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57) ABSTRACT 
The invention is for a tuned resonant surface utilizing 
an array of short, loaded dipoles to obtain unity reflec 
tion or transmission coefficient over a narrow band 
width about the desired frequency with said coeffici 
ent substantially independent of the angle of incidence 
of the impinging or radiated electromagnetic signal. 
Reference is made to the claims for a legal definition 
of the invention. 

12 Claims, 17 Drawing Figures 
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PERIODIC SURFACE FOR LARGESCAN ANGLES 
BACKGROUND 

A tuned resonant surface is a surface with a reflec 
tion or transmission coefficient which has resonance 
characteristics. In the prior art such a surface has been 
constructed of an array of resonant strips approxi 
mately N/2 in length (resonant reflector) or an array of 
X/2 in length slots (resonant window). With proper 
spacing unity reflection or transmission coefficients 
have been achieved at the resonant frequency. The res 
onant frequency of such an array is strongly dependent 
on the resonant frequency of the scattering elements 
and the bandwidth is dependent on both the bandwidth 
of the elements and the spacing between them. The res 
onant frequency is also dependent on the angle of inci 
dence and the spacing between elements. The latter de 
pendency is the result of the mutual impedances be 
tween the A/2 strips (or slots). With a change in the 
angle of incidence there is a considerable frequency 
shift in the resonant frequency of the array. These ar 
rays, therefore, have an undesirably wide bandwidth 
for some applications. 
A radome constructed utilizing the W12 elements is 

severly limited in the maximum efficient scan angle 
possible and the boresight error is substantial. 

SUMMARY OF THE INVENTION 
The invention relates to a tuned resonant surface 

comprising an array of resonant strips or slots. The con 
figuration of said elements is that of a short (< \/2) di 
pole loaded by a shorted two-wire transmission line. 
Due to the fact that the mutual impedance decreases 
greatly for short elements there is consequently a 
smaller frequency shift of the resonant frequency of the 
array as a function of angle of incidence. The shorted 
two-wire transmission line is essential to the configura 
tion to supply the inductive load necessary in order to 
obtain resonance for such a short element. 
When functioning as a resonant reflector the surface 

comprises a dielectric substrate on which is con 
structed an array of elements formed from conductive 
material shaped in the configuration of the invention 
disclosed herein. When functioning as a resonant win 
dow the surface comprises a surface of electrically con 
ductive material from which has been removed slots of 
the material in the configuration of the invention dis 
closed herein. 
The present invention solves several problems previ 

ously existent in the prior art. With the proper design 
the resonant frequency of the surfaces of the invention 
are nearly independent of the angle of incidence when 
the incident angle is less than 65°. This is a very impor 
tant result which now makes it practical to use the 
tuned resonant surface, either as a reflector or as a win 
dow in the form of a Babinet equivalent, in applications 
where the angle of incidence changes. 
The bandwidth of this type of tuned resonant surface 

is significantly less than the smallest bandwidth yet ob 
tained for a tuned resonant surface made of an array of 
resonant X 12 dipole elements. For one design consid 
ered in detail a reduction of nearly a factor of three in 
bandwidth is obtained, and even narrower bandwidths 
can be achieved with proper design. 
The improvement obtained by the tuned resonant 

surface of the invention is due to the impedance prop 
erties of the short, loaded dipole element. The self im 
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2 
pedance of the short dipole element is much greater 
than the mutual impedance and consequently the ef. 
fects of coupling between scattering elements is re 
duced, thus significantly reducing the dependence on 
the angle of incidence. The narrow-band properties 
occur because the impedance of the short dipole ele 
ment varies rapidly with frequency. An important prac 
tical application of such a surface would be the produc 
tion of a radome for wide scanning purposes and mini 
mum boresight error. 

OBJECTS 

Accordingly, it is a principal object of the invention 
to provide an improved tuned resonant surface. 
Another object of the invention is to provide a tuned 

resonant surface which provides a narrow bandwidth. 
Another object of the invention is to provide a tuned 

resonant surface which provides a reduced dependence 
of the resonant frequency on the incidence angle of the 
impinging radiation. 
A further object of the invention is to provide a tuned 

resonant surface which permits the utilization of a wide 
scan angle. 

Still a further object of the invention is to provide a 
tuned resonant surface which by proper design permits 
operation about a resonant frequency chosen from the 
entire scope of available frequencies. 
For a complete understanding of the invention, to 

gether with other objects and advantages thereof, refer 
ence may be made to the accompanying drawings, in 
which: 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1a is a graphical representation of the reflection 
coefficient (dB below equilvalent plate) of a state-of 
the-art N/2 dipole array as a function of frequency; 
FIG. b illustrates the physical dimensions of the 

state-of-the-art X/2 dipole array used to obtain the 
graph of FIG. 1a; 
FIG.2a represents a preferred embodiment of an ele 

ment of the invention; 
FIG.2b is a schematic representation of the preferred 

embodiment of the invention comprising an array of 
the short, loaded dipoles shown in FIG. 2a, 
FIGS. 2c and 2d represent alternative embodiments 

of an element of the invention utilizing a coil for tuning; 
FIG. 2e represents an alternative embodiment of an 

element of the invention utilizing a piece of ferrite for 
tuning; 
FIG. 2f represents an alternative embodiment of an 

element of the invention in which two of the elements 
shown in FIG. 2a are attached together; 
FIG. 3 is a graphical representation of the impedance 

characteristics of the preferred embodiment of the in 
vention illustrated in FIG. 2b, 
FIG. 4a, 4b, and 4c are graphical representations of 

the calculated detuning of the resonance frequency for 
an array of short, loaded dipoles of the preferred em 
bodiment, as illustrated in FIG. 2b, for a constant ratio 
of the interelement spacing in the H-plane, D, to the 
wavelength, \, as a function of the angle of incidence. 
The ratio (DIX), is equal to 0.40, 0.60, and 0.65 in 
FIGS. 4a, 4b, and 4c, respectively. Also shown in FIG. 
4b, for comparison purposes, is the same curve for A/2 
dipoles in half scale; 
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FIG. 5 is a graphical representation of the effect of 
the slope of X for the preferred embodiment illus 
trated in FIG. 2b on the value of A (l/\); 
FIG. 6a is a graphical representation of the reflection 

coefficient (dB below equivalent plate) of an array of 5 
the preferred embodiment elements illustrated in FIG. 
2b as a function of frequency; 
FIG. 6b illustrates the physical dimensions of the pre 

ferred embodiment array used to obtain the graph of 
FIG. 6a, 
FIG. 7 represents an alternative embodiment of the 

invention wherein two panels of tuned resonant sur 
faces are stacked; and, 
FIG. 8 is a graphical representation of the reflection 

coefficient (dB below equivalent plate) as a function of 15 
frequency for various angles of incidence computed 
from the alternative embodiment illustrated in FIG. 7. 

O 

DETALED DESCRIPTION OF THE DRAWINGS 

Referring now to FIG. 1a there is represented a graph 
of the reflection response as a function of frequency 
obtained from a tuned resonant surface. This tuned res 
onant surface was constructed with the elements shown 
in FIG. 1b. This construction is representative of that 
of the prior art. It consists of conducting plates ar 
ranged in an array. These conducting plates or ele 
ments are approximately N/2 (X = wavelength) in 
length. With this construction the tuned resonant sur 
face would be a reflector at the resonant frequency. By 
utilizing this configuration and all the other configura 
tions discussed in this specification as a slot in a con 
ducting medium rather than as a conducting element in 
a dielectric medium the tuned resonant surfaces will 
represent a window to the impinging signals. The sur 
face will, therefore, transmit rather than reflect those 
signals at the resonant frequency for which the surface 
is tuned. For purposes of this disclosure only, the re 
flective mode will be discussed. 
The resonant frequency for which the length of the 

individual elements is chosen will determine in part the 
resonant frequency of the array. The bandwidth of the 
array is dependent upon the bandwidth of the elements 
and the spacing between them. The resonant frequency 
of the total array is also dependent on the angle of inci 
dence 6 of the impinging electromagnetic radiation and 
the spacing between the elements. 
As illustrated in FIG. Ia the bandwidth of the surface 

is very broad about the chosen resonant frequency. The 
mutual impedance between the individual elements is 
substantial and is the factor which causes the frequency 
response of the array of FIG. 1b to be very dependent 
upon the angle of incidence, 8. 
FIG. 2a shows the configuration of an element de 

signed in conformance with the teachings of the pres 
ent invention. FIG. 2b is a schematic representation of 
the preferred embodiment of the invention comprising 
an array of the short, loaded dipoles shown iqn FIG.2a. 
The element shown in FIG. 2a comprises two short ele 
ments, 2 and 4, of conducting material. By short, it is 
meant an element less than X/2 in length. These ele 
ments are formed in the shape of a dipole and the di 
pole is loaded with and tuned by a two-wire transmis 
sion line 6 which is electrically shorted at the far end. 
As shown in FIG. 2b it is not essential to the operation 
of the invention that the elements have an upward turn 
on the ends of the dipole segments. 
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4 
The purpose of the transmission line 6 is to tune the 

short dipole to maximum radar cross section at a prede 
termined resonant frequency. The tuning is accom 
plished by the matching of the capacitance of the di 
pole with an inductive load. This cancellation of imped 
ances will cause resonance in the element at the desired 
frequency. Therefore, with a given capacitance (i.e., 
given dipole) the addition of an inductive load will 
cause a resultant drop in the resonance frequency of 
the element. 
The tuning function performed by the shorted trans 

mission line could be accomplished by the use of an in 
ductive element, such as, for example, a coil (see FIGS. 
2c and 2d) or a piece of ferrite (see FIG. 2e). This ap 
plication is, therefore, not to be limited to tuning by a 
shorted transmission line. 
By proper design the predetermined resonant fre 

quency can be any frequency desired within size limita 
tions. The mutual impedance of the elements in the 
array decreases greatly for short elements and thereby 
results a smaller frequency shift from the chosen fre 
quency as a function of the angle of incidence. 
FIG. 2f illustrates an alternative embodiment of the 

invention in which two of the elements shown in FIG. 
2a are positioned so that the surface will reflect two po 
larizations. This is accomplished by the element's sym 
metrical dipole and shorted transmission line portions 
reversing roles when the impinging radiation is 
switched from horizontal to vertical polarization. 
The following shows the derivation of an expression 

for the resonant frequency, f, of a tuned resonant sur 
face array as illustrated in FIG. 2b. The effect of all di 
poles is to produce in the reference dipole an apparent . 
change of its impedance equal to the mutual impe 
dance given by 

Zn=AZ=2X S Zork cos (3kD sin 6), (1) 
- - - - - - - r kae 1 - - - --...-...---- T - 

where 
Z-F mutual impedance between the reference ele 
ment and the element and on the k" column and 

- the r row, 
6 = the angle of incidence in the H-plane, and 
D = interelement spacing in the H-plane, and 
g = 2n/\. 
A shift in the imaginary part (AX) of Zn will produce 

a shift in the resonant frequency of the scattered field 
as predicted by the intersection of the load reactance 
(X) curve and the antenna reactance (-X) curve 
(see FIG. 3). It is also seen in FIG. 3 that the slope of 
Xn is very much less than the slope of X or X, and 
consequently Xn is assumed to be constant. In this 
case, the resonant frequency occurs for an element 
length 

l/X -- A l/X, 
as shown in FIG. 3, where 

A (l/X) as 2.0:1 OAX, 
(2) 

where AX is measured in ohms. Finally 
Afifies * f felfe c (c/M)-(c/M res)/c/Wres 

(3) 
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(l/A)-(l/Nres)|l\re mid A(l/X)/l/Wres. 

Substituting Eq. (2) into Eq. (3) yields 
Aff, 100 percent = - 0.133 AX. 

- - - - - - - - - - (4) 

This value is for the particular design under consider 
ation. 
The calculated Affes as a function of angle of inci 

dence according to Eq. (4) is shown in FIGS. 4a, 4b, 
and 4c, for D/A = 0.40, 0.60, and 0.65, respectively. It 
is interesting to compare these curves with those shown 
in FIG. 1a corresponding to the frequency shift for N/2 
strips with the same spacing (shown in one case in FIG. 
4b for comparison). It is observed that the antireso 
nance occurs at the same value of 6 for the two types 
of elements but that the magnitude of the resonant shift 
is greatly reduced as the angle of incidence is changed 
for the short, loaded elements. There are two principal 
reasons for this effect. First, the magnitude of the mu 
tual impedance is reduced approximately by the ratio 
between the square of the element lengths. Second, the 
summation of the mutual impedance given by Eq. (1) 
is a function of the angle of incidence, 6. Altering the 
angle of incidence produces a change in A (l/N) given 
by Eq. (2). Since the sign of the mutual impedance or 
the component AX is, for 6=0, the same as illustrated 
in FIG.3 and in FIG. 4b, the slope of the load reactance 
X acts to reduce A (l/N) as compared to A (l/N)' (as 
shown in FIG. 5). A much smaller contributing factor 
is seen to be the slightly higher slope of X at (l/a) s 
0.15 than at (l/X) as 0.25. 
A complete measured resonant curve for a tuned res 

onant surface constructed with the short, loaded di 
poles of the invention is shown graphically in FIG. 6a 
as a function of the angle of incidence. The interele 
ment spacing was 0.35 inches in the horizontal and 
0.70 inches in the vertical directions as shown in FIG. 
6b. This corresponds, for the resonant frequency 1 1.2 
GHz, to D/A =0.35. The calculated values of Aftaken 
from a graph similar to those illustrated in FIG. 4 
agreed within percent or better with the measured 
values. (Note this is merely a calculation of the fre 
quency shift related to the resonance frequency, 11.2 
GHz.) 

It is further seen from FIG. 6a that the peak value is 
somewhat low; i.e., approximately 0.2 dB below the 
equivalent plate as determined by the backscattered 
patterns. This is the result of the loss tangent of the di 
electric backing on which the conducting elements are 
constructed and also by the finiteness of the small array 
used for test measurement purposes. This dB loss could 
be substantially reduced by the correct choice of di 
electric backing material for each design. The presence 
of the dielectric substrate is not essential to the opera 
tion of the invention. It would be desirable to com 
pletely eliminate the substrate. A substrate was used in 
the construction of the experimental models because it 
provided a convenient structure on which the elements 
could be photoetched. 
There is illustrated in FIG, 7 an alternative embodi 

ment of the invention. FIG. 8 shows in graphical form 
a characteristic curve of the embodiment of FIG. 7. 
The power coefficient is plotted as a function of fre 
quency for various angles of incidence. It can be seen 
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6 
from FIG. 8 that there is a substantial decrease in the 
bandwidth of the array about the resonant frequency. 
The curves have a flat top and rapidly falling sides. This 
permits operation in a narrow band of frequencies with 
essentially unity reflection (or transmission, depending 
on whether conducting elements or slots are utilized). 
The values used to plot FIG. 8 were calculated but 
measurements of the same function have given results 
which compare excellently with the calculated values. 
The stacking of the arrays, therefore, permits a close 
approximation to squarewave waveshape which is the 
ideal waveshape for tuned resonant structures. The 
ideal waveshape is more closely approximated as the 
number of layers of tuned resonant surfaces is in 
creased. As the number of layers is increased the selec 
tivity is increased. 
The construction of a multilayer structure is also 

within the teaching of this specification. A multilayer 
structure comprises elements tuned for different fre 
quencies. This is accomplished by utilizing elements 
tuned to different frequencies on the same tuned reso 
nant surface or by the stacking of surfaces with each 
surface possessing elements tuned to the same resonant 
frequency but different resonant frequencies among 
the individual surfaces. 
Although certain and specific embodiments have 

been illustrated, it is to be understood that modifica 
tions may be made without departing from the true 
spirit and scope of the invention. 
What is claimed is: 
1. A tuned resonant surface antenna having a unity 

reflection or transmission coefficient over a narrow 
bandwith about the desired frequency comprising an 
array of resonant short dipole elements of less than 
one-half the wavelength (N12) in length loaded by a 
two-wire transmission line, said coefficient being sub 
stantially independent of the angle of incidence of the 
electromagnetic signal, and wherein the resonant fre 
quency of said surface is dependant in the length of said 
elements and the spacing between said elements. 

2. A tuned resonant surface as set forth in claim 1 
wherein said array of resonant elements comprises a 
plurality of electrically conductive tuned resonant 
strips. 

3. A tuned resonant surface as set forth in claim 2 
wherein said array of resonant elements is formed upon 
a dielectric substrate. 

4. A tuned resonant surface as set forth in claim 1 
comprising means to tune said array of dipoles to a pre 
determined resonant frequency including an inductive 
load, means connecting the two elements of each of 
said dipoles to said load to provide an inductance to 
match the capacitance of said dipoles at said resonant 
frequency. 

5. A tuned resonant surface as set forth in claim 4 
wherein said means to tune said array to a predeter 
mined resonant frequency comprises a shorted two 
wire transmission line. 

6. A tuned resonant surface as set forth in claim 4 
wherein said means to tune said array to a predeter 
mined resonant frequency comprises a coil, 

7. A tuned resonant surface as set forth in claim 4 
wherein said means to tune said array to a predeter 
mined resonant frequency comprises a piece of ferrite. 

8. A tuned resonant surface comprising an array of 
resonant elements, said elements comprising two strips 
of electrically conductive material positioned in a 
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straight line in the form of a dipole of less than one-half 
the wavelength (A12) in length; a pair of parallel electri 
cally conductive strips, the first of said parallel strips 
electrically attached to one of the internal ends of said 
dipole and the second of said parallel strips electrically 
attached to the other of the internal ends of said dipole; 
a third strip of electrically conductive material joining 
the ends of said parallel conducting strips at the ends 
remote from said dipole. 

9. A multilayer tuned resonant structure comprising 
a plurality of tuned resonant surfaces stacked one 
above the other, each of said surfaces comprising an 
array of resonant short dipoles of less than one-half the 
wavelength (A/2) in length. 
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8 
10. A multilayer tuned resonant structure as set forth 

in claim 9 wherein all of said resonant surfaces are 
tuned for the same resonant frequency. 

11. A multilayer tuned resonant structure as set forth 
in claim 9 wherein each of said resonant surfaces is 
tuned for a different resonant frequency. 

12. A tuned resonant surface comprising an array of 
resonant elements, said elements comprising eight 
strips of electrically conductive material positioned in 
parallel pairs to form a gammadion and four strips of 
electrically conductive material joining the external 
ends of said parallel conducting strips, thereby making 
said gammadion a closed figure. 
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