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OBJECTIVE

Review multiband antenna techniques and a method of cost analysis for array
antennas.

RESULTS

1. The cost of array antennas is not as expensive as it may appear as the antennas
can perform several functions at different frequency bands.

2. Compact array antennas can be utilized where physical space is at a premium.

RECOMMENDATIONS

1. Perform a cost tradeoff versus performance to determine an optimum multi-
band array antenna for small, high-speed craft.

2. Perform a comparative cost analysis for the two band array to determine a
cost figure of merit.

3. Analyze the dual band phase shifter to determine the minimum number of
bits, path lengths, and impedance characteristics for the shared two frequency phase shifter.

4. Design and fabricate a two-band phase shifter and associated driver to deter-
mine the performance characteristics.

5. Design and fabricate a two-band radiating element to determine mode coupling,
propagating characteristics, and impedance properties of a two-band element.

ADMINISTRATIVE INFORMATION

Work was performed as a portion of NELC Project D210, program element 62751N,
under SF 12141702 as part of the Antenna Techniques Program by members of the Micro-
wave Technology Division. This technical report has been prepared because it is believed
that the information contained herein can be useful to other surveillance systems engineers
and designers working in the field. The report was approved for publication 8 July 1975.
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INTRODUCTION

Array antennas have been thoroughly investigated during the past two decades and
even though the techniques are well known and have been amply demonstrated, the use of
arrays in operational systems has been minimal. The primary reason for this is the high cost
of the array. Basically, the array must be cost competitive with the rotating reflector an-
tennas which are currently used in the Fleet. All of the conventional arguments in favor of
array use can be advanced, ie, improved data rate, agility, high gain, graceful degradation,
etc, but these are all overshadowed by the high cost factor. What, then, is a practical solu-
tion to the problem? First, one must recognize that the array antenna is not a solution to
all antenna problems of the Navy and in this respect, one must attack the problem by con-
sidering the major use of the array as used on a particular platform. For example, an array
for use on a large ship such as a carrier should not be lumped in a general “array’ class with
an array on a hydrofoil or one on a high-speed craft under the banner “arrays cost too much,
we cannot afford them.” Arrays are different and in the hydrofoil case, an array is a practi-
cal solution that could be cost competitive with one or more rotating type antennas. It is
in this context that the cost considerations for phased arrays should be considered and not
simply that ““arrays are too expensive.”

The preceding discussion presents two distinct array problems:

1) large, multielement, high gain, and high power arrays, which, to be cost competi-
tive, must replace several rotating type systems to provide multifunction capability, and,

2) small, compact, lightweight, highly agile arrays to perform several functions
over short ranges.

Both of these applications suggest some form of the multifrequency array* and will be dis-
cussed in this report in addition to cost analysis results. Multifrequency array studies con-
ducted at NELC** in recent years have shown their feasibility, and have also demonstrated
several configurations, one of which is shown in figure 1.

From previous studies in single frequency arrays, the control of the required phase
shifts to steer the beam is most critical. In addition, phase errors result from tolerance
errors in the component chain, and introduce losses in power and beam pointing angle devia-
tions. These practical considerations will be discussed.

The cost of the phased array is dependent upon many factors.

0

i

i T TN

*US Patent 3,193,830, J. H. Provencher, Multifrequency Dual Ridge Slot Antenna, 6 July 1965
**US Patent 3,623,111, J. H, Provencher, et al, Multiaperture Radiating Array Antenna, 23 Nov 1974




Figure 1. Three-band multifrequency array — waveguide.

PART I

1.1 BACKGROUND

|
!
|
i
%1

{ Phased array antenna techniques show promise of providing high system reliability,
i high beam agility, flexible power control, beam shaping and stabilization, multiple-target
capability, etc. The application of these highly desirable antenna qualities is dependent

i upon either low-cost array components or multiple use of components. The adaptation of
4 these antennas for widespread Fleet use has been awaiting the development of a technology
i that would provide complex, reliable and efficient circuits of relatively small size, high re-
4 producibility and low cost. Microwave integrated circuit (MIC) techniques offer these
features. This technology is now developing rapidly, and could become cost effective.

The techniques are being extended into the 20-60 GHz frequency region and for the short
range, high resolution application such as the small craft, the frequencies appear attractive.
This section describes a concept which makes use of a single phase shifter and radiating
element to propagate several frequencies in a dual frequency array. The next section de-
scribes particular techniques for possible use on the small array application as well as for
the pencil beam type of array.
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1.2 THE CONCEPT

Traditionally, the phased array antenna consists of many individual radiating ele-
ments which are excited through a corporate feed system to form a beam, and then steered
in many planes by means of a phase shifter at each element. If N, is the number of ele-
ments in the azimuth plane and N, is the number of elements in the elevation then the
total number, N, of phase shifters required is

N =N,N,, and (1)

if a pencil beam is required, then N, = N, and
- N2
N=N2 @

Since the phase shifter and its associated driver account for about one half of the
total array cost, it is evident that a reduction in the number of phase shifters is necessary
for any significant cost reduction.

The approach to be described makes use of a single phase shifter per element, while
it allows several frequency bands to be used in the device to reduce the number of antennas
required to perform several different functions and provides a “clear” field of view for
each beam.

1.3 THE ARRAY: BASIS

There are several restrictions which must be placed on the array to ensure that the
basic array equations are satisfied for the frequency bands of interest. These restrictions,
however, do not place any severe limitation on the array performance, since in actual prac-
tice these restrictions are present. One requirement is that the operating frequencies selected
are approximate multiples of each other, for example, 1.0 GHz and 3.0 GHz. Another re-
quirement is that the array element spacings selected satisfy the equation for scanning at the
highest operating frequency, ie,(for a single band linear array),

w=(3-;’ dhsinOtS)M 3)

{ is the total phasr. across the array, 27/ is the propagation constant, and M is the total
number of elements. The phase increment between elements, (8), is required to position
the beam at an angle 0 as shown in figure 2. The element spacing, dh’ is the physical spacing
of the radiating elements at the highest operating frequency.

From equation (3), then, it follows that for a dual frequency array with the fre-
quencies a multiple of each other, the following equations must be satisfied; ie,

i

e,
=T

(ol . en X b
. \l/( )—}\—1 dh] sinf+d;
4 fa > 1)
: )27 i
Vv }\2 dh2s1n62t62J (4)
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Figure 2. Array definition.

In order to suppress grating lobes, the maximum allowable element spacing is 0.5 9>\2
to scan the beam to +45°, Thus,

69 =kody sin 84

6) =kd|sin6
Now, if f2 =3 fl , (5) becomes

69 =kod, sin 05

61 =(1/3) kod sin 0,

and ifd| = 2d2, then

dy
82=k2 —2- sm02

Therefore:

sin 01
81 = (2/3) 82

R fy> 1) ®)

From this expression, the allowable limits of a dual band array can be determined.




1.4 THE PHASE SHIFTER

The switched-line phase shifter bit consists of two single-pole double-throw (SPDT)
switches and two different lengths of transmission line. The phase shift, £, is given by the
difference in the electrical lengths of the lines (L - L")

¢ =k (L - L') radians. )

Since this device is a linear function of frequency, it can be used by two or more frequencies
which are multiples of each other and as shown schematically in figure 3.

Combinations of the various bits of the phase shifter result in a phase increment,
3, which is applied to the radiating element. When the path lengths (L - L") are chosen to be

T W S (10)
m

at the lower operating frequency, then the path lengths become

R R P (1)

m

at a higher frequency. The number of phase shifter bits is , and m is the ratio of the higher
to lower frequencies. Selection of the number of bits for the optimum two frequency array

FOR THE HIGHER FREQUENCY, nX = nm A, WHERE m IS THE FREQUENCY
ANDn=0,1,2,...7,7 ISTHE NUMBER OF PHASE SHIFTER 8ITS.

Figure 3. Switched-line phase shifter for a two-frequency ratio.
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is a compromise which must be made after considering scan angle and effects due to phase b
b quantization losses. s
‘ For example, when 7 = 3, at the lower frequency,n=0, 1, 2, 3, and

2m =7 T
— 1r,1r’—,-
21‘) % el

or

3 (2m, 2,2, 2) .
(1!'1!'2 4)

Thus, it can be seen that the same bits are present in both cases except for a common factor.
This factor can be changed by the addition of the selector switch shown in figure 4.
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Figure 4. Dual frequency array concept. E
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Another type, the periodically-loaded line bit, consists of two equal susceptances
spaced 1/4 wavelength apart loading a line of admittance Y. The susceptances are either
of two states, £jg, as the diodes are switched. The chase shift is related to these parameters by

Y =Y0sec£-A—20) andﬁ=Y0tan(-A—20)

where YO is the admittance of the lines external to the bit.
In the forward bias condition, the diodes shunt the stubs. L is less than 1/4 wave-
length and for small phase shifts is given by

A p

When reverse biased, the electrical length of the stubs is greater than 3/4 wavelength and for
small phase shifts is given by

Thus, in the forward bias, the susceptance is inductive and in reverse bias it is capacitive.
The phase is delayed in reverse bias. Similar expressions can be derived when L = 3/4 wave-
length. Combinations of these bits can be used in the phase shifter in addition to the bit
previously described.

Examination of equation (4) reveals the relationship between the element spacing,
d, the beam pointing angle, 8, and the phase increment, §, required to position the beam
in a given direction. Consider a two-frequency band array for f 1 =1.0GHzand f, =3.0
GHz, when 6| = 6,. Table 1 gives the required phase increments for each frequency at
several scan angles when d| = 12 cm, or when 0.4 Ajanddy=d;/2 =6 cmor 0.6 \,.
From equation (8), when sin 61 =sin §,, then

.

For each of the two center frequencies, there results at each bit in the phasor,
A ¥ =k @L-1)

A?) ¥ =k, (L-L') radians.

When A =3\ and m = 4 for a 16 element array and for a scan angle of 45°, the required
increments are given in table 2. The phase shift error due to the truncation is £10.7° for
f and £11.1° for f.




TABLE 1. PHASE INCREMENTS FOR VARIOUS SCAN ANGLES.

ANGLE PHASE INCREMENT PHASE SETTING 3

0,=6, I 2 f £y -
. ‘
0.0 0.0 0.0 0.0 0.0 e
50 12.5 18.8 225 22.5
10.0 25.0 375 45.0 450
150 37.3 55.9 450 45.0 4
30.0 72.0 108.0 67.5 112.5 4
45.0 101.8 152.7 112.5 157.5

TABLE 2. PHASE SETTINGS AND ERRORS
FOR 16 ELEMENT ARRAY.

Element
Number 0 1 2 3 4 5 6 7 8

\I"1=M61 k -
Degrees 0 1018 | 203.6 | 305.4 | 407.2 | 509.0 610.8 712.6 | 814.4 "

‘ Phasor
i Setting (fl) -
(4 bits) ]

Degrees 0 | 1125 2025 | 3150 | 450 [ 1575 | 2475 | 3375 | 900 i

Error
Degrees 0 +10.7 -1.1 | +10.2 ~-1.6 +9.1 +7.3 ~1.5 +6.2
\IJ2=M62
Degrees 0 152.7| 3054 | 458.1 | 610.8 | 7635 916.2 | 1068.9 |1221.6

Phasor ;(‘
(4 bits)
Degrees 0 157.5| 3150 | 90.0 | 2475 450 2025 | 3375 | 135.0

Error
Degrees 0 +4.8 9.6 -8.1 ~3.3 +1.5 +6.3 -11.4 ~6.6

12 r




1.5 THE ARRAY: PRACTICAL CONSIDERATIONS

In order tc implement a dual frequency array, some practical problems must be
considered in additi.n to the basic assumption that the phase shifters and elements are
feasible. The gain, beam pointing angle, and side-lobe level are affected by the errors due
to fabrication toleances, truncation of the phase shifters, and variations in the applied
amplitude and phase excitation.

The gain of each array is given by the expression

M
Z (Gep) 1/2 A1
e

A - :

N
> s

i=1

G= =gl 2 I

= total loss of array

A
Gej = power gain of ith element
i
Aj

M = total number of elements

= phase of ith element

= relative voltage of ith element

Assuming the §; includes only a linear beam steering element phase, then the other phase
effects are included in the series

E AQ+A5+Af+AS+AR

AQ = loss due to phase quantization

Ag =loss due to rms phase errors

A¢ =loss due to using same phasing for all frequencies
Ag =scan loss of element pattern

AR =loss due to VSWR of array element

The overall gain then becomes

G=A(dB)+Ge+ IOIOgIOM




1.5.1 LOSSES
The total loss factor as given includes several phase terms

A=Ag=Ag+A; (15)

Phase shift quantization results when using digital phase shifters; this loss is depend-
ent upon the array scan angle. At boresight when the required phase shift is equal to the
minimum bit size, the loss is zero. When the phase increment between elements is equal to
one half the minimum bit size, the quantization loss is maximum. The reduction in gain
due to phase quantization, AGQ is

. (16}
(6) (227)

A three-bit phase shifter yields a quantization loss on the order of 0.22 dB.

The RMS phase error, €, is due to errors in various components of the array and is
minimized by placing realistic tolerances on each component. Since the radiating elements
and phase shifters form an integral part of the array concept, the effect of the phase shift
errors of these components on beam pointing angle must be considered. When the total
phase is small (less than 15°) the RMS phase error loss factor is

Ag —e-[ke]? (17)

This loss, due to using discrete phase increments, results from the fact that the beam
pointing direction is changed when the frequency is changed. The beam pointing angle is
independent of frequency only when steering is accomplished by use of delay lines. For
systems requiring a wide bandwidth, examination of equation (4) reveals that

Sinf, f,

(18)

This oxpression is maxitnum when the scan angle is maximum. Hence, for narrow-beam
arrays this condition results in a loss of signal when wide-band signals are used unless true
time delay units are used to reduce the scan loss. In a multifrequency array, where two
frequencies use the same line lengths in the phase shifter, a compromise between bandwidth,
scan loss, and line length must be made to avoid large scan losses.

1.5.2 PHASE ERROR EFFECTS

The finite errors in each of the components, coupled with the errors due to fabrica-
tion usually affect the radiation pattern and result in changes in the beam pointing angle
and pattern side-lobe level.

A considerable change in side-lobe level is produced as a result of a maximum inter-
element phase deviation as small as 1.5° when the array side-lobe level has been designed




for -33dB and -40 dB. An additional increase in the phase deviation to 3° and 6° does
not produce a proportionate increase in the near-side-lobe level when the number of ele-
ments is on the order of 50 as shown in figure 5. As the number of elements is increased,
however, a maximum phase deviation of 3° yields a considerable increase in side-lobe level.
In addition, the far-out side lobes increase progressively with an increase in the maximum
phase deviation. )

The array with a -33 dB Taylor distribution suffers slightly less side-lobe deteriora-
tion due to phase errors than does the Tchebyscheff distribution. For the lobes within 30°
of broadside, however, the patterns resulting from the two distributions with the same
errors assumed are similar (fig 5). Figure 6 shows the effects of phase errors as the beam
is scanned to 19°. For applications requiring omnidirectional elements and low-side-lobes
for far-out angles, stringent control of the phase distribution is required.

PP T A TR "y

L

1.5.3 ERROR ANALYSIS

Ty

The determination of the effect of phase shift errors in the various components is
primarily a statistical problem and, under certain assumptions, can give some indication of
tlie effects on the array performance.

Considering the problem of a radiating element and its phase shifter connected in
series as a portion of an array module and as shown in figure 7, the following assumptions
are made:

TP T R T, T o

1. The phase shift of the vSrious elements is uniformly distributed over the range
of tadegrees, with the variance of 0g = a2/3

2. The phase shift of the various phase shifters is uniformly distributed over the
range tb degrees with a variance of oy ¥ b2/3

3. The phase shift of any element or phase shifter is statistically independent of
all other phase shifters and elements.

The third assumption indicates that there is no interaction between adjacent elements.
For closely spaced elements, at the lower irequency, this assumption may not be entirely
valid.

The phase shift of each element-phase shifter combination is obtained by a convolu-
tion using assumptions 1 and 2 where a> b and the variance is

$
The output signal of the ith single combination is

vi() = Aj cos (wt + Ai)

:
;
:
E
g
%.

A; = amplitude of ith clement

) i

e

w =radian frequency

A = the phase error resulting from element and phase shifter.
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—=——— RADIATING ELEMENT

PHASE SHIFTER -

Figure 7. Radiating element and phase shifter.

Expanding v(t) gives

ey

v (t) = A; (cos wt) (cos 4, -A; (sin wt) sin Ai @2n
The total array output is

" M
, v(t) =Z Ai (cos Aj) cos wt -

i=1

™M=

A; (sin 4)) sin wt (22)

=A cos(wt+ A)

where

M M
A= Z (A cosAi)2+§ (A sin 4;)2
| 5= i=1

[ M 3
Z Al sin Al
=i

A= tan‘I M

1/2

|

(23)




When the element and phase shifter tolerances, a and b, are small and the amplitudes
A, are nearly equal as in large element arrays, then A becomes

(24)

(25)

(26)

Hence, 68% of all elements should have a phase error A of magnitude less than 6. When the
sum of the tolerances exceeds 15°, then the approximations are no longer valid. It is there-
fore essential that each component tolerance be held to the absolute minimum in the
module.

In the multifrequency array, the tolerances must be such that the pattern character-
istics for two or more frequency bands need to be satisfied. When the frequencies are in a
3:1 ratio, the component tolerances placed on the lower frequency components could have
adverse effects on the performance at the higher frequency. Since the tolerance variations
appear as phase shifts, they can be minimized by reprogramining the high-band phase
shifters. Computer simulation can be used to determine the proper phase settings after the
errors have been calculated. The allowable component combination tolerance to satisfy
both frequency bands must be determined early in the array design.
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PART 11

2.1 INTRODUCTION

This section summarizes the res

ults of an investigation to determine the feasibility
of constructing light

-weight scanning array antennas with the following characteristics:
a)  from broadside azimuth scan

b)  limited elevation scan

¢) pencil beams

d) 30dB sidelobes

Basic array

a single rf power so
distributed rf powe

vonfigurations have been examined to satisfy these requirements. Using
urce is one approach to feed all arrays; another is the possibility of using
T sources or amplifiers at each element (or for each column of elements).
This report considers the first approach but does not preclude use of the other. Since sig-

nificant costs in terms of weight complexity must be paid in order to achieve wide-angle

characteristics, usually a slightly less rigid scan angle and/or beamwidth characteristics will
allow practical tradeoffs.

Much effort has been devoted to dev:loping phased array antennas with distributed

tf sources or amplifiers (for example, the MERA, RASSR, and MAIR programs [22]). This
work has been spurred in part by the need to use many low-power solid-state sources to
achieve the required power levels, and in part by the reliability of many separate solid-state
sources. Another advantage is that all the rf signal cond;tioning (power dividing and phase-
shifting) can be done at low-power levels using lossy, but compact and lightweight, micro-
wave integrated circuit techniques since final amplification can be done just before trans-
mission. Distributed rf systems are currently complex and too costly to develop. There-
fore, even though the production costs can be fairly low due to printed circui; and MiIC
techniques, many thousands of units must be produced to achieve a low cost per module.
Since a high radiated power is not required for the small craft application and only a rela-
tively small number of modules are required for each antenna, it appears that a single tube
approach is desirabie.
When an array is fed by a single, central

mum power loss in the distribution and
loss and lightweight and is a preferred tr:

power source, a key consideration is mini-
phasing network. Stripline is both relatively low

ansmission line. MIC technigues are more lossy
than waveguide but for the short ranges they can be an acceptable solution, especially

where weight and space are critical. Various feed structures will be discussed and the
parameters of a typical example will be summarized.

The use of the stripline techniques for multifrequency arrays that has been examined
offers attractive, low cost, lightweight antenna approaches for both small craft and large
ships. For small craft (and shiort range targets), the frequencies above 10 GHz could be used
in a multifrequency array. This report discusses the array for larger ships and longer ranges,

however, the techniques are also applicable for the smaller craft.
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2.2 LIGHTWEIGHT ANTENNAS

ff One antenna examined was a planar phased array of slots in stripline. The elements
:-. ! have to be staggered so that the column spacing eliminates grating lobes. Figure 8 is an over-
¥ view of the array and its feed.

Typically, to achieve a 6° beamwidth with 30 dB sidelobes, each column has 15 ele-

ments with a spacing of 0.934 or 1.10 inches. The center-to-center horizontal spacing is
0.52X\ or 0.61 inch.

: Three cases considered were:

(1) 24 elements per row
(2) 32 elements per row

= (3) 48 elements per row.

The resulting properties of these three cases are summarized in table 3.

Each element in a column is fed in series (fig 9) and each column is fed by resonant
coupling-slots between the power divider board and the radiating board for frequency scan.
Each board has identical resonant slots. These slots are aligned so that the energy is coupled
from the center conductor of the power divider board to the center conductor of the
radiating board.

, ; This basic stripline array structure can be used with several different feed techniques
E % to provide limited elevation scan while maintaining its lightweight characteristics. Two of '
8 g these techniques, the hybrid matrix and frequency scan, are discussed.
E B 1
- 2.2.1 HYBRID MATRIX :
5 g - For the hybrid matrix case, the slots in each array are separated by mode suppressing 3
; | rivets or eyelets (fig 10) to form a stripline cavity into which a probe is inserted from the /
" E rear to provide an input from the matrix for amplitude and phase control. Multiport hybrid
¥ [ = matrices using 8 and 16 ports have been fabricated using alumina substrates. These devices 3
i :E can be used to provide a limited elevation scan capability when used as a linear element in a 3
4 t planar array. Sum and difference beams can be achieved without additional complexity. ¥
k. 2.2.2 FREQUENCY SCAN
g
" i A frequency scanned planar array using the radiating structure described can be
i i constructed in one piece of stripline (fig 11). This technique is low cost and lightweight
& y
, TABLE 3. PARAMETERS OF THE THREE-PHASED ARRAYS
3“ ‘ UNDER CONSIDERATION.
“ i . Weight Horizontal
| No. Height No Width Radiating Beamwidth Directivity
E | Rows | (in) Cols (in) Board 0° +45°  +60° 0° +60°
" £
| ¢ ’ 15 169 24 15.1 124 1b 6.1° 86 1220 33.5dB | 30.5dB
k 15 169 32 200 1.64 b 4.6° 6.5° 9.2° 34.7dB | 31.7dB
E 15 169 48 299 2.541b 3.05° 4.3° 6.1° 36.5dB | 33.5dB

r
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Figure 8. Staggered slot antenna board.
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Figure 9. Details of array face.
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since all printed circuit techniques would be used. However, calculations shown in figure 12
of the scan angle achievable as a function of delay line length indicate that a wide bandwidth
is required to achieve 60° scan. Figure 12 shows that with 100 guide wavelengths between
azimuth elements, a 90 Mc band is required to achieve 60° scan at 10 GHz. With a typical
loss at 10 GHz of approximately 0.025 dB/A for 50 ohm line in 0.62 inch thick stripline, it
is not practical to use more than § wavelengths delay between elements. Hence, an 18%
bandwidth is required to achieve this scan angle. While realizing that this bandwidth may

be unacceptable for some applications, it must be considered as a possible trade-off.

2.2.3 MULTIFREQUENCY TECHNIQUES

The combining of several elements in the same aperture area requires restriction of
the spacing of all elements to a maximum of 0.6 wavelength (to prevent grating lobes)
while at the same time the spacing chosen must prevent supergain. This limits the choice
of elements to be used in both bands of the array. Flush waveguide elements can be used
but are cumbersome and expensive in the lower frequency ranges. However, a flush mount-
ed element such as a radiating slot in a metal sheet or in stripline is a more suitable choice
to reduce weight and cost. The restriction in physical antenna space between the elements
rules out the use of inclined or shunt slots.

Strip transmission line (commonly called stripline), consists of a flat conducting
strip between the parallel to conducting ground planes as shown in figure 13. The stripline

100
Eu° scan
dfA= 0520
*45° scan
10 — d/\ = 0.589
: | :
.001 01 A 1

FRACTIONAL BANDWIDTH

Figure 12. Bandwidth required to achieve +45° or +60° scan as a function of
the delay between columns.
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circuit is constructed by printing the conducting strip on one side of a section of the copper
clad dielectric board. The radiating slot is etched on the opposite side of the same board.
The board is combined with a similar one, which has had the copper removed {rom one side,
to form the finished stripline sandwich. The two boards are thermally bonded and metal
screws are inserted to short the ground planes together to prevent the generation of spurious
and higher order modes. When the conducting strip is small compared to the ground planes,
the eleciric field is almost entirely confined in the dielectric and the mode propagated is

the TEM mode.

Typical D-band elements are cavity-backed radiating slots in stripline.* A slot cut in
an infinitely large metal sheet or in a stripline will radiate efficiently when properly excited.
Since stripline is a balanced circuit supporting the TEM mode, the slots must be cut in both
ground planes to prevent unbalance. However, both sides would then radiate. To confine
radiation to one side, it is necessary to enclose one slot in a cavity as shown in figure 14.
The cavity is made one-quarter wavelength long and this approximately doubles the slot
impedance. The sides of the cavity are left open to preserve the TEM mode. When the
slot is filled with a dielectric, as in this case, the slot length is effectively increased. The in-
crease in slot length must be taken into consideration when determining the resonant slot
length.

To accommodate F-band elements, the boards are first prepared by punching
1.410 X 0.900 inch holes. The rubylith overlay is then fitted between the holes and the
boards properly etched. The two halves of the stripline are assembled with an interleaving
of HZ-1000 flurocarbon film and the input SMA fitting. The sandwich is placed in a press
at 200 psi and baked in an oven at 415 degrees F for 30 minutes. After removal from the
oven, the unit must be allowed to cool before being removed from the press. The shorting
screws are then added and the cavity joined to the assembly with nonmetallic screws. Con-
ducting copper foil tape is placed around the cavity to prevent rf leakage that, were it to
occur, would greatly modify the slot impedance.

An effort was made to optimize the design of the D-band slot. A single slot element
was constructed in a stripline without the presence of the holes for the F-band elements.

A transformer was incorporated into the center conductor to improve the match between

the slot impedance and the impedance of the center conductor. The length of the quarter-
wave cavity was reduced to 1.50 inches and the slot length was progressively reduced to 0.515
inch. These changes effectively reduced the VSWR. Figure 15 shows a partial three-band
array sector using the element techniques described. The F-band slot was designed to oper-
ate at different frequency bands, depending upon the dielectric constant of the material

used to fill the cavity.

*US Patent, 3,806,945, David Proctor, Stripline Antenna, 23 April 1974

&




22722772777 2
[t )

(L

t

i z7777277777777277777777222777

Figure 13. Stripline cross section.

GROUND PLANE

Nf———

- '!
".-EHIH.:
y Eh i mghl CAVITY

T W g

GROUND
PLANE

A

COAXIAL
INPUT (SAM)

CONDUCTOR
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PART III

3.1 INTRODUCTION

Despite their numerous advantages, the rate of deployment of phased arrays into the
Fleet has been disappointingly slow. The main reason given for this is that the initial invest-
ment cost of phased arrays is too high.

To take advantage of the unique capabilities of phased arrays, their cost must be
reduced and to accomplish this, the available cost models must be studied to pinpoint the
areas where the biggest cost savings can be made.

The initial investment cost for phased array hardware is divided into three cost
constituents: (1) receiving components, (2) transmitting components, and (3) power pro-
ducing components. These cost constituents are used to minimize the cost of a phased array
system given the parameters of an attendant radar. They are further disaggregated into
cost elements for which cost equations are available. Hence, the actual cost of the phased
array system can be predicted.

Using the above complex cost model we now have the capability to measure the
cost saving with new or novel phased array configurations.




3.2 FORMULATION OF INVESTMENT COST FOR THE HARDWARE
FOR A PHASED ARRAY

The cost of the receiving components includes the cost of receiving elements, phase
shifters, drivers, combiners, cables, power supplies for the phasors, and a prorated cost of .
the support structure. Similarly, the cost of the transmitting components includes the cost
of phasors, transmitter modules, corporate feed, power supplies, harmonic filters, and the
transmitting elements. The cost of the rf power components includes the high-power i
oscillators, amplifiers, cables, couplers, etc.
There are many different phased array antenna configurations and each configura-
tion will have different costs included in each of the three constituent costs. For example,
a space-fed array will have different cost components from a corporate-fed array since the
space-fed array does not require the high power corporate feed. A phased airay with a
transmitter at every element will obviously have different cost components from an array
with one high-powered transmitter and power dividers.
Some costs can be logically assigned on a prorated basis between different costs
constituents. For example, if the receiving and transmitting elements are located on the
same structure then the cost of the support structure can be divided between the receiving
components and the transmitting compouents,
Thus, the total investment cost for the hardware of a phased array can be formulated
as

C= Cn, + Ctnt + Cpfmt 27
where

C  =investment cost of hardware for phased array

C; = the cost per element of the receiving components

C; =the cost per element of the transmitting components

Cp = cost per element of components for vroducing rf power
n.  =number of receiving elerments

Ny = number of transmitting elements

P =average power radiated per element

The cost of a phased array for a radar is directly related to the figure of merit used
for the radar. The figure of merit used for a tracking radar is different from that used for
a search radar. Therefore, these two cases must be treated separately when relating cost to
performance. The derivation given below relating cost to performance follows that pub-
lished by L. J. Cantafio. [11]

3.2.1 SEARCH RADAR CASE

First consider the search radar case. The starting point is the familiar radar range
equation

2P GA_ o *
() i
Nlo  (anRH%T,B L
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or

where

ng, n. and P, and the performance parameters of the radar may be explicitly obtained.

where

where

(zs) ZPPTGAeU
N/o  (4rRHAT,L

(-Z—S-) = signal to noise ratio

N/o

Pp = peak power radiated

G = gain of the transmitting antenna
A, = effective aperture of the receiving antenna
0 = radar cross section of target

R = maximum range of target

Te = effective temperature

B, = bandwidth

L = system loss

T = pulse width

4

(29)

Various substitutions for variables in equation (29) are made so the relation between

In equation (29), the gain of the transmitting antenna G is given by

ar
Op%p

G=nt

N4 = transmitting aperture efficiency,
0p,®g =3 dB beamwidth in the 8 and ® directions.

The effective receiving aperture, A, is given by

< v
Ag=nnd d A

r Xy
ny = receiving aperture efficiency
d. dy = distance between receiving elements in the x and y directions,

29

(30)

(31)
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The average power radiated, P js given by

D= N4 5 =P T &

P =0y PT T
or

Ppr = ntntET/E (32)
where

2  =number of pulses per period

T =period of waveform.

Assuming that the main beams of the phased array at the different phasor settings
will crossover at the 3 dB levels

BBCDB =6/M (33)
where

6  =search volume in steradians, and
M =number of beams required to search the volume.

The time required to search the prescribed volume is the frame time Ts Itis
given by

T =MT/8 (34)

Substituting equations (30) through (34) into equation (29) and rearranging terms,
one obtains

21R4T L6 (2—3)
N 0

pnn_= (35)

ntzanfdxdyR 0

The right side of this equation is a figure of merit for a radar in the search mode and is
defined as Wi

pnn, = Wy (36)
Using equation (36) and equation (27),
WS L

png
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Setting the derivative of C with respect to n, equal to zero, an expression for the number of
receiving elements which minimizes the total investment cost in hardware for a phased
array can be formulated as follows:

() =[Ws(ct+ctﬁ>]‘/2
r’min cost iy "'BC' ‘

(38)
r
Similarly, for the number of transmitting elements which minimizes cost we have
(n) [ S TN (39)
Ne)mi Bl ==y
t’/min cost p(Ct +Cpp)

Equations (38) and (39) are utilized in equation (27) to formulate an expression for mini-
mum cost 3

CI'\VS "
Cpin = 2 [_5__ (C, + cpa)] (40)

Using this equation we observz how the radar parameters affect the minimum cost of the
phased array antenna.
A similar equation will now be derived for the minimum cost of a phased array for
a track radar. Later the effect of the cost elements and radar parameters on the minimum A
cost will be examined. ;

3.2.2 TRACK RADAR CASE |

A similar development is followed to derive an expression for a figure of merit for
a radar in a tracking mode. Again, substitutions are made in the radar range equation to

1
obtain an expression for P, ng, n in terms of the parameters of the tracking radar. Repeat-
ing the radar range equation ;

P.7GA_ 0
(ZE) B s ol 29) 1
N (41rr2)2k';“eL .
The expression now substituted for the gain G is
G= 47"7tntdxdy 41)
In the tracking mode the frame time is given by
Te=NI 42)
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N = the maximum number for targets to be tracked.

The relation between the peak power radiated P.. and the average power radiated
per element, p is the same as in the search mode case

PpT 3 T)tntﬁ T/Q

Using equation (16) and equation (6) we obtain

- If
Pp'r =n¢nep E

As in the surveillance mode case, the effective aperture is given by

- 2
Ae =n.n.d xdy)‘

Thus, the radar range equation for the tracking mode can be put into the form

(28) i Prgninenyd2a2aZoTy
0

(44)

N 2mNR*T L

The standard deviation in tracking angle error in the 8 direction has been shown [13]

to be
’ 2s
(N)O nydy"f

Similarly, in the ¢ direction the standard deviation in angle tracking error is

i V3

¢ =
28
(ﬁ)(,) nxdx n

50=

n, ny = number of elements in the x and y directions, respectively, and

nxny = nr

Multiplying equation (45) and equation (46) and rearranging terms we have

(2_5.) i T
Nlo  a2sp84nd.d,




i
L 4 N PSR 1 BT TS AT ST e ST

Substituting equation (47) into equation (44) we obtain an expression relating P, ny, ng to
the parameters of the radar in the tracking mode.

6NRAKT,L
(48)

e 2D
pningy =

3:3,2 2
1r508¢dxdy)\ UTf”t’?r

The right side of equation (48) is a figure of merit for a radar in the track mod: and is de-
fined as Wy

ﬁn%ng = Wt (49)

Equations (49) and (27) are used to obtain expressions for minimum cost in terms
of the radar parameters. Substituting n. from equation (49) into equation (27) we obtain

- (3 %
= — _+ =

Setting the derivative of C with respect to n; equal to zero, we obtain an expression for the
number of transmitters which minimizes the cost of the phased array antenna system

e (Wt) Ya ( Cs )Vz (50)
)i Sle= e

t/min cost 7 Ct = Cpp

In the same manner, we can substitute ng from equation (49) into equation (27) to obtain

W\ % (C+BC
) e
P np

Setting the derivative of C with respect to n; equal to zero, we have

Wi\ % (C+CpB\ %
(Pmin cost = (-_—) (—é-—) (51)
p T

Using equations (50) and (51) in equation (27) we obtain
W, Ya £ i
Crin =2 (%) (Cy (Cy +CpB))™ (52)

Thus, equations for the minimum cost for both the search and track radar cases have
been formulated. Next the values for C, C; and Cp must be found, then the effects of the
radar parameters on the minimum cost can be examined.
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3.3 COST MODEL FOR COST ELEMENTS

Once the minimum cost of a phased array as a function of the constituent costs has
been derived, the best estimate of the constituent costs must be found. Because of its
simplicity, accuracy, and generality, the cost model derived by B. C. Frederic [14] is used
to obtain estimates of the constituent costs. This model uses the techniques of statistical
cost correlation to derive cost equations for various cost elements as function of the radar
parameters (frequency, peak power, etc).

Thus, for a typical high performance phased array radar, the cost constituents are
divided into cost elements for which the cost equations are given. Each cost constituent
will now be considered in turn.

The cost per element of the transmitting components, C;, isdisaggregated as follows:

Ci=Ciet Crert Ctps * Ctem (53)
where

Cie = cost of transmitting element

Cicf = cost of corporate feed

Ctps = cost of phase shifters

C¢em™ cost of calibration and monitoring

The cost equations utilized for each of these cost elements are given by Frederic [14].
The cost per element of the receiving components, C,, is given by

Cr=Cre* Creft Crpst Crem t Cpa

where

C

Crcf

Crps = cost of receive phase shifters

o = cost of receiving element

= cost of corperate feed

= cost calibration and monitoring

Cl’ cm
Cpa

= cost of preamplifiers

Cost equations for each of these five cost elements are given by Frederic [14].
Similarly, the cosi ver watt for rf power, Cp, is given by

Cy=Cyp +C

p Wi

p

Cim = cost of transmitter modules

CpS
Cpcm = cost of calibration and monitoring

= cost of transmitter power supplies
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3.4 SINGLE FREQUENCY CASE

Computer programs were created which used Frederic’s cost equations together
with equations (40) and (52) to calculate the minimum cost of a phased array antenna
system for a high-performance radar. The radar was chosen to have phase-phase steering
with a corporate feed and no switching between array faces. The chosen parameters were:

Signal to noise ratio, (2s/N) 10
Effective temperature, T, 1500°K
Receiving aperture efficiency, 1, 80%
Transmitting aperture efficiency,n; 55%
Frame time, Ty 1 second
Element spacing, d, = dy 0.6
Radar cross section of target, o 1m?2

The variables and their ranges:

Loss, L =3 to 20dB

Range, R =100 to 500 km
Wavelength, A =,03t00.1m
Number of targets tracked, N =10 to 100

Search volume, 6 =1 to 12 steradians

The results of these computations are shown in figures 16 through 21.

From figure 16 it is seen that the minimum cost of a phased array for a search radar
is increased by four when the range doubles. Thus, the minimum cost is proportional to
the square of the range, whereas in the tracking radar case the minimum cost of the phased
array is directly proportional to the range (fig 17).

In figure 18 the minimum cost of a phased array for a search radar is seen to bc ap-
proximately proportional to the operating frequency. In other words, the minimum cost
at L-band is 30% of the cost at S-band and only 10% of the cost at X-band. In a tracking
radar the minimum cost of the phased array is approximately proportional to the square
root of the rf frequency as shown in figure 19. Thus, the minimum cost of the phased
array at L-band is 60% of the minimum cost at S-band and 30% of the minimum cost at
X-band. I is obvious from a cost standpoint that it is better to construct search and track
radar at the lowest allowable microwave frequency.

Figure 20 examines the minimum cost of the search radar phased array versus scan
volume. In the search radar, the minimum cost of the phased array is approximately pro-
portional to the square root of the search volume in steradians. Thus, the scan volume can
be doubled for 40% increase in cost. Figure 21 shows the minimum cost of the track radar
phased array and that it varies only as the fourth root of the number of targets. Therefore,
to track fifty targets costs only 50% more than to track ten targets and a hundred targets
can be tracked for a 78% increase in the cost to track ten targets. Thus, it is seen that large
increases in the scan volume of number of targets can be achieved for a relatively small in-
crease in cost.
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WAVELENGTH =0.1 METER
SEARCH VOLUME = 1 STERADIAN
L = TOTAL SYSTEM LOSS

L=17d8
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Figure 16. Cost of search radar versus range.
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Figure 17. Cost of track radar versus range.
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Figure 18. Cost of search radar versus wavelength.
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Fi~ure 19. Cost of track radar versus wavelength
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Figwe 21. Cost of track radar versus number of targets.
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) In all of the cases considered here it is important to keep the loss of the total system
F B ataminimum. A 3 dB increase in the losses in the search case increases the minimum cost

' by about 40%. In the tracking radar case the minimum cost of the phased array is increased
by 20% if the losses are increased by 3 dB.

e
»

A 3.5 MULTIFREQUENCY CASE

v To make significant progress in reducing the cost of phased arrays, novel design

configurations must be examined. Using new cost models that have been developed, a

measure of predicted cost savings of any new design configuration can be immediately

{) : obtained.

# ¢ One configuration which is suggested is a multifrequency array that combines a

E search radar at 1 GHz with a tracking radar at 3 or 3 GHz. This concept makes use of phase

_‘ shifters which are shared by the two frequency bands. If the phase increments are selected

i to be exact at one frequency but are also multiple at another, then the scanning process
can be achieved at two frequencies. The beam pointing angle at each frequency need not
be the same, and, in fact, it perhaps will not be. This concept, coupled with a two-band
radiating element, could provide rapid scanning at two frequencies at a reduced cost.

i A cursory look at the approach reveals that for a small number of elements, the

o : concept is feasible. However, as the number of elements increases, the program for the

i phase shifters also increases to provide for beam agility. An additional benefit can accrue,

since only one driver might be used to drive the phase shifter for both bands. The concept

|
i
a i is shown schematically in figure 4. In some instances, it may be possible to use various bit
i ? phase shifters to obtain some beam positions. Extension of the approach to the three-band
§ array is an obvious approach; whether the increase in complication would result in a com-
| mensurate increase in performance, while further reducing the cost, is an area for further
f “ investigation.
f In this design the same phase shifters, radiating elements, and drivers are used by
1 ; both radars. Thus, a significant savings can occur because the phasors and drivers are a
! K ¢ major investment cost of any phased array system. The cost model was utilized to measure
i 3 the cost of such a multifrequency, multifunction radar as compared to two separate radars
] i performing the same functions.
{ The radar was assumed to use phase-phase steering with no switching between array
il £ faces. The chosen radar parameters are:
E | Signal to noise ratio, (28/N)g 10
i ' Effective temperature, Te 1500 °K
Receiving aperture efficiency, nr 80%
'; Transmitting aperture efficiency, nt 55%
" ! Frame time, Ty 1 second
f Element spacing, dx = dy 0.6
| " Radar cross section, o Im?
Number of targets tracked 50
¥ : . Search volume 1 steradian
A ‘* Standard deviation of angle tracking error 1073 radians
o *L
E
: 39
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The results of the computer models shown in figure 22 give cost vs range for dif-
ferent system losses for both the multifrequency radar and the two single frequency radars.
It is seen that substantial savings can occur by combining functions into one multifrequency
radar which utilizes component commonality. Thus, at a range of 500 km and system losses
of 20 dB, two separate radars cost 50% more than one multifrequency radar which performs
the same functions. Actually, the cost saving ratio could be slightly less than 3:2 since
more switching diodes could be required in a shared two-band driver/phase shifter than in
a single one-band combination.

SEARCH RADAR WAVELENGTH = 0.3 METER

SEARCH VOLUME = 1 STERADIAN /L= 20dB
TRACK RADAR WAVELENGTH = 0.1 METER

NUMBER OF TARGETS = 50

TRACKING ERROR = 10~3 RADIAN

== == == TWO SEPARATE RADARS /L=17d8
ONE COMBINED RADAR

]

L=20dB

L=17dB

#
# L=10d8

COST (5 MILLIONS)
&

RANGE (KILOMETERS)

Figure 22. Cost of separate search and track radar phased arrays versus
a multifrequency phased array.
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PART 1V

4.1 CONCLUSIONS

The use of array antennas has not been widespread and this has been due perhaps to
their high cost. Also, there have been some misconceptions of the costs of these arrays
when applied to small surface craft. In this context, the cost of the phased array may not
be prohibitive since it can perform several functions at different frequency bands and there-
fore perform the tasks normally required of several radars. In addition, the use of some of
the techniques described could provide low cost array antennas, as well as highly compact
ones for application where physical space may be at a premium.

The concept of the multifrequency array could provide a cost-competitive antenna
when commonality of components and lightweight techniques are used to replace several
radar antennas. The concept of using a single phase shifter and radiating element to propa-
gate several frequencies simultaneously needs further investigation in the area of mode
coupling and e xamination of the impedance characteristics at the various frequency bands.
In theory, for two frequencies which are even multiples of each other, the technique is
feasible but the bandwidth properties have to be further explored.

The lightweight stripline techniques discussed have been used for large arrays at
NELC. However, their potential for the smaller high-speed ships has not been exploited.
This application requires a highly agile, rapidly scanning sector type of beam and that is a
promising application especially when the benefits of MIC techniques can be used to ex-
ploit the space limitations, lightweight, and compactness of array antennas.
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