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A1TENNA LECTURE D NSTR4.TICN APPARTU 

INTR(iDUCTIu 

adio waves consist of trave1in olectric and magnet- 

je fields. They are generated b osci11atin electric 

charges either in conductors or in free space. The lines 

of electric force, the lines of magnetic force, and the 

velocity are mutually orthoßonal and form a dextral sys- 

tom in that order. Radio waves in f ree space travel with 

the velocity of light; their energy is divided equally be- 

tween the two fields. .s in all wave otions the relation- 

ship between tho velocity of the wave, y, the wavelen;th, 

X, and the frequency, f, is expressed by the equation 

V f X. 

The surface parallel to the electric and magnetic 

lines of force is terned the wave front. Thus the wave 

velocity at each point is perpendicular to the ave front, 

The direction cf the polarization is taken as the direo 

tion of the lines of force of the electric field. The root 

mean square field strength of a radio wave is defined as 

the gradient of the electric component of the wave and is 

usually expressed in microvolts per meter. It is oquiva- 

lent to the voltage which the wave induocs in a wire one 

meter long placed parallel to the direction oÍ' polarization 

(23, p.1-2). 

Radio waves may be reflected fron any discontinuity 
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in the transmitting medium provido that the dimensions of 

the discontinuity are at the order of niagnitude of thu 

wevelength. The surface of the earth is such discan- 

tifluit3T, and wavEs are readily reflected from lt. 

Refraction of radio waves is siinlltr to the retrae- 

tion of light, that Is, a weve front is bent when moving 

obliauely into a region having a different refractive 

index. This bending results because the velocity al' pro- 

pagation differs in the two regions, so that the part of 

the iave front whìch first enters travels faster or slower 

than the tart which enters later. 

Radio waves are diffracted when an object intercepts 

part of the wave front, Just as in optics, the bonding of 

the wave front around the object is explained by Huygen's 

principle. The electric lines of raree can be thought of 

as inducing magnetic lines al' toree and the ixanetie linos 

oÍ' force as induoin electric lines. Thus the wave 

constantly reradiates itself in all directions with the 

velocity of light (1, p.172). 
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RADIATION FROM A THIN STRAIGHT /IRE 

An antenna is a transformer. 1ctromagnetic waves 

generated and guided in conductors are converted b3r the 

antenna into electromagnetic waves i free space. (14. p.1). 

The sthplest antenna consists of a length of wire. 

The problem of radiation from a cylindrical conductor of 

finite length has never been completely solved. However, 

the problem can be solved for a conducting prolate 

spheroid. This was first done by braharn. the eccen- 

tricity approaches unity the prolate spheroid approaches 

a wire of negligible cross section. From this it was 

found that, neglecting losses, the current varied harmon- 
ically along the wire. For short wires where the damping 
effects of heat loss and radiation can be neglected, the 
instantaneous vector current can be assumed to be: 

I = I cos tÀ)t Slfl 2rip/À, 

where the current at the antinode is i cos t, and where 

A Is the wave1enth of the radio waves, f the frequency 

( ..i = 2f), and p the distance along the wire measured 

from one end. 

The radiation from such a thin ihre will now be con- 

sidered (', p.l794-1798)(16, p.134-137)(20, p.439-442). In 

the following discussion all vectors will be represented 

by capital letters and all scalars by small letters, Let 

P be all of the points on the wire, with the origin O at 
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one end of the wire and P1 the other. Let R be the vector 

from P to any point in space as indicated in Figure 1. 

Only the radiation at relatively large distances from the 

antenna will be considered. Because of this, several 

simplifying assumptions can be made. These will be stated 

as the need arises. 

Figure 1. Vector coordinates 

For large distances from the antenna, the portion of 

the wave front incident at some point in space may be con- 

sidered. to be a plane. In a plane wave in free space the 

electric intensity E and the magnetic intensity H are 

equal if both quantities are expressed in the same system 

of units. The electric intensity is the quantity measured 

by most field strength meters but it is easier to solve 

for the magnetic intensity. In free space, by 



equations (17, p.239), 

therefore: 

H = 

0, 

k 

where A is the magnetic vector potential at any point in 

space (16, p.129-130) (17, p.241-244). Using the integral 

form of the Biot-avart Law (17, p.233): 

(-Pl 
I (I/r) dp, 
Jo 

where p - IPI , r - IRI , q = LJ , dp = IdPI , and is the 

instantaneous current causing the potential at 
,. 

nergy leaving the antenna at the time t will reach the 

point at the time t + r/c, 

therefore: 

Jl(Io/r)[cos (t -nc) sin (2p/A)J dp, 

2rr/À - 2rrf/c 

The next step is to find VXM. in order to have an 

expression for the electric intensity. The usual defini- 

tion of V in terms of coordinates will not be used, since 

V can be defined in thi. manner as dÇfferentiatlon with 

respect to a vector: 

d- = dR.VRt, for all dR. 



Vector differentiation proceeds as vith scalar differen- 

tiation with the single exception that the factors are 

written down in reverse order, froni right to left instead 

of left to right. With vectors, the only product that is 

commutative is the scalar, or dot product. VA is a dyadic. 

ì. dyadic is the sum of any number of dyads. dyad is 

the open, or indeterminate product of two vectors, e.g., 

CD. The product VXA is defined as the cross product in 

each dyad, e.g., CxD. 

Jince exists and is continuous at all points . 

outside of ) it is permissible to differentiate under the 

integral sign. 

v- =J[v(l/r)] I cos (t -r/c)(sinp/c) dp 

+J(Vr)(Iorc) sin (t -r/c)(sinp/c) dp. 

Evaluating VQ.r: 

R Q. - P, dR d, where P is fixed. 
By definition: 

dr dQ.. VQ.r for all d, 

By substitution: 

dr = dR.VQ.r for all dR: 

Therefore: 
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Vr = V(R.R)h/2 ± 1/2(R.Ry.1'2(VR.R - VR'R) 

R/r R1. 

Evaluating V(1/r): 

d(1/r) d.V(1/r) -dR.V(1/r) 

V (l/r) = VR(1/r) - V(R.R)_h/2__ R(R.R)_3/2 - R/r3 

Therefore: 

Vjt 
=J 

_(R10/r3)[cos c(t - r/e) sin op/c] dp 

+ fP1(RI/r2)()[i 
(t - r/e) sinp/c] dp. 

The first term varies inversely with the square of the 

distance r. This is called the induction field. The 

second term varies inversely with r and is called the 

radiation field (9, p.634). The radiation field is the 

larger for r greater than c/ce. Thus at a frequency of 

1000 megacycles, 

= A/2 = 30 cm/2rr = 4.8 cm. 

For large distances the induction field can be neglected 

(11, p.602)(22, p.771). Considering only the radiation 

field: 

r p1 
VXA = I RXI0(cdr2c) sin (t -r/c)(sinp/c) dp. 

Jo 

In order to perform the integration R must be expressed in 



terms of P. The factor R/r2 is approximately equal to 

Qjq2 but r cannot be replaced by q in the sine factor. 

Considering the point Q. so far away that R is approximate- 

ly parallel to Q, 

r = q - p cos 

E - H- QxIo(/q2c)Jsn c4t - q/c+ (p/c)cos s] (sin up/c) dp. 

Using the trigonometric identity: 

sin (x + y) = sin x cos y + cos z sin y, 

Q.X I (ij 

eq2 
{sin c(t- qi/c)f'cos [(c.p/c) cos dp 

r i 1 

j. cosc(t - q/c) 
I 

sin(p/c)cos $I(sincp/c) dp. 
Jo L .1 

J 

Using the trigonometric identities, 

cos x sin y = l/2[sin(x + y) - sin(x 
- 

sin x sin y = _l/2[cos(x + y) - eos(x 
- 

P 
E sin (t - q/c)J 1 Jsin[(cos + 1) Lp/c] 

2e q2 

- sin[c0s $ - 1)cP/c]}d 

cos w(t - q/c) 
Q? o 

I 
cos[cos 5 + 1)c.p/c] - 

2cq2 Jo L 

- cos[cos S - 1) (&)P/C]}dP. 



Q.x10 

E sin t - q/c) 
j_ 

(cos $ + l)_lcos[(cos $ + i)cp/c] 

2 q2 

+ (cos - 1)-1 cos[(cos $ 

Q.x10 

- ____ cos c.1(t qJc) 
2q2 

- .{oos ø + l)_lsin[(cos $ + l)c.)f/c] 

r 

- (cos Ø 
-1)i sin[(cos $ - 

Jo 

Only antennas of length equal to an integral number of 

half wave lengths are of interest here. Let: 

p1 - nA/2 - nuc/2nÍ - nrrc/c 

where n is an integer. 

Q.x10 

E- sin 
2 q2 

c(t - 

cos[(cos $ + u nn]_i 
cos + i 

cos[(cos Ø - i) nIT]_]. 

cos $ - i 

Qx10 

{sin[(cos 

$ + 1) flî] 

- ____ cos c(t - q/c) 
2q2 cos$+i 

sin[(cos $ - 1) nfl] 

} cos $ - 1 

Obtaining a common denominator and using the following 

trigonometric identities, 

sin (x j y) = sin x cos y j cos x sin y 

cos (x j y) = cos x cos y ; sin x sin y, 
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xI0 sin c(t- qjc) r 
E 

2q2 sin2 $ 
(cos - 1)[cos(nTroos ) ces nu 

- sin (nucos ) sin nu - i] 

+ (cos $ + 1) cos (nucos $) cos nu 

+ sin (nucos $) sin niT - 

Qx10 cos c(t- aje) 
{(cos Ø - l)[sin (iircos $) cos nir 

- 2q2 sin2 Ø 

+ ces (nucos $) sin nTr] 

- (cos $ + l)[sin (nucos $) ces nn - cos (nucos Ø) sin nir]} 

But sin nu O for all integral values of n, while 

cos nu - i when n is even, and cos nu = - i when n is odd. 

Q?C10 sin t- qjc)f 
- (cos $ - i)[± cos (nucos $) - i] 

2q2 sin2 $ 

+ (ces Ø + i)[± cos (nucos $) - 

ces c..(t- q/c) 
- 2q2 n2 $ 

.{(cos $ - i)[ sin (nucos 

- (cos $ + i)[± sin (nucos $)]} 

where the upper signs are for n even and the lower signs 

are for n odd. 

Q?cIo 
E = sin c(t - qlc)[± cos(nTrcos Ø) - i] 

q2 jj2 $ 

Qx10 
- cos CA)(t - q/c)[e sin(nwcos 

q2 sin2 $ 

If z - X sin O + y cos Q the amplitude of z is (x2+ 2)'2 
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This is easily shown by dividing and multiplying the 

equation by (x2 + and substituting cose 

- x(x2 y2)_l/2, sin - y(x2 + y2)_1/2: 

z (x2 + y2)l/2[x(x2 + y2)1/2 gjn 

+ y(x2 + 2)-l/2 cos 

z z (x2 + y2)1/2 (cos sin Q + sin cos Q) 

z - (x2 + y2)l/2 sin (Q + ). 

Using this fact: 

rIO r 
Emax cos (nacos Ø) - i]2 

q2 sin2 $ IL 

+ sin2 (micos 

QxIo 11/2 
2 cos (nircos ) + 

= q2 jn2 L 

Using the trigonometric identities: 

for n even: 

2 sin2 x = 1 - cos 2x 

2 cos2 x = i + cos 2x, 

Emax 2 sin[(nIT/2)cos 
q2 sin2 

lEmaxi 

2j0 
sln[(nrr/2) cos 

q sin 

and for n odd: 
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x I 
Emax - 2 cos[(nn/2) 

q2 iì2 

2i 
cos[(nn/2) COS 

q sin $ 

These expressions are true only for far-zone fields. 

However what happens near the antenna is of no consequence 

in almost all cases. Thus, from the above derivations the 

field strength at some particular distance away from a 

half-wave length antenna is: 

E - (k/sin $) cos[(n/2) cos k - constant. 

This expression is plotted in Figure 20. 

It is an example of one method for determining the 

output of a given single straight wire antenna. However 

the expressions rar the output of even relatively simple 

arrays would be quite long and cumbersome by analytical 

methods. Graphical methods of solution are simpler in 

quite a few cases. 

graphical solution of the output from a half-wave 

dipole will now be shown for comparison. Assuming a 

sinusoidal distribution of current in the antenna as 

before, let the current at the center (the maximum value) 

be i0. This is shown in Figure 3. It is convenient to 

express all lengths in terms of degrees of phase shift of 

a traveling wave. Any phase shift , Figure 2, is to the 

distance r as 360° is to one wavelength. 



Thus: 

lì 

C 
a, 
1.. 

Q 
o 
C 
C 
4- 
C 
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360°/A 2ff/A, 

= 360°r/A = 2rxr/A. 

Figure 2. Length in terms of phase angle 

00 900 180° 

Length of Antenna in Degrees 

Figure 3. Current in a half-wave antenna 

The length of a half wave antenna is then equivalent to 

1800. Let the origin be at one end of the antenna as 
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indicated in Figure 3. As was shown in the previous 

derivation, the electric intensity from an infinitesimal 

increment of antenna length is proportional to the 

current flowing in that increment, 

cpi 
E i dp, 

Jo 

IdE i dp. 

Instead of summing analytically (integrating), the summa- 

tion may be done graphically with satisfactory accuracy. 

Since power losses in the antenna itself are being neglect- 

ed, the electric intensity (a vector quantity) can be con- 

sidered to be çarallel to the antenna so that the Poynting 

vector is perpendicular to the antenna. Neglecting any 

other effects, the radiation in any particular direction 

will then be the component in that direction, of the radia- 

tion perpendicular to the wire. But there is another 

effect because, in general, one part of the antenna is 

closer to the point than others and the difference in 

propagation time produces a phase shift. For any antenna 

where the effect of physical length can be neglected the 

field strength is: 

Emaxt = kr sin , k - constant, 

as shown in Figure 4. The physical length of a half-wave 

length antenna cannot be neglected. 
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Figure 4. Cross section of the antenna pattern from a wire 
of infinitesimal length 

Divide the antenna into ten equal lengths Ap, and 

assume the average current in each element of length to be 

equal to the current at the center of that element. Again 

consider Q, to be a large distance from the antenna so that 

all the vectors R can be considered as parallel. The 

phase shift of the j element (j = 1, 2, ..., 10) is 

180°(j/10) cos with respect to the origin, or with 

respect to the (j - i) element is 18° cos $ (Figure 5). 

The magnitudes of the elemental currents are: 

i1 o.i6 1 (- sin 90 i0) 0.988 i0 

0.454 i (= sin 27° i0) j7 = 0.891 i 

i3 = 0.707 i0 0.707 
i 

i4 = 0.891 jo i9 0.454 i0 

= 0.988 i i10 = o.i6 i 

For = 900 the currents add in phase as shown in Figure 5. 
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, 

¡" 

GRAPHICAL METHOD FOR FINDING ANTENNA PATTERN 

OF HALF WAVELENGTH DIPOLE 

Figure 5 
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The magnitude is 6.4 i. 1or simplicity the following 

notation Jj1l be used. Let be the r. m. s. value of 

the field strength for the angle and let a be the con- 

stant of proportionality involved. Then 190 = 6.4a. For 

80° the phase shift between elemente is 18°(O.174) 

s 3.120. To allow for phase shift the elemental currents 

are added vectorally by graphical methods. This is done 

in Figure 5 to obtain 6.35 sin 800 a 6.23 a. 

For = 70 the phase shift is 6.15° and = a. If 

this procedure is carried out every 100 from 0 to 900 

there will be enough data for a complete antenna pattern 

because from 90 to 180° the pattern is a duplication due 

to symmetry. The pattern obtained by this method is 
shown in Figure 20 in comparison to the pattern derived 

analytically. antenna patterns can only be compared on 

the basis cf power output. In other words both patterns 

must be drawn so as to contain equal areas. Using the 

pattern of a half wave length antenna constructed in 

Figure 5 the pattern produced by a wire antenna any multi- 

ple of half-wave lengths long can be easily found. n 

illustration of how this can be done is shown in Figure 17. 



CQNTRUCTION JD kERFCILCL ? TU AiùTU 

This thesis deals with the des1n ard construction 

of apparatus for dernonstrting, in a classroom, the 

fundamental properties of transnision lines, simple 

antennas and arrays. uch apparatus must be sa11 and 

compact enough to be used. on a lecture table, yet large 

enough to be seen from the back of the room, It was 

decided that radiators constructed for operation on a 

frequency of 1000 megacycles per second would satisfy 

these requirements. Thus the wavelength would be 30 

centimeters and a half-wave-length antenna would be 

slightly less than sii inches long. icor simplicity, two- 

wire resonant feedlinas were decided upon. 

An ìÎ/kkT-5 war surplus radar coantermeasure trans- 

mitter was available as a source of radio frequency power. 

The output circuit of the transmitter was designed to 

operate Into a coaxial line of 52 ohms characteristic 

impedance. balun was therefore needed to transform the 

unbalanced coaxial line to a balanced two-wire line, The 

outside cylinder of the coaxial line is grounded whereas 

it must be isolated from groufld in a balanced systeci. The 

simplest way to accomplish this is to connect a metal 

cylinder, which is a quarter wave length long, a quarter- 



wave-length from the end of the coaxial line as shown in 

Figure 6. The cylinder and the outer conductor of the 

Unbalanced 
Coaxial Line 

N A/4 

Figure 6. simple balun 
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coaxial line form a quarter-wave stub shorted at one end. 

This configuration has a high impedance across the open 

end. since the cylinder is grounded to the coaxial line 

the outer conductor of the coaxial line is removed from 

ground at the open end (114, p.86). This type of balun, 

shown in detail in Figure 8 and Figure 14, was constructed 

and used successfully. 

0-lOO ia d-c 

Figure 7. Schematic of field strength meter 

The two-wire resonar.t f eedline coming from the balun 

must be tuned so as to match the impedance into each 
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antenna configuration. It was decided to do this by vary- 

ing the length of the lines by telescoping thefl. 

A device for measuring field strengths was needed in 

order to plot antenna patterns. It was decided that the 

simplest device would be a half-wave antenna with a crystal 
rectifier in series at its conter, to rectify the radio- 
frequency current induced in the antenna. A direct-current 

xnicroarmetor connected across the crystal was used to read 

the rectified current flowing. This detector is shown 

schematically in Figure 7. 

The BaLm. 

The balun was constructed as shown in liguros 8 and 

14, of brass with polystyrene insulators. All brass sur- 

faces were silver plated. The tuning pistons were turned 
from brass tubing to about 0.020 inch wall-thickness and 

the open end of each spun so as to cause the edges of the 

skirt to contact the walls of the tube. Those skirts 

were slotted lengthwise into six fingers, each l-1/2 

inches long. The balan was mounted vertically in an oak 

stand rotatable on a flat oak base, Figure 18. avio verti- 

cal members on the stand support two horizontal rembers 

drilled to take the balun. 

The parallel-line feeder between the baLm and the 

antenna is made variable in length by means of rods which 
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Full Scale Silver Plated Brass 
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slide into tubes. Two pieces of 3/16 inch brass rod were 

out 8 inches long, turned and threaded to fit into the 

balun. The two pieces of tubin. are also 8 inches long. 

A banana-plug was soldered into one end of each piece of 

tubing to receive the antennas. The other ends are 

tapered on the outsidé and slotted to form spring-fingers. 

The end of a short piece of 1/4 inch tubing was knurled 

on the outside and tapered. on the inside by reaiing with 
a pipe reamer. 5/16 inch length was then cut off. Two 

of' these short tapered sections were made and used as jam 

nuts on the tubes. Ádter the tubes have been adjusted to 
the correct length the jam nuts are twisted tightly over 

the spring-fingers. This arrangement enables the ttline 

stretcher's to support several pounds weight an still be 

easily and qulckl3r adjusted. 

The i'ie1d .5trength Meter. 

The field strergth meter, Figure 19, is mounted 

on an oack stand which may be rotated on an oak base. A 

plug Is provided in the xntter cord so that the meter 

and its mount can be easily removed and connected. by an 

extension cable to form. a remote indicator. The meter is 
held in an upright position on an oak disk on the base 
of the stand, so that it can be turned to face in any 
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direction for convenience in reading the meter. 

The crystal holder is constructed of silver plated 

brass and polystyrene as shown in Figuro 10. It is mount- 

ed on top of a hollow post 18 inches high. J pair of 

shielded wires run inside the post from the crystal holder 

to the meter plug at the base of the post, Figure 19. The 

crystal plugs into one piece of polystyrene containing one 

antenna connection and one meter oonnecticn. nother 

piece of polystyrene containing the other antenna connoc- 
tion and meter connection screws over the first piece. 
The small end of the crystal cartridge Is contacted by the 

edge of a small, round cupped plato slotted into tour 
petals. The plate was made from 0.004 inch brass shim 

material and was cupped by using e. steel die and a lead 

block. The plate was riveted to the brass rod Imbedded. in 
the polystyrene. The crystal holder was designed so that 

different lengths of antenna could be attached by screwing 

them into the crystal holder thus changing the sensitivity 
of the unit. The crystal holder alone receives about 1/3 

the power received by a tuned half-wave dipole. 

crystal used as a rectifier, or detector, is not 
linear. Rather, the rectified current is approximately 

proportional to the square of the applied voltage. lxi 

order to determine the characteristics of the crystal, a 



Figure 9. Transmitting equipmsnt 
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CRYSTAL CALIBRATION 
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variable a-c voltage was applied across it. The direct- 

current flowin throu'.h the crystal was measured and 

plotted a a function of the a-c voltage across the crys- 

tal, as shown in Figure 11. since power is proportional 

to current squared, field patterns plotted f ron micro- 

ammeter defiections indicate power rather than voltage. 

The Transmitter. 

The N-..iT--5 transmitter requires 24 volts d-c to 

operate the blower motor and the two-minute time-delay 

circuit. snal1 110 volt a-e motor was equipped with a 

blower and mounte3 on a tripod stand so as to blow air 

thrcuth the cooling fins of the transmitter tube. The 

relay in the protective circuit was closed manually. Thus 

a source of direct-current was no longer needed. If the 

two-minute delay circuit is rendered inoperative the 

operator must be certain that the oscillator switch is in 

the off position before closing the power switch. After 

the power switch is turned on the operator must wait 2 

minutes before switching the oscillator switch to either 
the high or lo position. 

The transmitter requires an external meter. A O-1 

ma. d-c movement with enough resistance in series to ;ive 

a total of 183 ohms is neeod in order for the multipliers 
in the transmitter to give the correct full scale readings. 



The Half-lave Dipole nterma. 

The first antenna constructed was the center-fed, 

half-wave dipole shown in Figures 12 and 14. 

15cm. (À/2 for 1,000 mc.) 

l I/2F 

1/8" Brass Rod 

Length Adjustment Tapped and Drilled 
6-32 

oies to Receive 1/4" Brass Rod Imbedded 
Plugs on in a Polystyrene Block 

"Line Stretcher" 

Figure 12. Construction of half-wave dipole 

The field pattern, Figure 20, was plotted by rotating the 

transmitting antenna at ten degree intervals and reading, 

for each setting, the field strength meter located about 

10 feet from the transmitting antenna. The base of the 

balun stand has a quadrant for reading the angles. The 

operator must remain at a considerable distance froni the 

antenma and field strength meter while taking the readings. 

For this reason the meter was read by means of a tele- 

scope. 2-l1 the patterns were taken in the same manner. 
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The Three-Halves-Wave-Length 4.ntenna. 

The dipole was modified to a three-halves-wave- 

length antenna by screwing 1/8 inch brass rods of the 

correct length onto the ends of the half-wave dipole anten- 

na, Figures 14 and 15. The field pattern for the three- 

halves-wave-length antenna is shown in Figure 21. 

3/2k 
'1 

1/8" Brass Rod 

Figure 13. Construction of three-halves-wave-length 
antenna. 

The theoretical field pattern for the antenna of 

Figure 13 is easily derived by graphical methods, three- 

halves-wave-length antenna has the same current distribu- 

tion as if three half-wave antennas were placed end to 

end, the outside ones in phase and the middle 1800 out of 

phase with respect to the end sections, as shown in 

Figure 16. 

I 

. 

Figure 16. Current distribution on a 
three-halves-wave-length antenna 
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Figure 14. Balan with half-wave dipole 

Figure 15. The three-halves-wave-length antenna 
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ANTENNA PATTERNS 
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The component for each section in the desired direction is 

found from Figure 5. These components are added with the 

calculated phase shift as shown in Figure 17. The half- 

wave sections are of course 1800 apart so that the phase 

shift due to the difference in path length to any distant 

point is 1800 cos $. The phase shift of the first di- 

pole is zero, the second 1800 + 1800 cos $, and the third 

3600 cos 5. The theoretical pattern obtained is compared 

with the experimental results in Figure 21. 

The Three Element Co-linear rray. 

The half-wave dipole was also modified to obtain a 

three element co-linear array. Two pieces of 1/8 inch 

brass rod were bent as shown in Figure 22 and threaded to 

screw into the end adjustors of the half-wave dipole, 

Figure 18. 

I/B" Brass Rod 
X14 

À/2 

Figure 22. Construction of three element co-linear array 

The field pattern was measured as for previous antennas 

and is compared, in Figure 25, with the theoretical pattern 
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obtained by grhioa1 methods. The graphical solution 

proceeds exactly 8.5 shown in Figure 17 excepting that the 

three dipoles are excited in phase. 

Parasitic lements. 

The half-wave dipole was also used in conjunction 

with half-wave-length parasitic elements as shown in 

Figure 23. polystyrene braoket was m.ade to slip onto 

the dipole. U-shaped clams bent fron sheet brass hola 

the elements parallel to the dipole hut allow the spacing 

to be varied. These elements are of 1/3 inch brass ro 

with threaded sleeves on each end to permit tue lerìrth ofb 

the elernints to be adjusted. The output of the antenna 

with one parasitic element was measured in both directions 

in the horizontal plane, perpendicular to the elements, 

for various spacings and lengths of the parasitic element. 

The side having the stronger output Is termed the ttfront. 
The front-to-back ratio of the outputs for any particular 
setting is a measure of the directivity. The variation of 

the front-to-back ratio with spacing and length of the 

parasitic element is plotted in igure 24. hen a para- 
sitie element Is on the back side of the radiation it is 
termed a reflector and when on the front, a 1rector. For 

the reflector the cptlmunì 1enth was fifteen centimeters 
with a spacing of five centimeters; for the director it 
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Figure 23. Parasitic array 
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CHARACTERISTICS OF PARASITIC ARRAY 
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ANTENNA PATTERNS 
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was twelve centimeters and two and a half centimeters 

respectively. The experimental patterns for each element 

alone and for both together are shown in Figure 26. 

The Broadside Array. 

A broadside array was constructed of five parallel 

half-wave driven elements spaced a half-wave-length apart 

and excited in phase, as shown in Figures 27 and 32. 

Drilled & Tapped 1/8" Brass Rod 

1/4" Aluminum Tubing 

J 
A /2 

I 
1/4" Aluminum Rod Drilled for 
Banana- Plugs on "Line Stretcher" 

Figure 27. Construction of broadside array 

Elements may be removed to give either a three or a four 

element array. The patterns for three, four, and five 

element arrays, together with the theoretical patterns are 

shown in Figure 28. 
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Three Element Broadside 

Four Element Broadside 

Measured 

Computed 
Five Element Broadside 

Figure 28 
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Three dimensional patterns. 

Complete three-dimensional antenna patterns may also 

be found by graphical methods. As an example the complete 

pattern for a five element broadside array will be con- 

structed. s before, the components from the elements 

must be added as vectors to account for the rhase shift 

due to the difference in path length to the distant point 

at which the receiver is located. In three-space the 

difference in path length involves both the azimuth and 

elevation aniles of the point ,. Let the elevation angle 

be , and the azimuth angle be Q. Let B be the vector 

distance from the origin of one half-wave element to the 

origin of the next, P a unit vector along the vertical 

element, and C a unit vector in the direction of the pro- 

jection of on a horizontal plane perpendicular to P1. 

The angle betveen C and is a 
; 
between B and C it is Q, 

Figure 29. 

toQ 

Figure 29. Vector coordinates 
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By definition of the vectors: 

Q.P1XC = O, 

B.0 b cos Q, b = IBI, 

Q..C:qcosa, 

P1.0 = O 

Making the assumption as before, that Q. is parallel 

to - B: 

II - I 
- BI 

Q. may be expressed in terms of P1 and C as: 

= uP1 + vC 

where u = P1.Q. and y = C.Q 

then Q, = P1QdP1 + C.Q.0 

= i CC) 

and Q..B/q (l/q)(P1.AP1.B j C.Q.C.B) 

= (1/q)(C.%C.B) 

b cos a cos Q = b sin cos Q 

For each value assigned the azimuth angle a vertical cross 

section of the pattern is obtained. The component from 

each half-wave element for various values of the elevation 

angle is known from Figure 5. These are added with the 

phase shift just calculated. The results are shown in 

Figure 30. 
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The End-Fire rray. 

n end-fire array consisting of five driven half- 

wave elements spaced a half-wave-length apart and excited 

with a progressive phase shift of 1800 from element to 

element was built as shown in Figures 31 and 33. This was 

accomplished by screwing half-wave-length pieces of 1/8 

inch brass rod to one of the 1/4 inch brass tubing feed 

lines at half-wave-length intervals. 

u u u 

Drilled a Tapped I/8"Brass Rod 

¡/ 
1< A/2- 

_____ / \J i 
1/4" Brass Tubing 1/4 Brass Rod Drilled for 

Banana - Plugs on "Line Stretcher" 

Figure 31. Construction of end-fire array 

The theoretical and experimental results are shown in 

Figure 34 for three, four, and five element end-fire 

arrays. 
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Figure 32. Broadside array 

igure 33. End-fire array 
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RTULTS ND CONCLUIOIS 

It is well to review what has been done and consider 

the results in the ii&ht of what '4va5 planned. ¿everal 

antenna arrays have been constructed und tested. The 

sizes of these are very convenient and the units are not 

difficult to operate. However when the scale was reduced 

all the parts were not reduced accordingly. Thus wires 
became i/S inch rod and 1/4 inch tixbin, and feed linos 
bscotne 1/4 inch tubing with 1/2 inch spacing. It is to be 

expected that sonic of the patterns would also change, 

because end-effects are larger and the cancellation of the 

radiation from the parallel feed lines is not completo. 

Refleotion frQm objects can become quite noticeable and 

can distort the field pitterns at very-high-frequencies. 
Thus sorne of the antenna patterni are distorted when 

obtained indoors. furthermore these distortions are 

different for different rooms and for different places in 

a given room. Most of the field strength patterns were 

taken in roon 31) of the Ihysics building because no 

botter place was available. 

The observed distortions merely mean that classrooms 

or ordinary laboratories do not provide ideal regions in 

which to make antenna measurements. Hiever, these short- 

comings are not caused by ine5oouacy of the theory cf 



antennas and will be reduced or eliminated as the condi- 

tions under which the experiments are performed approach 

the ideal. 

This equipment should serve the purpose for h1ch it 

was intended and with improvements nn additions should be 

a veluable training aid for instruction in radio. 
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