waveguide, but they are less common in radiating systems. We have
called the field configurations which are effectively decoupled from one
another '"normal modes', and though these normal modes are founded
soundly in theory, it is not clear how to approach them in practice.

Some preliminary work with thin wires, both finite and infinite, indicated
that the concept of normzal modes for radiating and scattering bodies was
worth further investigation. However, the methods used in the study of
thin wires were cumbersome and unsuited for the real case of interest,
that of three dimensional bodies. Recently several new approaches have
been devised to study normal modes in the three dimensional case and
these are being used as described in the Appendix. In particular,
rectilinear and cylindrical bodies have been chosen as test objects since
two separate approaches may be applied to them and then compared. No
results are available yet.

Another effort which is described in detail in the Appendix was an

attempt to devise an experimental technique o help decouple a set of
antennas. The aim was a visual presentation of the relative couplings
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among aii the antennas simultaneously even as they were being moved
about a model to satisfy some minimum coupling criterion. A method
involving the use of square-wave modu-ated diodes as loads on all but

the excited antenna was studied but it was found that too much information
about the antenna impedances was needed to make it practical, Subsidiary
to this work was the development of interesting graphical tools for use
with lossless two-port networks. This is aiso described in detail in the
Appendix.

V. RECOMMENDATIONS
It is recommended that:

{l) The feasibility study of the servo-controiled nulling loop be
continued. This wili inciude a thorough investigation of the effects of
modulation and nearby carriers and of methods to improve system
performance under these condizions. Also, the response of the system
to inherent phase and amplitude changes due to vibrazion may be in-

vestigated.

{2) The -eceiving characteristics of the phased array be investigated
more fully, in particular under conditions of various types of in‘erfering
noise. In addiiion scme thought should be given to imp:ementing the array
for transmitting,

(3} The normal-mode study be continued as out.ined in the
Appendix.
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APPENDIX
FIELD METHODS FOR ANTENNA DECOUPLING

A. The Concept of Normal Modes on a Body

When a scatterer is viewed as a multi-mode antenna, its scattering
cross-section as a function of source and receiver directions can be
written as

0{8s,95: 0r, ) = Z Ci Fy{0g,05) Fy(0r,0,)

[

where 8, and ¢g are the spherical coordinates of the source and 0y and
¢, are those of the receiver {both of which are remote from the target),
F;(8,¢) is the radiation pattern of the ith mode set up on the target, and
C; is a cons :ant agsociated with the termination of the ith mode. We
assume tha* ‘he mode fields are mutualiy orthogonal and that only a finite
number of ,Cii exceed an arbitrarily chosen magnitude, For targets of
maximum dimension on the order of wavelengths, this number should not
exceed ten or so.

These orthogonal or "normai' modes, as we have called them, are
related to the eigenvectors of the target scatiering matrix and the Cj are
determined from the zssociated eigenvziues. The mode patterns are
useful for studying the radiation, receiving, and scattering characteristics
of the target.

The scattering matrix of an arbitrary target is, in general, infinite
in dimension and its elements must be determined by approximations
and/or by experiments.? Since determination of the eigenvectors of this
matrix can be a formidable problem , some rore direc: method for
obtaining the normal modes of a particular shape is being sought.

Consider a cavity whose conducting walls have the shape of the
target under study. At certzin frequencies this cavity will exhibit
resonances, that is, fields of those fregquencies wi'" be supporied within
the cavity voiume which {assuming no losses) are seif -sustaining, i.e.,
need no source to maintain themse:ves once they are set up. Next,
consider that the currents induced on the interior walls of such a cavity
at resonance are transferred to the exterior of ‘ne cavity and allowed to
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radiate. Because these currents are associated with a resonance con-
dition, i.e., standing waves, the reaction between them and a plane wave
of the resonant frequency and incident on the target from any direction
will beé zero if the reaction integral is taken over a surface enclosing the
cavity.’,* If the current assumed is that of a normal mode for the shape
under consideration, this zero reaction implies that this particular normal
mode at that frequency is not excited, i.e., C; is zero. This fact in itself
is incidental; however, if we postulate that the current configuration of any
one normal mode changes very little or not al a2ll with a slight change in
frequency (for example, the form of the multipole currents on a sphere
are independent of frequency), then we can use tkis fact to evaluate a
coefficient for a normal mcde at a frequency slightly remocved from
resonance. Obviously the cavity cannot maintain fields within i¢self at
this new frequency so the questicn arises, how do we arrive at a current
distribution to use in the reaction iztegral? To do this, the cavily is
filled with a material such that it resonates at the new frequency. This
material can have €, >1 or M. > 1, or both. Since resonance is main-
tained, the form of the wall currents wili be essentially unchanged a2nd
will satisfy the boundary conditions properly. If again this current is
regarded as flowing on the exterior of the cavity, the reaction integral
over a surface surrounding the cavity performed with a2 plane wave at the
new frequency has a non-zero value which is related to the coefficient C;
corresponding to a normal mode current at that frequency. This view
may be supported as follows. By fiiling the cavity with material other
than free space, we have effectively introduced a set of polarization cur-
rents within the cavity volume to maintzin fieids which satisfy the boundary
conditions on the walls of the new frequency. These poiarization currents
appear as a source in the reaction formulation within ihe cavity volume,
and in general, a reaction integrzl taken on a surface separating two
sources is not zero. Since,in our case, this surface is that of the cavity
bounding wall, the polarizaiion current scurce is on one side and the

plane wave source is on the opposile side, thereby causing non-zero
reaction.

The methods outiined above 2~e being appiied t> iwc simple cavity
shapes which can be st.died the retica..y, viz, the rec:iilinear cavity and
the cylindrical caviity. For arbl.~ary shapes, for which rv exact theory
can be found, an approach may be .sed In which a sufficlernl.y .arge
spherical caviiy is exc led when emply and its zppropr-iz.e resonance
frequencies noted. Upcn incroduction of a tesi shape iniu ihis cavity at
its center, these resonar. freg.encies shifr, bu: the « riginz. frequencies
may be regained by Increasing 'he cavily size. By n.ling ‘he amoun: of
increase at each resovnan -e the ass.mpilcn of 2 Large encagh caviy
permits an eval.ailon of the phose shiff be*ween the incoming and outgoing



waves due to the test object. These phase shifts are related at each
resonant frequency to normal mode coefficients. By probing the fields
near the cavity wails, the corresponding normal mode patterns may be
determined. The problem of devising a spherical cavity continuously
variable in size over at least a wavelength in diameter is a formidable
one.

B. Graphical Two-Port Techniques

This section describes several geometrical constructions on the
Smith Chart which are useful in transforming impedances through lossless
two-port networks. The same concepis may be extended to lossy networks
by application of the Poincare sphere.

Any linear two-port network may be represented mathematically
by a two-by-two matrix, say T. Sucha matrlx which is non-singular
can always be represented uniquely (if H and H' defined below are pos1t1ve
definite) as the product of a Hermitian matrix and a unitary matrix.®s$
This is clear from the fcllowing development.

DV

o
r—]ll
C!ll

where D is a real, positive diagonal matrix and U and V are unitary
. 2 D .
matrices. Regrouping these in two ways,

(2) T =UDUS . UV, ,
H R
cr
' = = = s} wm =
(3 T=JUV,, v, .
R H'

==
The H a'.nd H mairices represent projective warpings of pcints on the
Pcoincare sphere into other points on the same sphere by an inversion
throagh a point w1*h1n ihe sphere foliowed by ar inversion through the
center of the sphere.”  The R matrix represenis a rcotation about some
diameter of the sphere. Accordingly, any pcini ¢n the Poincare sphere,
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representing a load impedance, may be transformed to its corresponding
point on the same sphere, representing an input impedance, by an inversion
operation and a rotation, or vice-versa. (Note: we shall always mean by
an "inversion operation' an inversion through a point in the sphere followed
by an inversion through its center, or vice-versa.) In the special case of

a lossless network, the inversion point must lie in the equatorial plane and
the rotation must be about the North-South polar axis because reactances
must transform back into reactances (the equator). For this reason, all
geometrical constructions for lossless networks may be performed in the
equatorial plane, which is the Smith chart plane.

A lossless symmetrical network may be represented by a characteristic-
impedance, Z,, and a propagation factor, Y. Either characteristic impedance
is pure real, in which case the propagation factor is pure imaginary and
represents a phase shift, or, the characteristic impedance is pure imaginary,
in which case the propagation factor is pure real and represents an attenuation.

Assume that we have such a symmetrical network with characteristic
impedance, R, and phase factor, jB. We know that if this network is
terminated in a resistance, R, the input impedance must also be purely
resistive and equal to R,. Hence, any geometrical construction relating
load impedance and input impedance for this network must transform R,
into Ro. In this context consider Fig. 12. As stated previously, for a
lossless network the inversion point must lie in the equatorial plane; to
find where in the equatorial plane, we reason as follows. If R, must
transform into itself via an inversion process and a rotation about the
North-South polar axis, an inversion through any point on C; will end on
C,, which if inverted through the center will end on C3. A rotation of
proper amount about N-S will then end at Ry as required. And since this
process is unique, we say that the inversion point must lie on the circle,
C,. Note that the diameter of this circle is dependent soley on the char-
acteristic impedance, R,, of the network and not on its phase factor.

The location of the inversion center, I, on the appropriate circle and the
rotation angle, Q .., is found as indicated in Fig. 13. The points OC and
sc' correspond to the input reactances with the network open circuited

and short circuited respectively. It may be verified by simple trigonometry
that

R, +1
(4) cot § =% (_BR__)tan BL |
O
and
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(5) Urot = 7 - 24,

where pt =27 is the phase shift tarough the netwo+% in radians. The
radius of the circle, Ci1, is

2
R, -1
6 r=lfZo "
(& : 2(R0+1) s

and the distance of I from the center is

2
R, -1
(7) R =<_‘:___) cos §,
R, +1
N
Longitude Zero Circle Is
Circle Of Pure Resistance
/"___--—_ ) ——-‘s“\
‘o c Ro
| TR
' | +j '// I
wl O TN N
< |
/ - |
| LT~ E
- ~ quator is The
‘ Circle Of Pure
Plane Of ‘~§C2_ ___’/ Reactance
The Smith T
Chart

)
Fig. 12. A sketch of the Poincare sphere and the construction
associated with the constant impedance circle, C,.
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Fig. 13. Geometry in the Smith chart plane relating the inversion
point and tne angle of rotation.
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where it is assumed that the Smith Chart has a unit radius. In the example
cited above, a network was assumed which had a real characteristic im-
pedance. We finl that all such networks will have inversion points lying
within the dashed circles shown in Fig. 13, called cutoff circles. If the
characteristic -impedance of the network is pure imaginary, the inversion
point is located exactly as before but it will be found to lie outside the cut-
off circles. Figure 14 shows within the unit circle (which can be thought

of as superimposed on the Smith Chart) a grid of circles of constant char-
acteristic impedance intersecting curves of constant phase shift (inside the
cutoff circles) or curves of constant attenuation {outside the cutoff circles).™
The intersection of a particular circle, say R, # 2, with a particular curve,
say, £ = 0.35\, corresponds to the complex conjugate of the inversion

point for a network having characteristic impedance Ry = 2 and phase shift

pL = 2)\—“ (0.35)\) = 0.7 radians; the rotation angle, @ .o, is also indicated.

Before proceeding further, let us consider the inversion-rotation
construction for the lossless, symmetric-transmission line sketched in
Fig. 15. Let Zj, = ji50L and arbitrarily normalize this to Ry = 502 whence
ZL/Ryn = j3. Also Ro/ Ry = 2, which fixes the inversion point I at the in-
tersection of the Ry = 2 circle and the phase constant line £ = 0.50 A - 0. 15\=
0.35\ in Fig. 14. Transferring this point to a Smith Chart, Fig. 16a, we
see how an inversion through I, then through 0, followed by a rotation,

A rot, yields the input impedance normalized to RN. Figures 16b, ¢, d
present alternative constructions in which these same geometric operations
are used in different sequences as indicated. Such alternative constructions
have advantages in certain cases as wiil be shown later.

A lossy load may be transformed through a lossless network as shown
in Fig. 17. If the load is Z1, and the arbitrary normalizing constant is Ry,
its stereographic projection ontoc the equatorial plane lies at the Smith
chart coordinates Z1/Rp; this is transformed into its corresponding ortho-
graphic projection via a '"butierfly"” diagram?®® to the pcint Z1/RyN. A iine
drawn through this pcint and the inversion center, I, cuts the unit circle
at two points which fix a circle whose cenler is on the line. This circle
can be thought of as having beenr rotated 0% abocut the line to iie in the
piane of the paper for convenience; actualily ii represents the cross section
of a slice taken through the Poincare sphere perpendicualar o the plane of

*This chart, called a "filter analysis chart" was developed at The Ohio
State University Antenna Laboratory some time ago by Dr. H. N. Dawirs
to analyze transmission line filters from their input impedince character-

istics.? »%,%
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Zip —> Ro= 1008 Z,

o 4/

—¥

Fig. 15, A simple network used as an example.

the paper. It is in this light that the following constructions within this
circle are developed. The point ZL/R is inverted through I to the
point, A by means of the construction in dotted lines; this point is
inverted through 0 to B which is then rotated by angle Q .4, to Z; /R .
This orthographic projection of the normalized input impedance 1s
transformed into the stereographic projection via the butterfly diagram
to the point Zjn/ RN. Admittedly, this is an inconvenient construction
which the author developed before the publication of a much simpler
construction by Mathis, 1 but is does unify the presentatlon around the
inversion-rotation operat1on within the Poincare sphere.

The representation of a two-port network by an inversion-rotation
operation is useful for certain applications. One of these is the design of
a ""phase amplifier", that is a device which when loaded with two impedances
which differ in the phase of their reflection coefficients by A¢ cause a
change of phase in input reflection coefficient, AA$ where 0 £ A L wis
the phase gain. For very simple networks this does not present much of
an advantage, but for complicated networks involving a variety of lengths
and characteristic impedances and lumped elements, this technique proves
efficient.

For example, if a load switches between ZLl/ RN =j0.5 and
ZLZ/RN = j0.1, representing a phase change in load reflection coefficient
AP = 420 a5 shown in Fig. 18, and an amplification factor A = 2 was desired,
the locus of all inversion points, I, yielding this amplification factor is
given by the circle derived as shown in Fig. 18. Points P and Q are
arbitrarily located points separated by AA$ = 84°, By overlaying Fig. 3
on this diagram, it is clear that a transmission line of electrical length
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( b) Rotate-Invert Through O~ invert Through I*

(c) Invert Through O - Invert Through I™'-Rotate {d) Rotate -~invert Through I*"'- Invert Through O

Fig. 16. Inversion-rotation construction associated with
the network of Fig. 15.
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Fig. 18.

An illustration of a ''phase amplifier' with a
gain of two.

35



:‘.522"‘ {i

Pl = 0.2\ and characteristic-impedance Z~ = 0. 65 Ry would be one net-
work wiich would achieve the desired amplification.

Alternatively, one may ask, given a tossless network, what two
reactive loads separated by A9 effect a maximum phase amplification?
Since the inversion point, I, may be plotted for the network, clearly the
desired loads are theose wh1ch are rotated TA$/2 from the ‘"ne joining 0
and I, as sketched in Fig. 19.

Obviously, working with lossy loads detracis from the utility of the
inversion method for design purpcses.

Next, consider the problem of cascading twc-port networks.
Figures 20 a,b show symmetrical networks and their respective in-
version centers. Figure 20 ¢ shows a construction utilizing these
inversion centers to obtain the inversion center of the composite neiwork
as well as its rotation angle. The construction may be explained as
follows: to transform through the composite neiwork shown in Fig. 20 c,
recalling the alternatives given in Fig. 16, the sequenCe of operations is
from the reactive load, rotate 53° ccw (1. e., 307° cw), invert through If
invert through 0, invert through 0, invert f‘hrough I, rotate 85° cw,
rotate A® cw to the input rea.ctance. This iast r0t4t1on is due to the
asymmetrical nature of the network as will be discussed below. To find A,
one load (e. g., a short circuit) is transformed through the network in the
usual manner and the result is compared with that obtained by the method
just outlined. In this case A is found to be 35© cw. Next, consider the
two loads ZLl/ Ry and ZL /RN separaied by angle £ and indicated in
Fig. 20c; after the initial 530 ccw rotation discussed above Zp;/ Ry will
appear at A and ZLZ/RN will appear at B. By the nature of the rest of the
geometrical constructions, we are assured that the input impedances
corresponding to these two loads will also be separated by an angle $2.

The question then arises, if this same result is to be achieved by a simple
inversion operation followed by a rotation, where musvt the inver.ion point
lie? Clearly, one obvious choice would be the center of the chart, 0,
since any two poinis separated by an angle £ would transform th¢ough 0

to corresponding poinis also separated by §2. Reasoning thus, a circie
passing through A, 0, and B can be drawn, which, by well known geometrical
properties of the circle, is the locus ot the inversion center we seek.

To establish its exact OCdxlC\n on this circie, we reascn zs fo.lows: loads
ZL3/RN and ZL4/RN indicaced in F1g 20 ¢, appexr at points C and D
respectively; upon inversion through ] and 0 points C and D remain
unchanged and upon further inversion chiou.gh 1‘ and 0 they end up
separated by an angle w. As before, if a simple inversion-rotation
operation is to achieve this same resuli, the inversion center must lie

on a circle fixed by C, D, and ;.



waA eNNRS. v

The location of the inversion point for maximum
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phase amplification.
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Fig. 20. The construction relating the location of the inversion points
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To satisfy both the conditions discussed above, the inversion point
must lie at the unique point, Ji, which is the intersection of the two circles.
This point may also be obtained by the construction given in dashed lines in
conjunction with the circie A-0-B.

Once J; is found, the transformation process is as follows: rotate
53° ccw, invert through J; , invert through 0, rotate 120° cw (85° cw +
350 cw). Alternative constructions can be devised; for example, if J, is
used, the process is, rotate 67° cw (539 ccw + 120° cw), invert through
J», invert 0; or, if J; is used, the process is, invert through J;, invert
through 0, rotate 173% cw (120° cw - 53° ccw). Others may be found simply
by transposing inversions and rotation and rotating the inversion point
accordingly.

It is interesting to ochserve that the inverse process may be used to
decompose the asymmetric network into symmetric networks in cascade.

The rotation-inversion concept holds for asymmetric networks as
well as symmetric ones as was implied by the previous example, How-
ever, for asymmetric networks the rotation angle is not inflexibly fixed by
the location of the inversion point and the concept of characteristic impedance
loses its meaning. The inversion point I may be located as shown in Fig. 21
where SC, OC, tj, -j represent the normalized input impedances cor-
responding to loads at SC, OC, +j, -j. The angle @, is found by applying
the inversion operation through I and 0 to one of the loads and noting what
rotation is required to end up at its corresponding input reactance.

The foregoing geometrical techniques were studied to provide simple
working tools for the design of phase amplifiers and modulators utilizing
transmission line elements. In particular, semiconductor diode loads
were of interest because by rapidly modulating their bias with a square
wave, an effective switching beitween two loads could be accomplished.
Enhanced phase shift could then be achieved by interposing a two-port
network between the diode and the remainder of the circuit, such as an
antenna.

C. An Experimental! Technique to Aid Decoupling Studies

A structure supporting many antennas, such as a ship, can be
viewed as a lossy n-port network, each pair of antenna terminals
forming a port which in general is coupled to all the other ports.
To couple minimally these ports experimenially by varying the types,
positions, etc. of the antennas is, to say the least, a tedious undertaking.
If some scheme were devised whereby the relative power coupling between
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The location of the inversion point and rotation angle
for asymmetrical networks.
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all ports could be detected simultaneously, a great advantage would be
gained in experimental studies. This section discusses an attempt to
devise such a scheme.

In essence, the idea is this: one port cf the N + l-port network
is excited such that the incident and refiected waves can be separated
(e.g., by an hybrid tee as in conventicnal cw scatter ranges) and each
of the remaining N ports is terminated in loads which can be switched
between two values at rapid rates. Previous work'?,3,4,15 has shown
that such a load variation produces a modulation of the scattered wave
which is related to the particular loads used and the input impedance at
the loaded port. In practice, each port is loaded with a semiconductor
diode, which upon square wave modulation of its bias, effects a rapid
switching between two load values. The modulation frequencies at the
loaded ports are related by powers of 2, e.g., f, = 400 cps, f, = 200 cps,
f; = 100 cps, etc. for reasons which will become clear later.

Consider Fig. 22 which is a sketch of N+l antennas arranged as
described above and all coupled to one another. The #0 is the transmit~
receive antenna and the remaining cnes are diode loaded. Clearly, if
the #nth antenna load alone is modulated, the signal received by the #0
antenna will be square wave imodulated at a frequency f; /2n-1 with its
magnitude related to the coupling between the #n and the #0 antennas.

If in addition a second antenna, say #2, is square wave modulated at a
frequency f, /21, the signal received by the #0 antenna will comprise a
sum of three waves, i.e., one which procceeds from #0 to #2 and back
modulated at f; /2", one which proceeds from #0 to #n and back modulated
at f, /2P-1 and one which proceeds from #0 to #2 to #n and back to #0

(and vice versa). This latter wave is related to the coupling between #0
and #n and will have a modulation waveform which is the product of the
square waveforims impressed on #2 and #n. We shall now consider such
waveforms in detail.

Figure 23a shows three typical unit square waveforms used to
modulate three diodes; they are designated by e (t}, eg,(:), and eg, (t)
in which the subscripts indicate the relationship between the period of
each wave to the period of the highest frequency wave. It is noted that
each of these waveforms is an odd function with respect tothe t =0
abscissa. Figure 23b shows the three even waveforms obtained by
taking the various products of the three waveforms of Fig. 23a; the
notation is urnambiguously defined in the sketch. It may be verified that in
the general case the foilowing orthogonality reiations hold among these
functions:
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Fig. 22. A sketch of an N+l port network formed by N+l antennas.
The Oth antenna serves as a transmitter receiver and
the remaining antennas are loaded with diodes.
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Fig. 23. Diode modulation waveforms and product waveforms.
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Hence, all waveforms are othrogonal to one ancther. And since each
individual waveform can be expressed as a Fourier series which is
complete over the interval 0 to Ty, the square waves also form a
complete set and may be used to synthesize any composite waveform.
That is, if the composite waveform at the receiver has a form e(t), it
may be expanded as

N
11 =1
(11) elt) = 1 Z

eoo = 1

epq(t) s

€emn = enm

.‘?i M 4

where the weighting coefficients, apq: are obtained using the orthogonality
relations

2 P
12 a, = 2
(12) apq Tp y e(t) epq(t) dt P2q.

In general, the composite function e(t) and the coefficients apq are
complex quantities; for this reason, the detection system behind the #0
antenna must be })ha.se sensitive to obtain quadrature components of the
scattered signal.

Unfortunately the weighting coefficients, ap% are not directly
proportional to the coupling between the pth and qth antennas. Their
amplitudes must be multiplied by factors obtained in the rather compli-
cated fashion shown in Fig. 24. Points ZLI/RN and ZLZ/RN are plotied
on a Smith Chart at the two loads between which sw1tch1ng is effected at
the nth port and I" is located at Zrn /RN where Z nn is the complex
conjugate of the input impedance at that port; then the coefficient apn is
multiplied by a factor, mgp, found from the circle on which 1¥ lies in
Fig. 13. In terms of the phase gain, A, (Fig. 18) m,, = tzn a/tan A,

Likewise, mmp = M, m ..

1522-6 44



——

.32 V. 13

0.1}

W

o

Il 2 S|

- ol ~! "o

SSTatance
“omponen t ‘;

e NF
"

Fig. 24. A diagram for finding the factors, mg,.
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The introduct
i“’«on of the factors, m, is the weakness of the technique.

learly Zpp is no
:l:'z: sfzgpo :ixtiionT};!;ta% ) nstfant independent of the loads on all the terminals -
loads in general. H\hsomplmg exists means that Z,, is dependent on the
tennas are impedan o such dependence exists, then we say that the an-
described, all the p%sclecoupled and in terms of the technique just
writing of this repoxﬁwd‘wt coefficients, ap,,(m,n#0), are zero. At the
‘:v e could see no way around this problem.
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