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ABSTRACT

An experimental stud& of the jiear flelds of yagis
was undertzilen, Quantlties measured were the surface wave
phase velocity, 1ongitﬁdinal and transverse field decay;
excitation efficiency, tolerance.effects, ohmic losses,
and behavior near the source. Particular emphasis is
given to long maximum gain yagis (up to 300\ in length)
and how the above quantities enter to limit the gain. A
partiali§ empirica1 theory 1s developed from the extensive
measured data which gives a simple picture gf\the filelds
around a yagl suiltable for computing far field patterns
wlthout the errors of the Hansen-Woodyard theory. This
thevry wholull bz applicable to other parasitic linear,

endfire antennas.
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INTRODUCTION

Dielectric rods [@], yagis (arrays of short, parallel
rods or pins) [?], cigars (arrays of parallel discs) [ﬁ],
and many other similar structures support a surface wave
with phase veloclty slower than light. It will be con-
venlent here to give such structures a collective name,
and the acronym PLASER (Parasitic Linear Antenna Surface-
wave Endfire Radiatlon) suggests the distinguishing features,
When fed at one end, parasitically (as distinguished from
an array of elements each "actively" fed) a PLASER supports
a surface wave which will radiate an endfire beam unless
the structure 1s modulated or loaded in special ways which
we will not consider here. The word'linear' is used to
rule out two dimensional structures such as a dielectric-
clad ground plane or a "fakir's bed," which is the planar
analogue of the yagi. |

PLASERS have often been designed in the past on the
basis of the Hansen-Woodyard condition [ﬁ]. This states
that the optirum length ,Z for maximum gain G 1s given
by

(1) b= = 20

where /5 and k are the surface wave and free space

propagation constants, respectively, and further that

(2) G=7.2£.

TECHNICAL RESEARCH GROUP



The "gain per wavelength" which is 7.2 for a Hansen-Woodyard
design, ig a convenient figure of merit for PLASERS, One
conclusion that follows immedlately from these fesults is
that for high gain, long PLASERS are required, supporting
"fast" slow waves, ones for which ﬂ’ 18 close to k.
.Although the Hansen-Woodyard theory is cbrrect for uni-
formly 1lluminated active endfire arrays,* it has been
shown to be definitely in error for PLASERS [?]. Optimum
lengths appear to be somewhat shorter than that given by
(1) and the maximum gains so far achieved are almost twice
the value of (2) for short PLASERS (/ ~ 1\) increasing
to about half the value of (2) for long PLASERS (/A 1002),
The Hansen-Woodyard theory is based on the concept that
radiation is due entirely to a uniform surface wave traveling
the length of the line source. This picture 1s not correct'
for yagis as pointed out in [é]. Data taken by Ehrenspeck
and Poehler showed that the surface wave amplitude (as
measured along a reference line parallel to the yagi axis
as close to the axis as the yagi structure permits) is not
uniform. The study in [é] was confined to yagls slx wave-
lengths or less in length, and to the fairly slow surface
" waves which are optimum for these lengths. The phase and
amplitude plots shown 1?5[?] give a fairly satisfying pic-
ture of the mechanism ofhlaunching and establishing the

surface wave for such yagis. Also the techniques for

By "active endfire array" 18 meant an array in which the
phase and amplitude of each element is controlled by means
of an individual connection to a feeding transmission line,
rather than by parasitic excitation.

TECHNICAL RESEARCH GROU?
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maximizing gain as described 1in [?] appear adequate for
short yagis. The presengﬁggrbrimarily concernéd with the
problem of maximizing gain for longer yagis and in con-
sideration of the faster surface waves which are used on
them.

There 18 no theoretical 1limit tc galr ver wavaleng
if sﬁpergaining is permitted., For active endfire line
sources the relationship bétween gain and Q@ can be deduced
from previous analysis for broad side line sources [ﬁ].

If excessively high Q's are not allowed, one 1s led to the
seml-quantitative praétical limitation on the maximum gain
per wavelength of about 10 for £ large compared to A.

It 18 not clear whether very long PLASERS could achieve
this value, The pdssibility exists that ohmic losses in
practical structures, pradticalltolerance limitations, or
difficulty in exciting a sufficilently "fast" slow wave
efficiently, might impose a more severe ceiling on the

gain per wavelength than the theoretical supergaining limi-
tations, |

The research reported in thils paper was undertaken
to study this question of limitations on gain of long
PLASERS, Pertinent to this question is the mechanism of
the excitation and formation of the surface wave on the
PLASER. This becomes clear if we consider a hypothetical
situation. Suppose a slow wave whose propagation constant
ﬁb is close to the free space value k, that is, a
"fast" slow wave, can be efficiently and fully established

close to the source 1.e: at a distance ,Z much less than

TECHNICAL RESEARCH SROUP
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m/(8-k} Assume the PLASER is terminated at that point.
Since a "fast"slow wave looks very much like a p}ane wave
over a large area and since it is not closely bound to the ,
structure 1t will radiate with little reflection to pro-
duce a narrow pencill beam. It is shown in [;%" that, as
(1) and (2) imply, .the resulting gain will be inversely
proportional to ﬁ~k " when &-k is small, Under these
hypotheses we have "created" a supergain antenna. If the
surface wave can be efficlently excited without supergain-

ing, therefore it apparently muct take a length of the

order of Af given by (1) to fully establish itself. Thus
in order to answer properly the question of what limits
the gain per wavelength of long PLASERS, we have had to
determiﬁe how the surface wave is launched and established,
and why the length 1s required in the first place. For
this purpose we have studied experimentally the near fields
of varlious PLASER cdnfigurations.
APPARATUS | |

The photograph (Figure 1) shows a 3 ft by 32 £t aluminum
ground plane in which a row of pins is embedded to form a
yagl about 300N in length, The pins are .2\ apart (A=1,2992")
and are right circular brass cylinders of diameter .062"
+,0005" and height above th2 ground plane L which-is
variable by means of an adJjustable support strip running
the length of the yagl below the ground plane. At the
bottom left is visible an open waveguide (RG 52/U) source.
Other sources were occasionally employed as described later.

It is convenient to think of cylindrical(r,8,z) coordinates

TECHNICAL RESEARCH GROUP



FIGURE 1
"300 M\ Yagi"
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with the 2z axis coincident with the yagi axis, the
source at the origin, and the half space above the ground
plane described by 0 < 6 < 7w. The carriage shown in the
photograph was.designed to support an open wavegulde probe' .
to take field measurements in the z or 6 directions.
The ca ~ .age was geared to a synchro transmitter which
operated a chart drive for recording amplitude and (with
the help of a bridge circuit) phase versus either the
longitudinal (z) or transverse (@) probe motion, For

all the measurements described herein the ground plane

is effectively infinite and the yagl semi-infinite,
Scattering by the receiving probe or carriage was usually
negligible as could be determined by judicious use of
absorbing'material. It will often be helpful to adopt
the point of view that the yagi here'is an open trans-
mission line and the source is a lossy transition from
the closed wavegulde transmission line to the open
aurface wave transmission line, By an open transmission
linre 18 meant one whose exterior transverse boundary
condition is the radiation condition in contradistinction
to the closed transmission line with a finite metallic
wall boundary condition, A few of the measurements
reported here were also made on short yagis qu: 5 to 10A\)
in free svace,

THEORETICAL FIELD ON AN INFINITE PLASER, LOWEST ORDER MODE

in an infinite dielectricérodsnpporting a lowest order
"dipole mode" surface wave [i] each fileld component exterior

vo the dielectric is proportionai to

TECHNICAL RESEARCH GROUP
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(3) (coKo(er') + clKl(er))e"jﬁz
where
(%) B = wiexe

and CH and cy depend only on the angle @ and the
particular rield component under consideration. In
the case of a planar surface wave, the field components

are cf the form

(5) e-Jﬁz-kXy

whepe y 1s the height above the surface. Equation (&)
also holds here too, The quantity X has the further sig-
nificance in thé planar TM case that it 1s the normal re-
actance of the surface normalized with respect to the
characteristic impedance of free space, In the case of
the PLASER we continue to call X the "reactance" although
the physical significance of this terminology is no longer
obvious,

The Infinite yagl may be analyzed without considering
a boundary value problem in such a way as to show that its
field dependence 1is similar to the dielectric rcd dipole
mode. Since the result will be required to identify the
surface wave in our field measurements, we give the deriva-

tion here. It may also be of some general interest to show

TECHNICAL RESEARCH GROUP
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how much of the character of the electromagnetic field
can be determined without solving any boundary value
problem,

Imagine an infinite array of pins along the z-axis
in free space with centers located at z =.nd, n = 0,+l,
+2, ..., and oriented with the pin axes parallel to the
X axis. Consider the fleld at a general point P in
space given 1n.cy11ndrica1 coordinates by (r,0,z).
The total field at P 1s the sum of the fields due to the
currents in all the pins. Let us assume the current on
the nth pin equals Ioe'Jpl“i for all .n. Our assump- °
tion therefore, is thét the pin currents are those dﬁe to.
excitation by a uniform surface wave with propagation con-
;;;ant ,g= k\/;-—X-T We shall also assume that. each pin
radiates like an infinitesimal electric dipole with axis
parallel to x and dipole moment Py and that »r>> §$
so that the point P is in the far field of all the di-

poles.
FIGURE 2 . SPATIAL RELATIONSHIPS
X r sin ©. Ind-z | :
‘K . /
E ——*’1f—‘—_————#; \ 2 r cos @
.\ e 8in 0)%+(nd-z) ¥

/ / : nd
{ infirite yagli axis
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The x Gcomponent of the E field at P can be obtained
by superposition of” ﬁheﬁel]:-lcnown dipole far fields, It
must in fact be equal to.-

n

' pokz‘m §p nd Y,
6) E _(P) = 'Z'e' nd g 81n<Q
( =) = ey L TR
where
R -2 -
(7) sin o = ﬂr sin O7+(nd-z) -, R = vr +(nd-z) .

Let us consider the case © = % , which simplifies

because Gn = _1ér_ . Then by the Poisson summation formula

. i 'é-J(-ﬁ nd+k\/r§+(nd+z)§)

®)  FrEE) =L e

r“+(nd+z)

oo s/rz-,!-(td-z)i

zi ——swr s, ~I(A+ 5z
=3 KO(I'\/(l6 + —a—) -k )e s
) :

(6 = %)

s

where Ko(x) is the modified Hankel function of the second

kind of order zero., If

(9) P<E -k, (A>x)

TECHNICAL RESEARCH GROUP
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thg_grguments of a;l.of»the modified Hankel functions
are positive and there will be qp‘radiaﬁing mode, If
d 1s sufficiently small (e.g. for A ~k, 1if d< %)
then only the m = 0 mode is important; all othérs being’

exponentially small compared to it. In this case,

2 -

-(10) E (P) o ’e?r'i%d K, (kXr )~ S0V IHETZ

"

In so far as this approximation is valid, the field ir
O independent since the right member of (10) 1s the
unique solution of the scalar wave eﬁuation which has
the appropriate behavior at 1nf1n1ty and takes on the
boundary values in the plane 0O = i.% which are given
by the right member of (10)., Measurements indicated that
Ex is the only apbreciable component of E at least for
"fagt" slow waves, (In the case: X = ,097, L = ,169",
noe pdlarization component orthogonal to Ex exceeded
33 db below peak E_ at any point), If then we assume
that Ey and Ez are negligible, the relation
VxE=-jJwuH implies that the only significant com-
ponent of H 1s H, and that the ratio Ex/ﬂ.& , the
surface wave longitudinal impedance, 1s a constant
Z, NV14X2, |

When we compare this resuit with our experimental
results, several points must be kept in mind;

(2) the wavegulde probe couples also to the hérizontal

H field which is

TECHNICAL RESEARCH GROUP
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HY(P')' _ i -J(ﬂnd+k\/r§+(nd-z)§)(nd z)

n=-00 +(nd z)?

However,~w1th the same validity as the approximation
in (10) we have seen that the coupling to H (P)- has
the same r,z, and O dependence as the right member
of (1o)a ‘

(b) the meaaured currents on the pins are nct uniform buib

| have a‘decpeasing amplibude the further the pins are

from the source (the phase does follow e=IB 2 .1osely,
however). |

*
(¢) there are only a finite number of pins.

GENERAL NATURE OF THE FIELDYABOVE A SEMI-INFINITE YAGI AND
RELATIONS BETWEEN THE PRINCIPLE MEASURED PARAMETERS

For orisntation purposcs 1t will be helpful to antici-
pate the resuits described in detail in later sections and
to divide the space around the yagi into five regions as
‘shown 1in Flgure 3.‘ Although the boundaries -between regions
are not phy3ically sharp, the field has distinctive charac-

teristics in each region,

. (1) "near field cylinder" The cylinder, whose equation
is r o~ % s 18 excluded from our considerations for -

four reasons.;
a) 1t contains the pins themselves and is approxi-

mately the region of the near field of the individual

It is of interest to observe that one can estimate how many
pins of uniform current amplitude are required to produce a
field which looks like a pure surface wave by estimating how
many terms are required to sum the series in (6) with a cer-
tailn accuracy.

TECHNICAL RESEARCH GROUP
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pins, which was excluded in the theory of *the

) pgeceding section., .

b) yagi-probe coupling makes 1t difficult to inter-
pret measurements made inside this cylinder;

¢) a complete picture can be obtailned from measure-
ments made 1n the other regions.> \

d) the region is sufficiently small so that its

| presence may usually be neglected,

- (2) "cylinder of the surface wave" This is the region in

which the surface wave 1s "fully esteblished." The

fleld is virtually that of the infinite surface wave,
Any variation in the field from eq (8) is due to pin
or ground plane tolerances, any attenuation is due t
ohmic losses, primarily of the currents in the pins,

Approximately
r/mX
{ Koa(er)r dr
o \

= 97.4%

(12) —
2

g Ko (kXr)r dr

of the total surface wave energy is contained theoreti-

cally in this cylinder. The boundary of this cylinder

is r = A/AX and it is much larger than the near field

cylinder, in all cases of practical interest,

(3) "cone of the surface wave" In thi3 region the field

has the phase and transverse amplitude dependence of

the pure surface wave., However, the longitudinal ampli-
tude dependence 1s not uniform but decays with raspect
to "z", This 1s the region in which the surface wave

becomes establigshed. It 18 convenient to introduce the
TECHNICAL RESEARCH GROUP
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(&)

18-
rormalized distance
P = kzx2 .

We shall show that the cone of the surface wave ends

and the surface wave is fully established somewhere

,between p =1 and p = 2r depending on the criter-

ion used, In order to keep a ‘sense of proportioh it
should be noted that for optimum gain, a short uniform
yagi [2] should be terminated when p «~ 4.5 (Z ~ .7—2‘-5),
while the Hansen-Woodyard length is p 7~ 2r. *

" It is probably not a coincidence that p equals
in magnitude the "Sommerfeld numerical distance" for
the plane earth [?]. The criterion for an observation
point on the surface to be in the far field of a source
for both the yagi and the plane earth is p > > 1, The
connecting link between the two problems is the plane
reactive surface or fakir's bed, in ﬁhich the significance
of p oan be demonstrated with essentially the same
analysis as in the flat earth problem, The connection
betwﬁen the yagi and the fakir's bed 18 an empirical
one, which we have observed, that the field in the
vertical plane of a yagl is not much different from

that above fakir's bed with the same reactance and source,

"the radiation field region" The field in this region is

\

largely unaffected by the presence of the yagl., It has
the inverse square dependence on distance from the source

and the spherical phase front characteristic of a radiation

TECHNICAL RE3EARCH GROUP
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| fleld. The angular pattern dependence 1s similar to
.héfpatkefﬁ of the source in free space. The region

18 defined by the inequality r > Xz,

(5) "the diffraction region" This i1s the region between

‘the cylinder of the surface wave and the rgdiation field
region., o .
V. EXPERIMENTAL VERIFICATION OF THE FUNDAMENTAL SURFACE WAVE

P AN | |

" Phase Velocity f = e/,

The phase velocities of the faster surface waves with
which we are conicerned are extremely close to the velocity
of light and require an accuréte determination to distinguish
the difference, The measurement technique was as fcllows?$
A shorting plate, creating a standing wave, was moved along
the yagi through many periods of the standing wa:2. The
plate rested on.the ground plane and had a.small 3lot for
the pins to pass through. The standing wave periods were
detected by a.probe in a slotted line behind the feed. The
distance the ngte moved was carefully measured and xg was
then determined as this distance divided by half the number
of periods, The experiment was repeated several times and
the results averaged. Thé frequency had to be held to 1
pArt in 10° to obtain meaningful results. The shorting
‘Plate had to be large enough to give a high enough VSWR for
accurate determinationcof the périodicity. Preliminary meas-
urements showed also that the short could not be too large
or moved too close to the source otherwise unduly small values

of kg would be observed. Later the criterion was determined

TECHNICAL RESEARCH GROUP
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that the short must not extend into the radiation field

region. The resulting values of A and X for the

g
fastest waves are shown in Table 1, Note that the "ecrude"
value of free space wavelength at this frequency, A = 1.3000",

is not accurate enough for a méaningful determination of X.

TABLE 1
Pin Height L | A_(in.) | x = J(rx )21 |Excitation efficiency -
g g N of open waveguilde
(A = 1.2992 in) |source
.169"+,005" | 1,2931 .097 : .195
.144"4+,005" | 1,2982 | .O4O0 .050

Excitation Efficiency

The excltation efficiency n’ is defined as the ratilo
of the power radiated into the surface wave to the total
.power radiated by the source., It was determined as follows.
The source was tuned to a VSWR less than 1,05. The input
power -PO to the source was established as a reference from
a calibrated direcfional coupler and a relative power detect-
ing unlt consisting of a matched bolometer detector and a
standing wave amplifier, An open waveguide probe identical
to the source,'was located at some point in the "ecylinder of

the surface wave,"

a distance 2z from the source, in the

same position with respect to the pins &9 the source, The
relative power recelved Pl wag observed by a power detection
unit calibrated against that used to monitor the tranamitted
power, If it is assumed that multiple scattering between

>the source and prope, elther via free space or via the surface

wave, 1s negligible, then.

TECHNICAL RESEARCH GROUP
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, = p e 2XZ ‘
(1%) Py = Fg® T12T21 ;
where T12 is8 the power transmission coefficient of the
Junction between the open and closed transmission lines
(equal, by reciprocity, to T21), and o 1s the attenuation .

of the surface wave in nepers per unit z. By definition
(15) =T = Ty

so that 1| may be determined from a measurement of Pl/Po,
A, and  z. |

For fast élow wavés, multiple scattering has been found
negligible but, in ény.caée, the effect of multiple scatter-
ing can be 1érgely eliminated by averaging P1 over a dis-
tance of xs/é. As a check:oﬁ'fhis measurement technique,
the Deschamps moyipg short me thod [?] was also used a number
of times, The latter mefhod gives also the complete scatter-
ing matrix of the Junction at the cost of a more elaborate
procedure, Results,w&ré about the same in both cases,

We observed only a élight dependence of excltation

~efficiency on the gsource provided the source was small,

centered on the pins, and polarized verticélly. Comparative
results for various sources are given in Table 2, With all
these sources, and some others such as a Vv feed having param-
eter values scaled from [ié], the excitation effiqiency de-

pends primarily on the reactance and not on the source,

TECHNICAL RESEARCH GROUP
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TABLE 2a

Excitation Efficiency of Varioﬁs Sources

(Pin spacing .260" in all cases. Pin height
L is shown f = 9,085 kmc unless other-
wise specified)

Source
L f£(xme) Sq S, s5
«260 11 .62 .79 7

.260 11.5 .57 .68 .725
.260 12.0 L6 .50 yan

TABLE 2b

S, center height N, for
agove top of pix?s L= ,230"

-e 120" R 46

-.060" 48 Source Sgi nN= .63

O R )49
+,060" : .55
+.12G" : .53
TABLE 2c¢
L Su SS

.169" 0168 0195

Source Code Letters

oren wavegulde, .4" x ,9" aperture} tested with

S,

S,: small horn, 9" x .9? aperture Zﬁgt:d";fgngo

83: resonant slot in an "infinite" vertical

ground plane, .062" x .620"

y+ 8tub source testec with
stub height ,305" yagi on
reflector height .300" ground plane
stub reflector spacing .260"

SS: open waveguiée, LA4" x .9" aperture
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Y o

&.
P e et



-19-

Ohmiec Losses

Ohimic losses were determined by
measuring the field varilation with
respect to 2z with the probe immedi-
ately over the pins within the cylinder
of the surface wave, A very accurate
reading for the low loss cases could
be obtained by a probe travel over the
whole 300N yagi if necessary. By re-
cording the continuous variation of
field strength, a best fitting exponen-
tial attenuation (straight line on a
db plot) eliminates errors due to multi-

ple reflections between source and probe

via the surface wave, tolerance variations,

and occasional spurious room reflections,
A typical plot of this type is shown in
. Figure 4, |

Ohmic losses were found not to be
important for fast slow waves, For
example over the length 300A with
L = ,144" the diminution in the surface
wave amplitude attributable to ohmic
losses was not greater than 1 db., The
ohmic loss A in db/A increases as L
increases, and above pin helghts of
L = ,185", where reliable measurements

could be made, A 18 such that over a

TECHNICAL RESEARCH GROUP
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Hansen-Woodyard length array (‘z given by eq (1), or
A~ x/xe) the total loss remains appfoxiﬁétely inde-
pendent of £ at about .4 db. Figure 5a extendﬁthe
data of Table 1 to greater pin heights, 'Figure 5b shows
the frequency dependence at a fixed pin height.  Figure
5¢ is data similar to that of Figure 5a except that the
pin spacing has been increased to .4\. PFiguresSd, e, and
f ére data on entirely different yégi structures, the
latter two . 3 band. With any given structure and ele-
ment spacing we have found that.there is a maximum re-
actance obtainable as a function of the elemens height.
We call these the "cut-off reactance” and "cut-off" heights.
Figure 5a and 5¢ illustrate that if one compares pin
heights for the same reactance, the principa1 effect of
increasing pin spacing is an increase in the sharpness of
the "cut-off" pin height and a decrease in the "cut-off
reactance." This is also illustrated in Figure 5f where
the element spacing was the smallest used, .13\, This
structure suﬁported the maximum yagi reactance we have yet
measured, X = 1,6, Below the cut-off, for a given X there
1s 1little difference between ] or A for the two cases of
Figure 5a and 5¢., The Q_ s X relationship as indicated in
these figures 1s almost 1ﬁdépendent of the yagl structure
and as previously mentioned, the source, However thé attenu-
ation is associated with the large currents on the plins when
they are neér fesonant length. |

‘Figure 5d 1s fo_ a . 388 disc--— -wod or "eigar" struc- |

ture. The rod diameter was .140", the disc thickness and
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Note! A,¥W, and X plotted
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T FIGURE 5b
4 .8 -
: - — . 7 ~
. =T - n v :
1 ) - pad f
P :
.‘ A B . ‘
" — inches) N
.'»}uop L |'1$o| | 1+280, | | -§6Q
, | : 1.0 x pAND CIOAR
—— g ' ] \ 1
+ 8 FIGURE 5d | ..
T 6 N(source 2\ -
| ‘ N X » rl(squrce 1)
/A i B ,
' ; —t 42 i
- - T 0 pise 0.D; (inches) _ é
YR R NNV N (NN OO A AN TN Y T N A { A WO T NN N S B .l | O P T
S BAND PRINTED YACI - GLASS EFOXI—[-1.0 S BAND PRINTED YAGI - TEEZON aLASS
. , f = 3100 me A
FIQGURE Se : .
I
-
E —+ 0 L{inches)
' 1.0 1.1 1.2 1.3 1.1 1,2 1.3 1,k
L i N | N I N ] N ] \ | | I i I | _L | | l 1 ] i ! _ | | 1 j
% “
: TECHNICAL RESEARCH GROUP j_




) B T

g

gpacing were 031" and .260", The resctance was varied
by varying the disc outer dilameter a8 shown.

_ The S band jag; (Figure 5e) was made of 1/16" glass-

epoxi printed circuit board, clad on one side with 2 oz,

copper. The dipole widthsfwere .25" and spacing 1,00",
This st#ucbure was tested withoﬁt agground plane; that is,
in free Bpace, Comparing equivalent reactances, the attenu~

ation in this yagl is about four times (in db) that of the

‘pin yagis. Most of this difference can be attributed to

the loss in the dielectric accompanying large dipole oﬁr-
renté. Figure 6f 18 For & similar structure except that ‘
the dielectric is low-loss tefloh glass and the elemenﬁ
spacing has been reduced, by half, |

o Bééides spacing ﬁhe'elemenbs‘closer together, the
perfofmance'of the:pin structures in regard to ohmic losses
can be improved by two dirferehb bechniques,“as ;11u5trated
ih Figure & | I |

(1) silver plating the pins' (2) use of a yagl element

with lower resonant Q, Figure 6 ghows that the db loss with
pins of diameter 1)8" 18 about one-third that of the 1/16" |

~ diameter pina, While this 1s not particularly important

for vagli deiisn»itvis 1mportaht for the design of surface

- wave lenses, The reactance of a surface wave Luneberg lens

is unity at the center and may require ray paths of many
wavelengths near this high reacfance, so that only very low

loss structures would be sultable,
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VI, PHASE FRONT MEASUREMENTS
: ‘ Figures 7, 8, and 9 show measured phase versus r
é ‘ for several values of z at pin heights L = 144",

+169", and ,185", The first two of these plots were
taken with © = #/2 (vertical plane), the latter with
e= 0 (horizontalﬂplane). Since the field is almost

1 independent of 0, this difference is not significant,
A . The ease & = 0 was usually employed after it was learned
that the resulting data was smoother in that case, proba

ably because the effeat or‘ground plane irregularities 1is

% | ' minimized uhun both sourae and probe are on the aurface.

s

; K o We observe from the measured data ‘that the plane phase
i ‘ | rront of the surface wave is formed only close to the yagi
;i_ J - ’ where tha.propagat;on constant 1e that of the_surrace wave.
A )  the p#evieusly measgred ﬁI; - Away from the yagl, the phase
| front is apharioal'ﬁnd travels with the free space propé-
gationh conutahﬁ k, There 18 no discontinuity in the phase
rront if p 1s not. large ocompared to one.

These obeervations suggest the following empirieal
'thoor: valid for values of p which are not large com-

'parad to one’' the surfage wave exists 1ns;de [} gﬂe centoro

3 . . on_the qo‘ o wi h_axis along the yagi and vertex half gggl
E o _ gég; to ten'lxg' The detailed reasoning is as rollowﬁ:

Lot A be the point where the spherical and plane phase

'rronta meet, at a distance r, from the yagl. The rays
K ana ¥B of Figure 10 are drawn from a source o' the

‘same phase front, Therefore the phase delays from.‘s to

% @nd irom S %o B musy be equal, The energy on SA
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— Spherical phase front

?1ané phase front

K Y'agi

'THEORETICAL PHASE FRONT SHOWING FLAT SURFACE WAVE PHASE
FRONT SMOOTHLY JOINING SPHERICAL RADIATION FIELD PHASE
FRONT AND RAYS FROM SOURPE

travels with free space wavelength, the energy on 35> with

wavelength xg. Heince _ '
mE—y
) /u + 1 ,)() %
(16) e e B
' g

1 —-‘-Hl . ‘
Singe 7\/)\8 = v1I+X® this implies that
(17) . ' ¥z = g

This is the equation cf the ‘cone of the surface wave," The

-phage values which this thecry implies are plotted for

comparison with the measured curve in Figures 7, 8, and 9,
Below values of [ = 4, the agresment 13 quilte good. At.distances
beyond p = U4, the prasa fronk beging to break up at the Surface

wave, radlation rield j-r. tior, At =z distances where the

TECHNICAL RESEARCH GROUP
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radistion field phase front appears to lead (lag) slightly
the surfaco wave phase froni, the radlation fleld phase
front is retarded (advanceﬁ) and the surface wave phase

front is advanced (retarded), so that the two tend to

merge, However, when the two fields depart too far from

each other in phase, there 18 a phase front discontinuity.
The region where these effects take place has been called
the "diffraction region,"

TOLERANCES

The efrfect of‘toleraﬁces on the long yagis was most
noticed in gome of the phase front meaéurementa. The pin
height tolerances of +,005" were about what was required

foq g9od measurements except for heightsvery close to the

. out-off reactance (msee Figure 6¢c). A tolerance of +.010"

was held in ground plane flatness on the first eight foot
section and was alsc adequate, However due to an oversigat,
the last three eight f2et long ground plane sections were
of softer'temper aluminum than the first section and lost
their flatness in shipping. They contained many approxi-
mo.tely-random ripples and bumps which departed from flat-
neus.by as much as +,040", By holding the pin helght
toleraﬁce ghe resulting yagl then undulated slightly as
shownn in Figure 1l in an exaggerated form,

FIGURE 11

Sl L_L,Lfl—J/I/LL

SCHEMATIC GF PINT ON "ROLLING' GROUND PIANE
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The resu;ting effect on the surface wave was that 1t
d1d not "fully" enter the ground plane valleys or "see"
the pins "hidden" in them, As & result the effective re-

actance in these regions was reduced. On the "hills" the

effective reactance was not ehaﬁged. Over long path lengths,

the net average reactance was accordingly less than its
expected value. This situation is illustrated with the
phase front measurement foan“pih height L = QU4 at a
great dimstance from the souréé; - Figure 12 éhows that at
£ = 240N the phase front £its fairi& well a theoretical
curve for the value of X é .632 {rather than X = ,04O

which was measured in the region 0 < z < 1207). At

z = 180N the phase front fits: the, theoretical value for
X = ,040 very poorly. _However,_b& increasing the piﬁ
heights by .020" in the interval 150\ < z < 180A, the un-
dulating ground plane affect wag compensated and the re~
sulting phase front closely approached the theoretical

value, _ .

VIIT,TRANSVERSE AMPLITUDE DEPENDENCE

From the measured values of X one may determine
the theoretical amplitude dependence in any transverse
plane from (10) as K, (kXr). These values were plotted
and compared with measured values in Figures 13, 14, and
15, In PFigures 13 and‘lu'the relative independence of
these measured values with respect to @ are illustrated.
We Aote again that measured values in the plane © = 0
arg smoother, In Pigure 15 the relative independence cf

the messured values with respect to 2z are illustrated.
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In the latter figune, all db wvalues are with »easpect to
‘a common reference, The good agreement here tends to con-
firm both the measured values of X and the theory of
"section (II},

LONGITUDINAL AMPLITUDE DEPENDENOCE

Results of measurementa® of the field amplitude dependence

on z in the "cone of the surface wave" suggested a simple

Hypothesis! the surface wave energy 1s conserved, By this

we mean that no energy crosses the cone from the radiation
fielda to thg surf: ‘e wave or #1ce vgraa;‘ As the wave travels
along and spreadr ut in the-cbne,,the energy in the wave
spreads out too, If P(z) is the energy density of the
surface wave at a fixed reference valué of r, Poynting's
theorem 9howé that the energy f;cw'infthe cone of the surface
wave ia>ﬁroportional to

Xz

(28) P(z)g [ (X )] 2 car = i&g{l-p_a{[xl(p)]e_@o(p)]a}] |

0
where Ko(p), Kl(p) are the modifiled Hankel functions of
the second kind. The surface wave energy conservation hy-
.pothesis 18 equivalent to the statement that (18) is inde-

pendent of 1z, or
(19) P(z) = 10 logyo[1-p2{ [k, (p)]2- [y (p]] gﬂdb.

This theoretic#l fleld variation is plotted versus the nor-
malized distance parameter p in Figure 16, The measured

Values for L = .i4Y% and .169 are aliso shown plotted v D,
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uging the same values of X which agreed wlth the previous
phase measurements and transverse amplitude measurements.

wa-pbséfve that at p = 1 the surface wave peak amplitude
18 within 1 db of its ssymptet;

taken from '[?] for a 3\ yaki with X = .45 18 also ?f

? plotted v8 p and compared to the theoretical curve, We

believe that the good agreement between the theoretical and

et o o i 1o

S ' measured values places the theory on a secure footing.

L o _ In order to give some perspective to these results it

18 well to emphasize the great range in distance - they en-
~ compass, For a short yagi with / = 3\ and X = 45, the

H
point. p =1 ocours at a distance of ,8A. The whole : . ;
; | surface wave cone contains only about six pins, At the 1
oen 'ophér extreme ﬁith X = ,040, the full 32 feet of our : ‘

. T | yagl brings us only to p =3 The“datg from p = 1,5 | |
? ’ : lto‘ p = 3 for this case, which appears.relatively 1neig-
‘nificant on the graph, required the use of the last 16
“feet of the yagi with 1ts 738 pins! |
| It may be of some interest to observe that for a time
after 1t was first postulated we believed that the hypothe

. esls of conservation of energy in the cone of the surface

wave did not agrse with the measured values, This came
about because we assumed an exponential transverse fleld
dependenoe, which is correct for a two-dimensional or fakir's

bed structure, but 18 only an approxlimation to the modified

Hankel functlon, This assumption leads to the equation
Xz

(20) P(z) = 10 log, S e AT dr} = =10 10310[}-(1+2P)en2§]
0
TECHNICAL RESEARCH GROUP
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instead of (19)., The poorness of fit of this expression
as compared to (20) can be observed from Figure 1G, and

illustrates one of the significant differenbea between

.the yagi and the fakir's ved,

T AMTONE WTET
BADIATION FIELD

- The apherical_phase fronts of the radistion field
reglon have been 1llustrated in Figures 7, 8, aﬁd 9.
For amplitude plots in this reglon it is convenient to
use a conventional (R,#) polar coordinate system in the
horizontal plane centered on the source, related to the

previous coordinates by
(21) R=z8ecd, r=2ztang,

Figure 18 shows the measured field.strength v8 R for

several values of ¢ for the case L = ,185", For

_each value of @, & theoretical inverse square dependence

© is also plotted. The boundary of the cone of the surface

wave ccours at @ = 10,5°,

The variation of field amplitude across the houndary
of the cone of the surface wave and the radiation field
regions 18 very smooth, Thir could be generally anticl-
pated from‘the conservation of surface wave energy hypoth=-

esls, Fprom this hypothesis, the amplitude of the surface
1

wave on the boundary ray ¢ = tan "X is
~ 2
10 1o Ko (p)
2. o~ -
"10 4 _pe NP
=0 {[Kl(lw Fo'Pl ]
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This.relation 18 plotted v8 p in Figure 19 along with
the ;nvefse square radiaﬁion rield dependence,-aEO:loglo .
The two ﬁgréé.well'ror‘small values of p, For lérger.
values of s whepe they indicate an‘appreej ghla ‘discon-
tinuity, ap abrupt vafiation 1a not qbserved“in-practice

until at least p = 2, 80 that abrupt variétione take

'place in the’ diffraction region.f At pa 2w, 4#,..c,
there are definiﬁe field nulls acposs which the field

ehangea in charaoter from surface wave to radtation field
with the 180° phase ‘change previously mentioned, A% qther
values of p the amplitudes of the two fields tend to |

pull each other 1nto a smooth trangsition across the boun-

' _dary of ‘the surface wave region and the radiabion or dif-

fraohion reglons,

From‘Figure 18 one may also observe that the field

 ‘angular pattern P(#) in the radiation field region is

XI,

aamewhat narrower bhan the pattern of the same gouree in

free space [11, P. 345] but the twd are of generally -

- -the same charaster,

CALCULATION OF FINITE LENGTH PLASER ANTENNA PATTERNS

The results of these investigations can be applied

to the problem or the proper way to predict plaser far flela

patterns, a gubject diecusaed at ccnsiderable 1ength in [i%.

Some confusion has been created by the possibiiity of pre=-
dicting patterns in two different ways:‘either (a) by an
integral over the PLASER 1tself or (b) by an integral over
en "effective" spsrture in a transverse plane at the ter-

mination of the PLASER, Of course, it must be possible to
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successfully predict the pattern either way provided the
correct sources and aperfure fields are used, Determina-
tion of these correct values has been a bonsiderable prob;
lem, It wase Statedxin [}é], for ez&éple,‘&hat only enough
was . known to-pfedict patterns My method (b). We feel that
now, perhaps, either method may be used, |

In the case of method (a), if the correct non-uniform
amplitude dependence'is“included, 2 reasonably good pattern
ahduld'be obtained from simple line source pattern ﬁheori,
The pattern wéqld be}givén 88 a producf of ‘a dipole element

factor times an array fachbr of the form
- _ N o o
(22) () = Z; aed PN ok cos g
N= o ’

wheré from (19)

e 2 . -
(23.) ®n l-pnv"r{[xl(pn)]e- ﬁ(ofpn)]g}- e nd'_
: n>1ll,

The coeffioclient & corresponding to the strength of

the feed it:elf would be infinite if defined by (23).

Its corract value wiuld have to be determined by other
means, In addition, a term corresponding ho,&-réflector
element, 1if one is present, would also be reguired, How-
ever, we believe that forAlong plasers (22) should give

a fairly good result even if theme terms are omltted,.

in fg] 1t has been shown how the sunmsbion (22) with

w =k will predlct the relationship of length to gain

TECHNICA.. RESEARCH GROUP
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of 'a yagl, The "aﬁ" values used in [2] were experlmental,
but we have shown (see Figuire 17) that, for n > 1, they
‘agree\wnli with (23). There is o reason to believe that
tﬁ; entiré pattern could not be ppedicted with egual suscess
by the same formula with the more general value of w,

In case (b) we belleve that if the yagi 18 terminated
at the ;lane g = J the far field pattern can be predicted

from an integration over the "aperture planeﬁ of the follow-

~ ing form
gék? N P(F) = Py + Py
where
(25). |
Qii _ ~ é-dﬂl , S Kd(er&eJur cos © r dr 40

A, G- (K )] 3,

(26) By = g R(r,0)edV" 98 € 1 45 40, wu = X sin @,
8, N

Here S, is a oircle, the intersection of the plane z =/
and the cone (or, as the case may be, the cylinder) cf the
surface wave, The aperture field in S, is that of the
pure sﬁrface wave, 32 1s the rest of the aperture plane,
i.e, & plane with a hole removed, and tha_iﬁtegration 18
over the radiatlion and/or diffraction field; denoted by
E(?xﬂ}g timos the udual phase Tactor, ¥y may be evaluated

explicitly in terms of cylinder functions by formulas glven
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B w12, p. 3. ]
’ | We have no reliable general expresaion for ' R(r,0). q;
- Howavar, au an e.éprexima;.tloni one might be tempted to ‘
) ‘assume the free’ space or radiation field of the feed alone. ;
‘Qur measurements have shown that this 1is a fairly good ;
. aensumbtion at least 1r[ 1s small compared to M/XZ,
In this case we may let
L © (21)  R(r,0)-= A[0(8, Y )Jl/2 gr it 4r ‘
where G(g, ’6) is the gain of the free-space source in
o “ - direction (;ﬂ,’[/) the azimuth and elevation angles, re- !.
R ~ spectively, given by '
T (28) Y- tan™l| L 8in 9
g = tan-lé-r cos 0 § 1 ?
Z N
and A 1s an amplitude coelficlent chosen 80 that the
radiation and surface wave fields are of equal amplitud? .
m across the S,, S, boundary. The method in [12] 18 the 1N
i same as this emcept that the integral in (26) 18 taken i
; ] over the whole plang 2 = ﬂ, ag a repult of the impllcit ;
T assumption made in [12] that the feed radiation field is |
prasent aven  near tho yasl. s
One can show that 1t 1s difficuli to detect emperl-
mentally whether or not feed radiation field la present
in the fm'ﬂﬂ o oaylinger of e surface wave. Sunpoas ;‘.‘:L
’:‘ill’"tHb.M(".A! ARLEARCLE GROND ; .‘




LR

TR

> A

45

for example that we assume tiat the fileld above a PLASIR
i8 given everywhere (except in the near field cylinder)
by a pure surface wave plus a pure point source radis

gtion field as follows:

' oeim¢b§+z§
(29) :

BB

“— + Ky (kxr)e?F 2
4z

whare ¢ 18 a constant chosen for the best fit with .

'measured valhes.',Sﬁch an assumption leads to the aper-

ture filelds used in ha] .

A value of o = ;EKO(RXrO)/kXE, where pdg A2,

gives an excellent fit with the measured longitudinal

field decay. (See Pigure 20) Although we have not

carried out detailed calculations, 1t seems likely that
(29) would 1t the measured amplituae and phase curves
fairly well everywhere in space outs.de of the near field
¢ylinder, We, therefore, are not in a poeitidn,to of fer
direct evidence that (29) does nol agree wiith measured
values. The following indirect arguments make us feel
that formulas (24)-(28) might predict more accurate patterns
than the method given in |12 .

1) The feed radiation field can not in Tact exist

near the yagi because 1t does nof satisfy the

yagl boundary conditlonsa,

b

o)
S

The agreemsnt bebween the measured and theoretical

e .

patterns reported in bé] for one value of X
{rv .535) and for a best-floting value of o wap

good for a value of p o of sbows 1080 and
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progressively poorer for smaller values of p.

j
1
a

It can be shown thaf for large values of p, the

two methods give almost the same results,

3) The method in [12_] does not predict an optimum

gain yagi for lengths near the Hanmen-Wandw--
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which is the Hansqnmﬁoodyard condition,

Because our argument has involved several approximations,
condition (31) ©lould not be exact, and we know it 18 not.
Only fairly tedious calculations based on (25) would show
what optimum gnin condition actually is predicted by that
equation. However, this ., ‘roximation argument has been
given %o how'ﬁew an intek ation in the aperturevplane can
lead to a conditidn gimllar to the Hanseﬂ-Woodyard condition
and take 1nto;9¥qount the feed radiation in a conceptually
simple way.

LIMITATIONS OP IHF GAIN OF LONG YAGIS (CONCLU“ION)

Our inves tigations, described above, have shown that
at least for yagis up to 300N in 1ength,-with proper~care;'

ohmic¢c losses and/br bolerancea are. not significant 1n limitu

'4ng gailn. For long yagis, it is true, that small tolerance

errors, especially in the flabness of the ground plane, may
accumulate to produce 1arge phase errors 1ead1ng to & poop
pattern, Howeter if during construction, the phase delay
along the yagl i monitOred, and the pin height increased
or deqbeased acéordingly 80 as tp maintain the 8orrectf
average and tdtallphase‘delay'oven.the length, large toler-
ance errors may'Se compensated for. A long yagl could
probaﬁiy be Successrully rullt on a fairly uneven ground
plene by this means.

Although this paper is concerned with uniform yagls,
weldo not wibh to give the impression that we consider unin_
form pin height ﬁést either for guin or side lobe level,

Investigations nuof reported have have shown that o stepped

TECHMICAL RESEARCH GROUP
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or tapered deslgn atarting'with 2  irly -large reactance -
(X &) at the feed end and decreasing %t a small value
at the termination leads to better patterns than a long
uniferm reactance yagi of the same longth, The case of
the uniform PLASER hae been treated in @hig paper begqﬁae
it 18 a Qimpler case which has not been well uhéeéstodd

ﬁreviously;
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