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1. Theoretical Models of Single-Element LTS A Antenna Elements

1.1 Formulas for Z0 and A'/A0 of Slotlines A U f tfj™ '

The spectral domain computations for slotline guide wavelength and characteristic

impedance that have been described in previous reports provide the basic parameters that

are needed to calculate the radiation pattern of an LTSA antenna by using the half-

plane Green's function and a stepped approximation to the LTSA structure. However,

the spectral domain computations are somewhat time comsuming and not suitable for

a CAD application. Therefore, the results of several computations have been fitted by

formulas that are readily evaluated on a calculator or computer. These formulas appear in

the revised manuscript (Appendix A) that has been accepted for publication in the IEEE

Transactions on Microwave Theory and Techniques.

1.2 Effects of E-Plane Truncation

It has been observed and reported in the previous report that the E-plane beamwidth

is quite sensitive to the antenna half-height D (see Fig. 1.1). We have measured many

antennas on air and higher er substrates, and have substantiated that the effect becomes

important for D in the range of 2-3 A0 (w0 = 0.5 A0). During this reporting period, we

have continued to measure antennas and have attempted to predict the truncation effect by

three different methods. These are described below. A typical example of the truncation

effect was presented in the last report and is repeated as Figure 1.2 for convenience.

1.2.1 GTD Analysis



Scattering from the upper and lower edges of the antenna in Figure 1 can be evaluated

by using GTD. However, GTD is based on ray optics so the angular region over which the

scattering affects the radiation pattern does not include the main beam. This is illustrated

in Figure 1.3 with two typical rays. Ray 1 affects the far out sidelobe region, whereas ray

2 represents the closest that any edge diffracted ray can approach to boresight. For all

cases in Figure 1.2, the cone of diffracted rays lies well outside of the 3-dB beamwidth of

the antenna.

Tip diffracted rays from points A and B could contribute to the main-beam region,

but the fields from these rays should be quite small because i) tip diffraction is weaker than

edge diffraction which is weaker than the direct field, and ii) the polarization of interest,

requires that we consider slope diffraction. Unfortunately, a slope diffraction coefficient for

tips has not been determined, so we cannot substantiate these statements with numerical

results, but we believe them to be correct.

Other multiple diffraction rays that involve the edge C could affect the main beam, but

we expect their effect to be small since they come primarily from the backward radiation,

which is 10 dB or more below the main beam.

1.2,2_Fmite Strip Green's Function

The use of the half-plane Green's function is a key step in the success of our method

in predicting the radiation pattern of antennas with D —> oo. Therefore, we have inves-

tigated the use of a Green's function for a finite width strip of conductor. This Green's

function cannot be obtained in a simple form. Attempts to obtain it by mode matching,

which works well for the half-plane, lead to a system of coupled integral equations that



must be solved for a large number of modes. We have not discovered an efficient means of

obtaining the required Green's function.

1.2.3 Moment Method for Air Dielectric

For air dielectric LTSAs, the moment method can be employed to calculate the cur-

rent distribution on the conducting plates that form the antenna. We have modified a

version of Newman's computer code from Ohio State University to calculate the current

distribution and radiation patterns on antennas comprised of rectangular plates (see Fig.

1.4). The use of rectangular instead of quadralateral plates simplifies the analysis because

a rectangular grid can be used for the subdomains and current expansion functions. The.

current expansion functions are piecewise sinusoids along the direction of current flow and

one cosine on a pedestal in the direction transverse to current flow. Two orthogonal com-

ponents of current are included in the analysis. A simplified feed model comprising an

infinitesimal electric current element in space is used to provide an incident field on the

antenna. This model does not permit current to flow from one plate to the other, but the

radiation patterns of strip dipoles (Figs. 1.5 and 1.6) agree quite well with known results.

Also, the code accurately predicts the radar cross section of a flat plate (Figs. 1.7 and

1.8). __..

Measured and computed patterns for three cases do not show good agreement. The

results for an antenna of length L = 3 A0 are presented in Figures 1.9 and 1.10. The

computed results in Figure 1.10 use a wire loop feed attached perpendicular to the plates

at a distance of 0.05 A0 from the edges. This feed model permits current to flow from

one plate to the other, but the computed patterns are nearly identical to those obtained



with the simpler current element. The curves labelled AFM are obtained with our half-

plane Green's function method and the curves a, b, and c are obtained by the moment

method with increasing number of segments on each plate. It appears that 5-6 segments

per wavelength is adequate for convergence, but the computed E-plane beamwidth is 38°

versus a measured value of 29°. Although this is an improvement over the Green's function

prediction for D —> oo, it is still not acceptable and the moment solution often is no better

than the Green's function prediction.

Measured patterns for L/X0 of 4.8 and 5.2 are shown for various values of H in Figures

1.11 and 1.12. For L/X0 = 4.8 and H/X0 = 1-0, the measured beamwidths are 29° in the

E-plane and 52° in the H-plane. The moment method predicts 44° and 60° for these and.

the D —> oo Green's function predicts 42° and 49° (see Fig. 1.13). The moment method

patterns for L/\0 = 5.16 and Hf\0 = 0.9 and 0.75 are shown in Figure 1.14. The E-plane

beamwidth prediction for H/\0 = 0.9 is 35° whereas the measured value in Figure 1.12

is 25°. The measured H-plane is asymmetric due to the mount that was used, so these

data are suspect. A comparison of the moment method predictions (MOM) and those of

the D —»• oo Green's function method (AFM) is shown in Figure 1.15. The two methods

agree quite well in the E-plane, but they differ somewhat in the H-plane.

We will continue to evaluate the moment method results and to measure more anten-

nas in order to identify the key parameters that control the performance of the LTS A.



2. Coupling Effects in LTSA Arrays

2.1. Review of Earlier Work on LTSA Array Coupling Effects

Coupling effects in LTSA arrays were studied previously, in X-band scaled models as

well as in 94 GHz arrays, and the results of these experiments were reported in the previous

technical report, Appendix VIII, "A 94 Ghz Imaging Array Using Slot Line Radiators",

comprising a Ph.D. Thesis by Thomas L. Korzeniowski. LTSA arrays with two different

spacings, i.e. 7.9 mm and 5.0 mm, were investigated at 94 GHz. For both spacings, data

were obtained for hexagonal (7 element) and square (9 element) configurations. A scaled

model model of the 7.9 mm array was also fabricated, which scaled to about 10 GHz. The

results may be summarized as follows:

* In terms of impedance measurements, it was shown that the mutual impedance was

negligible in the case of both arrays used at 94 GHz (model measurements performed

at X-band). Mutual impedance became measurable only when the spacing was less

than about one wavelength (the two spacings used at 94 GHz correspond to 2.2 and

1.6 wavelengths, respectively).

it For the arrays with 7.9 mm spacing, beamwidths for elements on the central substrate

were essentially unchanged in the H-plane, and considerably narrower in the E-plane,

compared with a single element with the same dimensions. E-plane beam-widths

were about the same on the outer substrate as on the central substrate, while the

H-plane beam had a slight shoulder at about the -6 dB level on one side of the beam.

It is interesting to note that the beam-shapes and beamwidths of all three elements

on the central substrate were almost identical, although with some E-plane narrowing
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compared with a single element. The above trends were found to occur for both the

hexagonal and the square configurations.

* For the arrays with 5.0 mm spacing, E-plane beamwidths again narrowed consistently,

but somewhat less than for the larger spacing. H-plane beam-shape was affected so

that it became double-peaked for elements on the central substrate. The beamwidths

in the H-plane were essentially unchanged for all array positions, however, compared

with those of a single element.

* From the above data, we can conclude that the E-plane beamwidth is primarily

determined by coupling to the other elements on the same substrate, while the H-plane

beamwidth is changed only slightly. The H-plane beam-shape, on the other hand, is

affected by the presence or absence of neighboring substrates in the H-plane.

Coupling effects were also studied in a 5 x 5 array of CWSA elements, in work done

during Prof. Yngvesson's sabbatical visit to Chalmers University of Technology, see Ap-

pendix VI of the previous technical report for this grant. The antenna elements used in this

case were shorter, and were matched to a smaller f-number reflector (f-#=1.0). Beams on

the three central substrates have almost identical -lOdB beamwidths in the E-plane, with

only small variations (less than 1 dB) in individual beam-shapes. The E-plane beams

on the "edge" elements (with respect to the E-plane direction) are skewed away from the

center of one array. The H-plane beamwidths are somewhat wider than the E-plane ones,

but are consistently the same, again excepting only the elements on the edge substrate

(with respect to the H-plane direction), which have a -5 dB shoulder on the side of the

beam away from the center. If one is willing to accept an extra row of "dummy" elements

along the edges, then all inside elements have beam-widths which are acceptably similar



and symmetric. In many applications, the edge element patterns would also be acceptable.

For convenience, we show this data in Figure 2.1.

The previous studies thus have shown the feasibility of constructing arrays with beam

patterns for illumination of a reflector antenna with f-# of either 1.9 or 1.0. In both cases,

the actual angular spacing between beams from adjacent elements when the arrays were

used with the reflector antenna, was about one 3 dB beamwidth. Since it is important to

determine what the limit on the beam-spacing is, and also to assess the effects of mutual

coupling which do occur, we have continued to study the mutual coupling effects, and have

chosen an LTSA-array with even smaller spacing (3.0 mm), so that the coupling effects

would be clearly distinguishable. The new results are reported below.

2.2. One Substrate, 1~4 elements in an "E-plane-array, S mm Spacing"

The dimensions of a typical LTSA array used in this work are defined in Figure 2.2.

Radiation patterns at 94 GHz were recorded for 1, 2, 3 and 4 elements on a single substrate,

see Figure 2.3. In these experiments, a diode detector was soldered on one element at a

time, while all other elements were left either open-circuited or shorted. We first discuss

the open-circuited case. E-plane patterns show the expected symmetry. The largest

distortion occurs for the two-element array, where a prominent shoulder appears at the

-8 dB level on the side away from the center. For 3 or 4 elements, substantial shoulders

are also found. The H-plane patterns tend to narrow for the edge elements, and widen for

inner elements. Beam width, beam efficiency, and directivity data are given in Table 1.

The inner elements of the four-element array, show a decreased directivity by more than

2 dB, compared with a single element. For all other elements, variations in directivity
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by only about + -1 dB occur about the average, and all of these elements show a higher

directivity than that of a single element. In summary, while quite large distortions occur

in the patterns, a main beam remains. Only about H— 1 dB variation in directivity for

all except the inner two elements, which show a decreased directivity of about 3 dB with

respect to the average of all other elements.

The effect of changing the termination of the elements which were not being measured

from an open circuit to either a short or the load represented by an un-biased diode, was

also investigated. Directivities changed by amounts ranging from 0.5 to 1.5 dB, showing

that waves on neighboring elements have a major influence on the radiation pattern being

measured for a particular element, see Table 1. Radiation patterns with unused elements

terminated with a diode are shown in Figures 2.4 and 2.5. They show a general similarity

to the radiation patterns measured when unused elements are left open-circuited, shown

in Figure 2.3.

It was of interest to investigate whether the direction of the main beam was being

influenced by the coupling to neighboring elements. Figure 2.6a shows expanded radiation

patterns in the E-plane of two elements on a substrate, with care being taken to use the

same angular reference position for the two element patterns. As can be seen, there is a

small (degrees) shift of the two beams with respect to each other. The expected shift of

the beams due to geometric effects because of the finite distance to the source is much

smaller than the measured shift. We therefore conclude that the shift in direction of the

main beams is primarily due to coupling between the two elements. The H-plane patterns

of the same two elements do not show any shift, as expected, see Figure 2.6b.
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2.3. Single Elements on Three Parallel Substrates, at Spacings of S, 5,

and 8 mm, "H-Plane Array"

Single elements with the same dimensions were fabricated on three different substrates,

and the effect of varying the spacing of the substrates was investigated. Spacings of 3, 5,

and 8 mm were used. Data for these arrays, as well as for a single element on a single

substrate, are compared in Table 2 and in Figure 2.7. Even at a substrate distance of

8 mm, these patterns show a narrowing of the beamwidths in both the E- and the H-

plane, and directivities of 16-17 dB, compared with 12 dB directivity for a single element

on a single substrate. These fairly drastic effects for the elements used in the present

investigation should be compared with the much smaller effects evidenced in the arrays

with 7.9 mm spacing which we reported earlier. The present elements have an opening

angle which is one half of the one we used earlier, and this apparently results in much

larger coupling between elements which are positioned in an H-plane array configuration.

In order to further substantiate this conclusion, one needs to measure an array at different

substrate separation. Interestingly, the arrays with the two smaller spacings show wider

beams instead. They also have quite severely distorted beam shapes, and lower directivities

than the 8 mm array, although only the center element of the 3 mm array has a directivity

less than that" of a single element on a single substrate. The directivity has been plotted

versus substrate separation in Figure 2.8. The symmetry of the position of the element in

the array is generally quite well reflected in the symmetry of its radiation pattern.

2.4. Seven-Element Array on Three Parallel Substrates

In the experiments described above, coupling effects were investigated between one-
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dimensional arrays of elements arranged either in the E-plane or in the H-plane. The

one-dimensional arrangement thus allows separation of coupling in the two planes. We

also looked at the more complicated case of a two-dimensional array, specifically consisting

of three-element arrays on two outer substrates and a four-element array on the central

substrate. Selected radiation patterns for an element spacing on the substrates of 3 mm,

and a substrate separation of 5 mm, are shown in Figure 2.9. The beams are only slightly

more distorted in these cases. When the spacings between substrates were decreased to 3

mm, much more severe distortions were seen, and most of the directional character of the

beams disappeared.

2.5. Endfire Four-Element E-Plane Phased Array

A simple E-plane array consisting of four elements on a substrate was constructed,

and a slot-line power-splitter was designed to feed this array with equal phase for all

elements. Despite the somewhat distorted element patterns (see Figure 2.10.) The array

produces a beam with high directivity in the E-plane, and the nearest side-lobe at the

-13 to -15 dB level.
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3. Publications Based on Work on the Grant During the Period

Covered by this Report

3.1 Publications which Appeared in Journals

* "Endfire Tapered Slot Antennas on Dielectric Substrates", by K. Sigfrid Yngvesson,

Daniel H. Schaubert, Thomas L. Korzeniowski, Erik L. Kollberg, Thomas Thungren

and Joakim F. Johansson, IEEE Trans. Antennas and Prop., AP-33, 1392—1400

(Dec. 1985) (See Appendix C).

* "Limitations of Microwave and Millimeter Wave Mixers Due to Excess Noise", by

Gamal M. Hegazi, A. Jelenski, and K. Sigfrid Yngvesson, IEEE Trans. Microw.

Theory Techn., MTT-33, 1404—1409 (Dec. 1985). The work published in this paper

was supported by the NASA Langley Research Center grant in its initial phase (to

early 1985) (See Appendix E).

3.2 Ph.D. Thesis

* "Optimization of Low-Noise Millimeter Wave Receiver Front-Ends", by Gamal Mah-

moud Hegazi, May 1986 (See Appendix B). The initial work for this Ph.D. thesis was

supported by NASA Langley Research Center on this grant. Since early 1985 the

work was supported by an industrial sponsor.

3.3 Publications Accepted in Journals

* "Characteristic Impedance of a Wide Slotline on Low-Permittivity Substrates", R.

Janaswamy and D.H. Schaubert, a revised and expanded version of this paper will

appear in IEEE Trans. Microw. Theory and Techn., August 1986 (See Appendix A).
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* "Analysis of the TEM Mode Linearly Tapered Slot Antenna", R. Janaswamy, D.H.

Schaubert and O.M. Pozar, has been accepted by Radio Science.

* "A New Integrated Slot Element Feed Array for Multi-Beam Systems", by K. Sigfrid

Yngvesson, Joakim F. Johansson, and Erik L. Kollberg, Accepted for the November

1986 issue of the IEEE Trans. Antennas Propag.

3.4. Papers Presented at Conferences and Published in Proceedings

* "Model Experiments with Slot Antenna Arrays for Imaging", by J.F. Johansson, K.S.

Yngvesson, and E.L. Kollberg, Presented at the SPIE Conference on Submillimeter

Spectroscopy, Cannes, France, Dec. 1985 (See Appendix VI of the previous report on

this grant).

* "Millimeter Wave Imaging with an Endfire Receptor Array", by K.S. Yngvesson, J.

Johansson and E.L. Kollberg, Presented at the 10th Intern. Conf. on Infrared and

Millimeter Waves, Orlando, Florida, Dec. 1985 (See Appendix IV of the previous

report on this grant).

* "Imaging Front-End Systems for Millimeter Waves and Submillimeter Waves", by

K.S. Yngvesson, Presented at the SPIE Conference on Submillimeter Spectroscopy,

Cannes, France, Dec. 1985 (See Appendix V of the previous report on this grant).
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Table 1. Data for elements in an array on one substrate.

#of
Elem. in

Array

1

2

2

3

3

4

Element
#

P03.

1

1

2

1

2

1

2

3

1

2

3

1 -

2

3

Termin.
Unused
Elems.

N.A.

Open

Open

Short

Short

Open

Open

Open

Short

Short

Short

Open

Open

Open

Plane

E
H

E
H

E

H

E
H

E
H

E

H

E

H

E

H

E
H

E
H

E
H

E

H

E

H

H

3dB
BW

23.4
24.S

15.3

16.2

14.4

21.6

12.6
20.7

13.5
21.6

18.9

22.5

14.4

24.3

19.8

22.5

18
20.7

13.5
23.4

18
18

21.6

20.7

19.8

23.4

21.6

30.6

lOdB
BW

50.4
37.8

43.2

30.6

42.3

31.5

41.4
30.6

41.4
30.6

39.6

31.5

29.8

36

41.4

31.5

45.9
32.4

26.1
32.4

39.6
32.4

51.3

34.2

35.1

47.7

36.9

43.2

-lOdB Beam-eff.
%

E/H

29.73
17.81

29.93

20.5

30.8

30.64

20.58
17.78

20.68
18.02

22.74

24.71

18

23.73

23.56

26.84

25.1
22.72

8.32
19.3

24.04
21.84

33.85

27.25

8.05

17.17

8.86

18.6

Total

23.07

25.01

30.73

19.15

19.27

23.62

21.56

24.94

23.98

13.71

23.04

31.07

11.99

13.32

Directivity
(dB)

12.14

15.13

15.5

13.64

13.43

13.84

13.81

13.89

14.05

12.81

14.07

13.92

9.85

9.56



Table 1, Continued
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#of
Elem. in

Array

4

2

3

4
(Phased
Array)

Element
#

Pos.

1

2

3

4

1

2

1

2

3

N.A.

Termin.
Unused
Elems.

Short

Short

Short

Short

Diode

Diode

Diode

Diode

Diode

N.A.

.Plane

E
H

E
H

E
H

E
H

E
H

E
H

E
H

E
H

E
H

E
H

3dB
BW

19.8
22.5

20.7
2S.4

21.6
30.6

19.8
26.1

15.3
20.7

17.1
20.7

15.3
22.5

14.4
19.8

18
20.7

12.15
25.65

lOdB
BW

59.4
55.8

37.8
46.8

38.7
44.1

60.3
54

30.6
31.5

40.5
31.5

41.4
33.3

26.1
32.4

39.6
33.3

20.25
38.7

-lOdB Beam-eff.
%

E/H

24.62
49.92

10
9.53

12.71
13.61

29.4
58.34

25.19
25.41

30.32
38.5

24.21
21.92

15.95
25.83

37.74
36.94

18.19
40.21

Total

34.08

9.74

13.19

39.36

25.32

33.52

23.0

20.66

31.73

32.74

Directivity
(dB)

13.03

9.04

8.84

12.92

15.45

15.51

13.82

14.89

15.24

15.91
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Table 2. Data for elements in an H-plane array on
three substrates, one element on each substrate.

Substrate
Spacing

3
mm

5
mm

8
mm

Element
Position

Top
Left

Center
Center
Bottom
Right

Top
Left

Center
Center
Bottom
Right

Top
Left

Center
Center
Bottom
Right

Plane

E
H
E
H
E
H

E
H
E
H
E
H

E
H
E
H
E
H

SdB
B.W.

28.8
32.4
30.6
47.1
22.5
35.1

34.2
24.3
17.1
34.2
18

13.5

26.1
15.3
18

18.9
20.25
15.75

10 dB
B.W.

45.9
45.9
67.5
60.3
48.6
54.9

51.3
40.5
60.3
44.1
49.5
43.2

42.75
37.37
42.75
30.15
37.8

31.05

-lOdB B.E. %
E/H

39.42
34.28
31.57
41.37
35.97
61.15

42.35
41.88
50.62
44.89
48.27
58.38

51.88
40.96
52.93
43.78
46.43
31.82

Total

36.48

36.25

50.61

42.17

47.72

53.0

47.73

48.71

38.5

Directivity
(dB)

12.73

9.79

13.06

13.38

13.16

15.8

15.72

17.15

16.13
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Figure Captions

Figure 1.1. LTSA with finite half-height D.

Figure 1.2. Measured patterns of LTSA on e4 = 2.22 substrate. L/\0 = 3.4, 27 =
10°, d/X0 = 0.014.

Figure 1.3. Edge diffracted ray cones for finite D antenna.

Figure 1.4. Antenna geometry for moment method analysis and experiments.

Figure 1.5. Strip dipole test case of moment solution; (a) radiation pattern and (b) current
distribution.

Figure 1.6. Strip vee dipole test case.

Figure 1.7. Test case for radar cross section of 1A0 x 1A0 plate.

Figure 1.8. Test case for radar corss section of 0.6A0 x 0.6A0 plate.

Figure 1.9. Measured patterns for L/X0 = 3, H/\0 = 0.75; (a) E-plane and (b) H-plane.

Figure 1.10. Computed patterns for antenna in Figure 9.

Figure 1.11. Measured patterns for L/X0 = 4.8,7 = 5.9°; (a) H/X0 = 2.1, (b) H/X0 = 1-33,
(c) H/X0 = 1.0.

Figure 1.12. Measured patterns for L/X0 = 5.2, 7 = 7°; (a) H/X0 = 2.46, (b) H/X0 = 1.5,
(c) H/X0 = 0.9.

Figure 1.13. Calculated patterns for L/X0 = 4.8, 7 = 5.9°; (a) moment method, H/X0 =
1.0 and (b) Green's function method, D —> oo.

Figure 1,14. Patterns calculated by moment method, L/X0 = 5.16, 7 = 7°, H/X0 = 0.9
and 0.75.

Figure 1.15. Comparison of patterns calculated by using moment method and Greens
function method (D —> oo).

Figure 2.1. Radiation patterns of a 5 x 5 element CWSA array, measured at 31 GHz. The
element spacing was 13 mm in both planes, (a) E-plane (b) H-plane.
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Figure 2.2. Substrate with three LTSA elements.

Figure 2.3. Radiation patterns of elements in arrays with (from left to right) 1, 2, 3, and
4 LTSA elements on a single substrate, measured at 94 GHz. Position of pattern in the
diagram indicates the position of the element which was measured. All other elements
were left open-circuited, (a) E-plane patterns (b) H-plane patterns.

Figure 2.4. Radiation patterns of elements in an array with two elements, both terminated
with diodes.

Figure 2.5. Radiation patterns of elements in an array with three elements, all terminated
with diodes.

Figure 2.6. Radiation patterns with expanded scale for elements in an array of two ele-
ments, terminated in diodes, (a) E-plane (b) H-plane.

Figure 2.7. Radiation patterns for elements in an array consisting of three substrates, each
with a single LTSA element. Spacings between substrates are marked, (a) E-plane (b)
H-plane.

Figure 2.8. Directivity versus substrate separation for the array elements of Figure 2.7.

Figure 2.9. Radiation patterns of selected elements in a ten-element two-dimensional
array. The location of the element measured is indicated schematically.

Figure 2.10. (a) Radiation pattern of a single element, (b) Radiation patterns of a four-
element E-plane endfire phased array. Element spacing is 3 mm.
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