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A MULTIPLE-BEAM MICROWAVE ANTENNA BASED

ON THE PRINCIPLE OP THE MILLS CROSS

I. Introduction

Remote sensing of geophysical and climatic parameters using
microwave radiometers has becom. increasingly attractive with the

advent of the payload capabili ties of the space shuttle1. How— H
ever, to achieve comparable resolution, space mounted radiometers
must have ant.I)n~s jaore than an order of magnitude I&Y~èr than
their aircraft mounted counterpart. - For instance, 1 km re-

solution at 500 km range requires “ 20 in antenna extent at 10 GHz .
Although the compatibility of such large antennas with

conventional radiostetric imaging systems and techniques has
recently been considered from the point of view of integration
time, bandwidth, and antenna losses,2 no attempt was made to
assess the impact of specific antenna configurations on the space

• platform itself. Since the size and mass of a large antenna can

easily exceed those of the spacecraft, the range of factors used
• to determine a given antenna design and operating mode must be

broadened to include the cii., mass, and configurational constraints
imposed by the space platform.

This paper is a report on some aspects of a study carried
out to determine the feasibility of various antenna configurations

• for a proposed Remote Ocean—Surface Measurement System ( ROWS)
• mission to profile the surface temperature of the ocean using a

passive microwav, radiometer. In particular, a static, multiple-
beam , microwave antenna utilizing a phase-switched Mills cross3
Not.: ~~~~~ lpt mbmltt.d Ja~usiy 1, 1975.

1

— - - — -~~~ ————. .._ - —-. - 
• 

- — --~~~ — 
_ ;‘_ ~~~~~~~~~~~L ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -* 



— — —.—-—--- —-.•-- — —
~~ 

— —
~~

———-—

as its basic element is propos d and analyzed in detail. Al-

though the Mills cross configuration does not completely meet the

specified requirements of this particular application, its analysis

does provide a necessary frame of reference for assessing its

usefulness in general, and for establishing its features and

drawbacks relative to alternative antenna configurations . It

also serves as an illustrative example of some of the design

tradeoffs and problem. that are encountered in trying to map the

earth ’s surface from a space platform. -

The paper is organized as follows. In Section II the ROllS,

mission objectives and parameters are defined , and some of the

configurational and operational tradeoffs that led to an antenna
design based on the Mills cross are discussed . In Section III

the basic theory of the phase-switched Mills cross and of some of

its variations is presented, and then is used to predict the

performance of a phased and tilted-arm configuration necessary

for the ROllS application . In Section IV the beam stacking and

data processing procedures necessary for optimum image restora-

tion are specified. The final configurational tradeoffs are then

• made in order to design and then assess the predicted performance
-

• of a Mills cross multiple—beam antenna in terms of the ROllS

mission requirements. A discussion and our conclusions are given

in Section V.

II. ROMS Mission Configuration and Parameters

The ocean surface is an extended source of electromagnetic

radiation, whose radiation properties, at a given frequency and

polarization, can be fully characterized by a brightness tempera—

• 
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ture, TB(O,41).
4 The ROMS mission is to map TB (O ,

~
) using a

passive microwave radiometer mounted on a satellite platform, as

is schematically illustrated in Figure 1 for the case of a single

4 beam Mills cross antenna. Most of the parameters necessary to

specify the mission and the antenna design are defined in this

figure, and a representative set of values are included (in

parentheses) for perspective. The basic surface temperature

measurement is made at 6 GHz. Other higher frequency channels

are used to correct for ocean roughness and intervening atmo-

spheric effects and require a much smaller aperture antenna than

the 6 GHz channel. At 6 GHz, the basic system requirements are

10 km resolution, 500 km swath width, and a 0.50K system sensiti-

vity to sea surface temperature. In addition, the measurements

are restricted to vertically polarized radiation at approximately

a 55 degree angle of incidence with the sea surface, in order to

reduce the dependence of TB(O ,d) on ocean roughness effects5 and

to maximize the dependence on sea surface temperature.

The high resolution temperature profile transverse to the

satellite motion might be achieved by either a mechanically ‘

scanned single beam antenna, or by using a static multiple—beam

configuration. A mechanically scanned parabola is simple con-

ceptually, but would require a sophisticated mechanical drive in

order to scan auch a large antenna without significantly dis-

turbing the stability of the space platform. It also has the

disadvantage of a much shorter effective integration time relative

to a static multiple-beam configuration, since tht total available

integration time for profiling a 10 km by 500 km transverse strip

3
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• ARM 1U \~ ~~~ — -~~~ SATELLiTE
VELOCITY

o -’lP1~ I

I I

GIVEN PARAMETERS DER IV ED PARAMETERS

• ALTITUDE (500 km) h • EFFECTIVE ALTITUDE (530 ke)

• INCIDENCE ANGLE (550)  R - SLANT RANGE (815 kin)

S • SWATH WIDTH (500 km) r • HORIZONTAL RANGE (620 kin)

• RAD IUS OF EARTH (6370 kin) • VERTICAL BEAN SWING (495)

M~1XI*jN HORIZONTAL BEAM SWING (23 )
cz • EARTH SUBTENDED ANGLE (5.5°)

Pig. 1 - The ROWS mission parameters. A representative set
of values is given in parentheses. 
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of ocean is limited by the satellite motion C’. 1.4 seconds for a

t 
. 500 km circular orbit). On the other hand, the classical techni-

ques for simultaneous beam forming in a static configuration

(e.g.. microwave lenses, microwave networkc, and IF beam forming6)

are quite complicated, both analytically and mechanically. In

particular, it is difficult to adapt these configurations to the

size and mass constraints of a space platform, and each contains

large insertion losses that essentially negate the advantage in

- int~egrat-ion- -time. 
-

For these reasons, it was decided to try a new approach to

the design of a static multiple-beam antenna using the principle

of the Mills cross. In this discussion, the terminology Mills

cross is used to characterize that particular class of phase-
• - switched interferoineters where the two (rectangular) apertures

-• are in physical contact. This ranges from the synmietrical cross

to the tee or eli configurations, as shown in Figure 2. Alsc.

shown are the sensitivity expression and far-field resolution

pattern (the dotted lines) for each configuration except the ell.

As will be demonstrated, the phase-switched Mills cross has the

property, of an unfilled aperture, that the sensitivity can be

• varied independently of the resolution. The resolution in a

• given direction is determined by the effective antenna extent in

that direction, and is estQblished by hypothetically syinmetrizing

each configuration, as is illustrated by the dashed lines in Figure 2.

Sensitivity is then preserved by balancing any increase in reso-

lution with a corresponding increase in arm width (receiving

area). Consequently, it is possible to achieve a rough equivalence
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lish the effective antenna arm lengths. The dotted lines represent
the far—field resolution patterns of each configuration except the
eli, and T8 is the expression for th. corresponding sensitivity.
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in the sensitivity ~~4 resolution of each of these configura-

tions, and, therefore, it is reasonable to consider the possiblity

of stacking them together to from a compact multiple—beam antenna .

This approach is relatively simple, both conceptually and me-

chanically, since the final antenna configuration, as shown in

Figure 3, is basically a stacked arrangement of many static

single-beam antennas . A detailed design and performance analysis

of this general configuration in terms of the ROllS mission re-

quirements is the subject of the remainder of this paper.

• III. Theory of the Mills Cross

• A. General Description

When a two aperture antenna is rapidly switched between the

• in—phase (+) and out—of-phase C-) operating modes , the antenna

output has a modulation superimposed of amplitude

• T~ — Tk+ — TA.. ~ (1)

where the antenna temperature is related to the source brighthess

temperature through the convolution with the antenna power
• 

pattern7 
-

(0—0’,4—4’) T (O’,$’) da’
— 

t B 
. (2)

• 
fP~~(e .) d~2

For the particular case where the two apertures have coasnon

centers , i.e., the syemetric Mills cross , the antenna power

pattern, P~ (e ,) , is simply related to the far-field patterns, E(O ,

4) , of each aperture through the relationship

7 
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Fig. 3 — A 25 beam, tilted-horizontal--arm, Mills cross antenna that
utilizes a coemon vertica l arm . A detailed theoretica l design and
performence analysis of this particular configuration in terms of
the ROWS mission requirements is given in Figure 12.
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11 E~E~* ~ (!1*E2)(!1±32)* — ~B1~
2+IE2~

2±(E1 
g
2
e+g

1*g2), (3)

where the subscript 1(2) refers to aperture 1(2) . It is also

useful to refer variations in the source brightness temperature
to the Naverage temperature of the extended source over the

entire region sensed by P± (e,$) through the equation - L

TB (e.,) — T3(ave) + £T5(O,4), (4)

where ~T~ (O ,4) is defined such that

- 

J (1E11
2 

+ 1E21 2) 8T~ dO — 0. (5)

Eqs. (l)-(5) can then be combined to yield the general relation-
• ships

T + + T
TB (ave) — 

A A- 
, (6)

2

and

• 
Ts — 

1 02 
+ E1*E2) a; dO ,

• where the (unnorma].ized) solid angles of each beam and the correla-
tion region are defined by

• 
— JIEjI~ dO , (8a)

9
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— do , (Sb)

1 2  1 2 4fl (8c)
o ~ 2

In deriving Eqs . (6) and (7), it was assumed that the correlation

region is small, so that terms down by a factor

could be neglected . -

On the basis of the discussion so far , three general obser-

vations about the properties of phase-switched Mills crosses can

be made:

o Any component of T3(O ,~~) which ii constant over the

entire solid angle for which P~ exists does not con-

tribute to T5. Equivalently, the DC spatial frequency

response of such an antenna is zero.

o T5 is the convolution of AT3 with an “effective’

antenna power pattern proportional to the product of

the far—fields of each aperture of the interf.roineter.

Therefore, the resolution in measuring AT3 is deter-

mined by the far-field correlation region, which is

characterized by the solid angle , %• -

o In general, T3(ave) varies with time, and must be

measured indpendently with an accuracy comparable to

that for T5. The difficulty in making this measure-

ment depends on the magnitude and rate of the fluc-

tuations in T3(ave) . Only if these variations are

relatively small and slow is the phase-switched Mills

10
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cross useful for high accuracy, high resolution inca-

aurements on extended sources .

The siqnificance of these observations is best illustrated

by considering the simple example of a uniformly excited , symmetric

Mills cross , as shown in Ficiure 4. Each arm has a fan shaped

far-field pattern as shown , where the vertical arm produces the

horizontal beam, and vice versa. By periodically phase-switchina

the two arms, a modulated output signal of amplitude P5 is pro-

duced that is determined only by those particular brightness

temperature deviations from the overall averaae that occur in the

(cross-ha tched ) region common to both beams. Using equations 7

and 8 and simple qeometric arguments , it is evident that the

antenna sensitivity has the qualitative dependence

T5~~~~~ A T .  (9)

This result shows that the sensitivity can be varied independently

of the resolution by making appropriate adjustments in the D/L

ratio. Therefore , for those applications where the average
background temperature is at most a slowly varying function of
time, so that it can be easily and accurately measured indepen-
dently, the effectIve resolut ion of the Mills cross corresponds

to the cross-hatched region shown and is determined entirely by

the lengths of the antenna arms. In the RONS application it is

possibl. that occasional rapid variations in ¶r3(ave ) miciht occur .

For instance, a sudden encounter of one of tt ’i, beam arms with a

t 

11

- 

-
- 
I.~ ~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~ -
~~~~~~

, 
~~ ~~~~



________________________________________ 7 — 

6 

~‘~~~~~r—~
-
~

-- -‘,

I

f ~~,_ ARM 2 -
~~~~

1 
I 

_ _ _ _ _ _ _

— _ _ _ _ _ _

LU

UNIFORML Y EXCITED MILLS CROSS FAR-FIELD POWER PATTERNS

RESOLUTION -

______ 
I)AT - 

+ 

, AT AT
DI. DI.

Fig. 4 - Oualitative description of the resolution and sensi-
tivity of a uniformly excited Mills cross antenna. Using geo-
metrical arguments, it is evident tb.at the resolution (cross-
hatched area ) is inversely proportional to antenna extent , L,
and the sensitivity has the qualitative dependence T5 ~ (D/L)
AT, where AT is the temperature deviation of the source with-
in the cross-hatched region.
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land mass would produce an abrupt change in T3(ave ) and a corre-

sponding equal and opposite change in T5, even though the actual

t . 
brightnes, temperature in the correlation region remained constant .

This possibility must be taken into account in designing a system

to monitor T~ (ave).

B. Aperture Excitation and Far—Field Radiation Pattern

A quantitative determination of the resolution and sensiti-

vity of a given antenna configuration requires knowledge of th.

far-field radiation patterns , E(O,~ ), as determined by the

distribution and level of excitation in the corresponding ap rtures.

In practice, the apertures are composed of arrays of discrete

elements, appropriately excited and phased to produce th. desired

far—field power patterns. A particularly simple model of an

aperture array is one composed of many electric (or magnetic)

dipoles, so small and so closely spaced that the far-field struc-

ture due to the discreteness of the elements is not resolved , In

this limit, the aperture is effectively a current sheet , whose

radiating properties can be conveniently characterized by a

continuous electric field distribution, E (xA ,y X ), over the plan.

of the aperture. For the present purpos. of assessing the

relative performance of various antenna configurations , this

simplified d.scription is adequate.

Assuming a vertically polarized aperture distribution,

cy (x;~.y~). the corresponding far-field pattern is dstermined by

the Fourier transform relationship8’9 A
13
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~: ~: ( 1—i 2) (1/2) 
B(t ,m)e~

2
~~

t
~
C X I ~~~~~~~ 

, (lOa)

and

( 1_12 ) L’2 E( t ,m)  — c: j c
~ (xi,yx) e~~

21U
~
xA 4mY A )dx Ady A , (lOb)

where E (t , *) is the far—field of the ray(& ,m) , and the subscript “ X ”
indicates that all dimensions are expressed in wavelengths

(t ,m,rt) are the direction cosines

& — — s i n O sin $, (ila)

in — — cos 0 , (lib)

n — sin S cos $, (lie)

where 0 defines the beam position relative to nadir, and $ is

the horizontal angular deviation of the beam away from broadside,
as shown in Figure 1. Eq. (1) is not quite the classical Fourier

transformation because of the factor n/(l-&2)~
”2, which is just

the cosine of the angle between E(L,m) and the polarization

direction. Therefore, the definition

n
B (t ,m) — ., 

~~~~~~~ 
E(t,m) (12)

establishes £y (X A~Y ) and By (L~*) as a standard Fourier transform

pair, where Iy (tiM) is just the vertical component of E ( L ,m ) .
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The corresponding power radiation pattern, defined as the

power radiated in a given direction per unit solid angle , can be
* written

IE(O,,)1
2 

— 
IE(t.m)

A
2 dtd* 

— nIE (t,in) 1 2 — 
(1—i2) E~ (t .m)I

2.(l3)

For a highly directive antenna radiating close to the broadside

direction (i.e., (1— t 2 )/w l) , ths aperture polarization can be

neglected and E~ (L~m)I
2 is essentially the same as the power

radiation pattern. However, for non-broadside operation, there

is a strong dependenc. of the power radiated upon the scan angl..

To illustrate this dependence, consider an antenna with a
• broadside radiation pattern E(8,$) ~ E~ (t.m) that has been phased

to produce th. shifted pattern Ey(t~L0•in~in0) centered about the

direction (L01m0). The required aperture excitation level and

phasing is obtained by applying the shift theorem9 to the ori-

ginal aperture distribution, i.e.,

_i2lt(t0xx+m ~~e - )E~~( i—* 0.m—m0)~ (14)

where the symbol “
~~~~~~

“ is used to relate these quantities as a

Fourier transform pair. This result states that uniform phase

gradients of — - sin S0 sin and in
0 

— - cos S~ cycles per
wavelength along the and y

~
-directions, respectively, produce

the desired beam swing from broadside to 
~
0
O’~~O~~

’ For a highly

directive antenna, the total power radiated as a function of the

scan angles can then be written

13
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fE(o- eo.,_,0)1
2 dQ _ Jl;

t2 E
~ (L-&0im-m0)I

2 dtdnt

l_t 2

JiEy
(t ~~m) 2 dtdm, (15)

no

which states that, for a given aperture excitation level, the

total radiated power varies as (l-L0
2 )/n 0

2 .

This predicted variation in total radiated power with scan

angle can be attributed to two factors. The first is that the

antenna input impedance varies in inverse proportion to (l-t0
2)/

Consequently, for the forced~ excitation of fixed

amplitude assumed in Eq. (14), a dependence of the total radiated

power on this factor is expected. In practice, the antenna

excitation is fre. rather than forced, and this effect can be

eliminated by proper impedance matching of the receiver to the

antenna for a given scan angle. The remaining inverse dependence

of the total radiated power on n0 — sin 0 cos $ is related to the

reduction in the effective aperture size with increasing scan

angle. By increasing the vertical aperture dimension by 1/sin 0
~
,

and the horizontal dimension by 1/co. $~ , the effective aperture

is independent of scan angle and this dependence is eliminated.

C. Asymmetrical Aperture Distributions

The sensitivity expression, Eq. (7), is restricted to phase-

switched interferometers whose apertures have a common center.

This includes the symmetrical Mills cross, but apparently cx-

eludes its variations, such as the tee or the dl. However,

Figure 5a illustrates that any two (rectangular) aperture an-
-

~~~ I
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tennae with real. and symmetric aperture distributions (as is

usually the case) can be replaced by the classic Mills cross

configuration with appropriate asymmetric aperture distributions.

For the purposes of this illustration, the original aperture
distributions were assumed to be uniform.

In dealing with asymmetric aperture distributions, it is

useful to note that any given aperture distribution can unam-
biguously be split into odd and even parts, i.e.,

— f(xA,yA) + ~~~~~~~~ (16)
[even] [odd)

This property is illustrated in Figure 5b for aperture *1. Since

the transform of a real and even function is also real. and even,
while the transform of a real and odd function is imaginary and

odd9, the corresponsing far-field can be written

E(t,m) — F(t,m) + iG(L ,m), (17)

where F(i,m) is the transform of f(x
~
,y
~
) and iG(t,m) is the

transform of g(x~ Py,). Substituting Eq. (17) into Eq. (7), the

general sensitivity expression for the phase-switched Mills cross

and all of its variations becomes

— 
~~~~ f  (T~F2+G1G2 ) t~T8 dC~ • (18)

— D. Calculations: Broadside Operation

The next step is to evaluate the symmetric Mills cross and

some of its variations as possible elements in a multiple—beam

15
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configuration. For this purpose, it is both convenient and

sufficient to assume uniformly excited, high directivity aper-

tures radiating in the broadside direction, so that c(x1,y1)

and F (& ,m) are approximately a Fourier transform pair. Then
applying Eq. (10) to th. case of a uniformly excited rectangular

aperture of width D and length L (in wavelengths) yields the
— 

approximate result

c (x~.y 1) fl(~~
!)fl (

~~~~

) 

)E(i,m) — DL sine Di sine tm, (19)

where the rectangle function

•fl- (0 lx i >1/2
I 1(x) — (20)

(1 lx i <1/2

has been used to characterize a uniform excitation of unit

amplitude. 
-

Case 1. Symmetric Mills Cross (Figure 2a~
For generality, the arms are permitted to have different

widths and lengths. From Eq. (19),

E1(t,m) — D1L1 sinc L11 sine D1m, (21a)

E2(t m) — D2L2 sine D2i sine L2m. (2lb)

The antenna sensitivity and spatial frequency response in a given

direction are found by assuming a sinusoidal disturbance in that

direction, and then applying the sensitivity .xpression , Eq.

19
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(7). For instance, in the far-field direction conjugate to x~ we

assume

ATB(t,m) — ~T cos 2wft’ iT cos 2wf~$ , (23)

where $ is the (assumed small) angular deviation from the broad-

side direction, f$ is the corresponding spatial frequency in

cycles/radian, and iT is the oscillation amplitude. Performing

the required integrals yields

D1D2 L1-D24 iT L1D1+L2D2 2

D1D2 1(L1+D2)—2f 1 L1—D2 L1+D2T5(f•
) — 4 iT L1D1+L2D2 L 2D2 2 < < 2 (23)

L1+D20 f$~~ 2

$7

Note Ihat the spatial frequency cutoff (resolution) in a given

direction is determined primarily by the length of the arm in

that direction. This expression can be simplified by assuming

isotropic resolution (L1 = = L), and narrow arm widths (L>>D1,D2).
Then the high frequency rolloff can be neglected, and Eq. (23)

reduces to the flat sensitivity response

D D 2T5(f~
) ~ 4iT ~ D1+D2 

(24)

up to the cutoff frequency, 
~~ 

— L/2. Note that the arm widths

enter the sensitivity expression in parallel , and should be kept

roughly equa l to maximize sensitivity.

20
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The flat spatial frequency response predicted above for the 7

Mills cross in the 4-direction is ideal for optimum image restora-

tion of an extended source. By definition, the antenna sensi-

tivity is constant for each spatial frequency component out to a

well-defined cutoff, which can be directly related to the real

space resolution of the extended source mapping. Note, however,

that the response of the Mills cross is not isotropic. This is

illustrated by the three response curves shown in Figure 6,

corresponding to different far-field directions. Only in the

high symmetry ~ and 8 far-f ield directions conjugate to xX and

is the response ideal, as shown in Figure 6a. In fact, at 45

degrees to these directions, the response has the triangular

shape characteristic of a uniformly excited filled array (Figure

6c). Therefore, optimum image restoration is achieved with a

Mills cross only if its orientation is chosen so that the scan

and/or multiple-beam sampling directions coincide with the 4 or 8 r
far-f ield directions.

Although the Mills cross has a flat spatial frequency re-

sponse for certain orientations, it is the exception. Most

antennas, like the Mills cross for arbitrary orientations, have

responses that are less than ideal, so that the meanings of

extended source antenna sensitivity and real space resolution are

not clearly defined . Yet, adequate definitions are vital if one

wants to compare the performances of different antennas and to do

design tradeoffs. An approximate remedy to this situation is

achieved by defining an equivalent ideal flat spatial frequency

response curve in each case, as is illustrated by the dotted line

21
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— rectangles shown in Figure 6. Specifically, the equivalent ideal

cutoff frequency, ice’ is defined by the weighted average

- ~~(0) 2[f(T5)] dT8

~ce — T (0) (25)

. 
f(T5) dT5

where f ( T 5) is the inversion of T5 (f)  (i.e., the integration is

carried out along the vertical axis). Applying this definition

to the uniformly excited Mills cross yields the isotropic equi-

valent spatial frequency response, and, hence, the circular real

space resolution pattern shown in Figure 2a. The corresponding

isotropic sensitivity expression is given by Eq. (24).

AddI~tional support for the definition, Eq. (25), is found by

noting that, for a given aperture distribution, the equivalent

cutoff frequenciea of the Mills cross and the filled array are

both inversely relE -:ed to the 3 dB widths of the corresponding

power patterns through the same proportionality constant. More

specifically, this definition requires that, for the same aper-

ture distribution, the Mills cross must have an extent ‘$~/~~

greater than that of a filled aperture in order to have the same —

resolution. This is a significant consideration in weighing the

relative merits of the single-beam, mechanically scanned, filled

aperture approach to the ROMS mission against the Mills cross,

multiple-beam, static approach. It should be noted that Eq.

— 
. (25) is useful only as long as T5(0) represents the peak sensi-

_ ; - ‘- ‘.
- - :  - - - - -- -- --- - i

—



tivity. This is usually the case for antenna conf igurations and

apertur. distributions used to observe extended sources.

Case 2. Symmetric (Equal Arm) Tee (Figure 2b)

The antenna ii first physically symmetrized by introducing

th. appropriate asymmetrical aperture distribution for the

horizontal arm (Aperture *1). Since the vertical arm is already

symmetrical,

- ~fl(~fl(~)+ ~TT(~ 
- + (26a)

£2(X A,yX) _fl(f5_
) ~(~.—) 

. (26b)

The corresponding far-field patterns are

D1L iD1L LE1U,m) — —.
~~
-- sine Lt sine — 2 sine sinn ~-t sine D1m , (27a)

E2(t,m) — D2L sine D2t sine Lm • (27b)

On applying Eq. (18), it is immediately evident that th. correlated

power pattern, and, hence, the resolution, of a symmetric tee is

identical to that of a symmetric cross of the same extent. This

is because the asymmetric field does not contribute as long as
G2 — 0. However, because 01 is non-zero and large , any asymmetries

in the vertical arm will. now result in first order deviations in

the antenna response, and could present practical difficulties3.

the corresponding sensitivity expression for the tee is

24
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T5(f) — 4 AT 
~ [D~~~~2] 

f < ‘

which is somewhat different from that of the cross. In particular,

if — D2 — D for the cross, then it is required that — 2D2 — 2D

for the tee to have equal sensitivity. This means that the cross

and tee must have equal receiving areas in order to have equal

sensitivities.

Case 3. Asymmetric Cross (Figure 2c)

This configuration is essentially a tee with unequal arms.

Applying similar formalism to this configuration yields the

anisotropic response

L
, I D 1D., 1

T (f) — 2 AT 
~ 

1 D + D  . (29)
1. 2]

The different cutoff frequencies indicate that the corresponding

real space resolution is elliptical, as shown in Figure 2c, where
— the resolution along the vertical arm is twice that along the

horizontal arm. Because of this anisotropic increase in resolu-

tion, there is a factor of two loss in sensitivity relative to

the symmetric cross when the arm widths of both configurations

are equal. Note that both and D2 must be doubled in order to

recover this drop in sensitivity.

Case 4. The Eli (Figure 2d)

Using the above formalism, it is straightforward , but

tedious to show that the spatial frequency of the d l  configura- 
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tion is simply not suitable for reasonable image restoration of

an extended source. The true centers of the two apertures in an

•11 are physically separated in two dimensions, with the result

that, in the off-diagonal direction, there is a pronounced

intermediate frequency peak in the spatial frequency response .

Such a response, which is characteristic of a high resolution

interferometer , cannot be reduced to a meaningful equivalent

spatial frequency response, as defined by Eq. (25). Consequently ,

the eli configuration will not be considered as a possible

element in a multiple-beam antenna for the ROMS mission.

We therefore conclude that reasonable image restoration can r
be achieved by restricting the configurational variation of the

elements in a Mills cross multiple-beam antenna to the range

between a symmetric cross (Figure 2a) and the unequal arm tee

(Figure 2c). At the same time, some way must be found to cam-

pensate for the associated variation in the resolution and

sensitivity of these elements.

B. Non-Broadside Operation: Single Aperture Analysis

The ROMS mission requires a transverse beam swath at a 55

degree angle of incidence on the ocean surface, as is illustrated

in Figure 1. This is to take advantage of the near independence

of the vertically polarized radiation from the sea surface on

roughness effects at this incidence angle and to obtain as large

a surface emissivity as practical to increase the brightness

temperature dependence on the physical temperature of the sea.

Using a static Mills cross configuration , such a pattern can be

achieved by appropriate phasing of the vertical arm , called

_ _ _ _

I 
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“coning TM . To illustrate this procedure, consider the specific

example of the phased beam swing of a uniformly excited, verti-

cally polarized aperture with dimensions D
~ 
and in the and

y
~
—dir.ctions, respectively. For large angle beam swings , the

aperture polarization is important, and the general transform

relationship given in Eq. (10) must be used. Then, according to

7 the shift theorem, as given in Eq. (14), a uniform phase gradient

- 

- 

of m0 — — cos e0 cycles per wavelength along the y~-direction of
a uniformly excited aperture results in the vertically shifted

far—field power radiation pattern 
7

-

I E ( 9 ,~ ) l 2 no 
(l-L 2) 

zinc2 [DEL) sinc2[D~ (m_m 0)] . (30)

This expression has been normalized to remove the dependence of

the radiated power on aperture dimensions and input impedance, as

discussed in Part C of this Section .

For a high directivity aperture (D
~~
D
~
>> l)i Eq. (30) has the

approximate form in spherical coordinates

~ sinc
2f (D~sin80) sin~ J sine 2 ((D~sine0)(

8_ e
0)]. (31)

The corresponding total radiated power (beam solid angle , in this

case) is

~ ~x
Dy ~in e0 

. (32)

As predicted , the effect of a vertical phase gradient is to

project (cone) a fan shaped beam onto a horizontal surface at

27
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the constant angle of incidence, 0
~
. Because of the phasing, the

effective length of the aperture in the y1-direction is reduced

by the factor sin O~. The effective length in the x1-direction 
7-

is also reduced by the same factor, but this is because it is -

referred to the horizontal beam angle, $, rather than to the true

cone angle, •‘, as defined in Figure 7.
Similar results are obtained for a transverse beam swing

produced by a uniform phase gradient of — - sin 00 sin

cycles per wavelength along the xA—direction, i.e.,

n l—t2

~E(e,~ ) ~
2 — 0

2 sine2 (D
~
(t—t0) I sine

2 (D in)
1
~
t0 n y

(33)

~ sine
2 [(Di cos •~~~

) (
~~~

—
~~~~~~

)J sine2 (D~(e_ .))

and -

~~~~D D  c05~0

For this direction of beam swing, the effective length of the

aperture in the x
~
—direction is reduced by the factor cos

The importance of the restriction D
~~
D
~
>>l in obtaining

these simple results will now be examined. For this purpose, it

is sufficient to consider the special case of a vertical beam

swing along the polarization direction of an aperture where

D
~
))l, but the value of is left unrestricted . This represents

a worst case , and the more general problem of an arbitrary beam

swing with no directivity restrictions is not only more compli-

cated, but provides no new insights. Then, for arbitrary values

28
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Pig. 7 — Four different beam positions of the Mills cross:
(A) broadsid. operation, (B) horizonta l beam swing by phasing
arm 1, (C) vertical beam swing by tilting arm 1 and phasing
arm 2, and (D) general beam swing by tilting and phasing arm
1, and by phasing arm 2.
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of D~. the beam solid angle has the integral form

D sinc2 (D (rn-in ))dm
- I Y  Y 0

0 2m~ 1 i - ( ° 
~\(m_m o) - ( \ (rn—rn0) 

2

J 
\l-Ino/  \1_m~ 

/

where is the high directivity result given by Eq. ( 3 2 ) ,  and

the approximations t ~ 0 and n
2 
~ 1-rn

2 have been made, consistent

with the assumptions of a vertical beam swing and D~ >>l . This

expression indicates that as the beam swings away from broadside

along the polarization direction, there is a corresponding in-

crease in beam solid angle (decrease in beam directivity) that

can be significant for large phase angles, unless Dy is also

large. This can be attributed to the fact that when D~ is small

and m0 is large, the antenna is required to endf ire radiate

significant amounts of energy along the polarization direction.

Because the beam solid angle of each aperture of a Mills

cross directly enters the sensitivity expression, Eq. (7), it is

important that this effect be quantitatively assessed for the

ROMS mission parameters. Since the integral in Eq. (35) is non-

trivial, a self—consistency analysis ii used. Specifically, it

is assumed that D~ is large enough so that the integral numerator

goes to zero much faster than the integral ~~nominator. Then the

denominator can be expanded and the integral evaluated to obtain

the fractional increase in beam solid angle

A n /~~~~ 
\21

~~ I 1 0 i

2 I 2~~ 21 1 .  (36)
0 ir D~ [1_m0 ~~

_m
0/ j

For the ROMS mission, e~ ~‘. 50, which means Afl/fl ~ 0.7/Dr
.

— 
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To satisfy the resolution and sensitivity requirements of the

mission, it is anticipated that D~ ,~~ 30 and 3 for the

vertical and horizontal arms of the Mills cross, respectively.

This means that there is less than a 2 percent error associated

with phasing the vertical arm, but at least a 20 percent error if

we try to phase the narrow dimension of the horizontal arm to

produce a beam maximum at 00 ~ 50’. Further, for this angle and

D~ ~ 3, the self-consistency argument used to obtain Eq. (36) is

violated. We conclude that large angle beam swings by phasing

along the long dimensions of the arms of a Mills cross are

acceptable , but that another procedure , such as mechanically

tilting the arms, must be used to produce the required beam

swings along the narrow dimensions.

F. Non-Broadside Operationt Tilted-Pixm Mills Cross

Figure 7 illustrates how the large angle beam swings re-

quired for the ROMS mission might be achieved by a combination of

phasing the long dimensions and mechanically tilting the short

dimensions of the arms of a Mills cross. Specifically, to produce

a correlation maximum at a given position (e 0 ,$0), the following

procedure is proposed :

o Phase the vertical arm length L2 with a gradient

in0 — — cos 00 cycles per wavelength to produce the

horizontal fan beams centered at (0
~
,0). From Eq. (32),

the corresponding beam solid angle is — l/(D
~
D
~
sin 0~).

o Phase the horizontal arm length L1 with a gradient

31
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— - sin $~, cycles per wavelength to produce the

vertical fan beams centered at (0,~ ,). Frost Eq. (34)

the corresponding beam solid angle is

~l 
— l/(DxDycoa •~ ) .

0 Mechanically tilt the horizontal arm through an angle

about an axis through its center, parallel to the

x~-direceion, to produce the final correlation maximum

centered at ~~~~~
By tilting the horizontal arms, the broadside directions of the

vertical and horizontal arms are no longer the same g hence, the 
—

need to define the additional angles 0~ and •~. These angles are

shown in Figure 8 along with the specific relationships defining

them in terms of O
~ 
and •~

. It should be noted that the correla-

tion maximum is not necessarily centered at the peak power position 
-

of beam *2, which remains centered at (0~
,0). This is intentional,

since this is a characteristic of the multiple-beam Mills cross

antenna utilizing a common vertical arm that is proposed in the

next section.

The sensitivity of this configuration, as given by Eq. (7),

is the convolution of the input signal with an effective antenna

power pattern that is proportional to the product of the far-

fields of each arm. To determine these far—fields , it is con-

venient to use two different coordinate systems, (0,$) and

(0’,~ ’), referred to the broadside directions of the vertical and 
- 

-

7 

horizontal arms, respectively. Then, since the high directivity

approximation is valid over the correlation region, Eqs. (31) and
(33) are applicable, and the far-fields can be written

32
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‘~ sinc ((L1coa •~,)(~ ‘—$~)j sinc(D1(0
’— j~) 1. (37)

E2(0,~ ) ~ sinc [(D2sin 00)sin$) sinc f(L2sin O~
)(e—0

~
)). (38)

To evaluate the integral in Eq. (7) , these far-fields must be

referred to the same coordinate system. Rather than proceeding

with a formal transformation of coordinates, it is simpler to

note that the tilt of the horizontal arm can be directly related

to the angle of intersection, 8, of the two fan beams. Specif i-

cally, by using spherical trigonometry, it can be shown that over

the correlation region of interest

1~coB 8’
cos B 

~ sin ~ 
sin . (39)

For the ROMS mission parameters , B varies from a maximum of 90

degrees to a minimum of 75 degrees as the correlation region is

scanned from the center to the edge of a 500 km wide horizontal

fan beam. Since both arms are vertically polarized, their far-

fields are in planes parallel to the y
~
z1~

plane, independent of

tilts about the x1—axis. Therefore, the main effects of the

decrease in the angle of intersection of the fan beams with

increasing tilt of the horizontal arm are a reduction in effective

arm length (a decrease in the transverse resolution) and an

increase in the effective arm width (an increase in the ocr-

relation energy) through the same factor, sin 8. Consequently,

in the correlation region, the relationships between the two

coordinate systems can be approximately written

34
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— ~~‘ sin B sin °o t ’ 7 o~’ 
(40)

8—0
— ° . (41)
~ sinB

Using these relationships to transform the far-fields given

by Eqs. (37) and (38) into the same coordinate system, the spatial

frequency response of the tilted-arm Mills cross is determined in

the usual manner by assuming a sinusoidal brightness temperature

variation in the direction of interest, e.g.,

AT(8,$) — ~T cos 217f,(e— 00) (longitudinal direction) (42)

or

~T(9,~ ) — ~T cos 21rf~ (4~-+0) (transverse direction), (43)

and then evaluating the corresponding integral in Eq. (7). The

result is the uniform spatial frequency response

- 
7-

.~ L L2sinO cos~ ’sinB
~ 4~T sinc [(D,sin80)sin~0I 

1 0 0 (44)
.1 1 + 

_ _ _ _ _

7 D1L1cos$~, D2L2sinO0

for

L2sinO0 
- D1/sin B L1sin~0cos~~,sin8 - D2sinO0

0 2 or 2

• The details of the shape of the spatial frequency cutoff have not

been included here, since they are Ut*sportant if D1, D2 (<  L1, L2.
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In the ROME mission the input signal results from briqhthess

temperature variations of the ocean surface , which intercept the

beam at the constant angle of incidence. 8~, as shown in Figure

1. Because of this oblique angle of incidence, the beams ‘foot- 
-

print on the ocean surface is elliptical, and there is an effec—

tive loss of resolution in the longitudinal direction. Equivalently,

a sinusoidal temperature variation of the ocean surface in the

longitudinal direction appears to occur at a higher angular

spatial f requency than when the same spatial frequency is ob-

served in the transverse direc-.~ion, i.e.,

r
f
~ 

— sin00cos0if. •

To ensure a circular beams footprint (isotropic resolution) , the

dimensions of the arms of the Mills cross must be adjusted so

that the to cutoff frequencies in Eq. (44) satisfy this relation-

ship. The result of these adjustments is the uniform and isotropic

spatial frequency response

— 4AT sinc[D2.sin,~~~_{D~~~+
2
~~~} 

(46)

for

L
a e

- r ‘

where the subscript ‘e’ indicates that the dimensions are effec-

tive, and are defined by the relationships

C
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Le — L1sin O0cos $~sinB — L2sin
2O0cos O~ (47 a)

D1sjn 6 cos 0~Die — — (47b)

D2e D2sin 0~ 
. (47c)

Apart from the factor sinc[D2esin ~~ which occurs because the
correlation maximum does not in general coincide with the power

maximum of the horizontal fan beam, Eq. (46) is identical in form L

to Eq. (24), which gives the broadside sensitivity of the symmetric

Mills cross. The need for effective lengths is therefore a

simple consequence of the non-broadside operation of a tilted

antenna configuration that is used to isotropically monitor

variations in a horizontal brightness temperature distribution.

IV. Multiple—Beam Antenna Design and Analysis

A. General Antenna Configuration

Based on the preceeding analysis, it is evident that a uni-

formly excited, tilted—horizontal—arm Mills cross, with a con—

figurational variation limited to the range between a symmetric

cross (Figure 2a) and a tee (Figure 2c), is the most promising

structure for use as the basic element in a multiple-beam antenna

designed for the ROMS application. The limit on the allowable

range of configurational variations is necessary to ensure that

the properties of each beam in the antenna are roughly equivalent,

and are suitable for mapping an extended distribution, as discussed

in Part D of the last Section. This limit also restricts the

horizontal arm placement to the region defined by the vertical arm

37

7 1 _ _ _  - 
- - .



w~~~~
S
~~~~~~~~~~ -

-7

length , Ia2, and therefore limits the maximum antenna surface area

to ‘ L1L3. It is a feature of the Mills cross unfilled aperture

approach that the arm widths, and, hence, the antenna surface area,

can be varied independently of the resolution. For a given set of -

mission requirements , this allows one to independently optimize the

tradeoff between sensitivity, which is directly proportional to
receiving area, and mission lifetime, which is adversely affected

by a large surface area antenna. In the present analysis, only

configurations with the maximum allowable area will be considered,

in order to obtain upper limit estimates of antenna sensitivity.

An example of such a configuration is shown in Figure 3, where the
stacked arrangement of Mills crosses utilizes a single common ver-

tical arm. Figure 9 illustrates the relationship between the

average horizontal arm width, the vertical arm length , and the

number of beams for this maximum area, tilted—arm configuration.

In this section, the details of the beam stacking procedure

and some of the design tradeoffs that are involved in trying to

construct such an antenna are presented. The performance of the

basic configuration shown in Figure 3 is then calculated and

analyzed in terms of the ROMS mission requirements. The effect of

varying the number of vertical and/or horizontal arms on the pre-

dicted performance of this configuration is also examined .

B. Beam Stacking Procedures

The general beams swing procedure outlined in Part F of
Section III is used on each element in the configuration to stack
th. corresponding beams into the required high resolution 500 km
transverse swath on the ocean surface. The details of this

38
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procedure, such as the choice of beam spacing and resolution,

directly affect the sensitivity and imaqe restoration properties

of the final antenna configuration, and are discussed below.

1. Image Restoration

Fourier analysis9 can be used to show that the maximum

observable spatial frequency, f5, of an extended distribution,

is related to the beam spacing (sampling interval), ~~~

through the relationship f5 = l/ (2 1t~~~). Consequently, the dig-

crete spacing of the beams in the transverse swath places a

fundamental limit on the quality of image restoration achievable. -

This concept is illustrated in Figure lOa .

For a qiven beam spacing, the resolution and spatial fre-

quency response of the indIvidual beams are chosen so as to

optimize image restoration, consistent with this fundamental

L 

limitation. The ideal spatial frequency response is one that is

flat out to a cutoff frequency, 
~~ 

that is matched to f5, as

shown in Figure lOb for the case of a uniformly excited Mills

cross of arm lenqth, L. The equality between and f5 is

important, since art improper match will further distort the

image, either throuah aliasinq ~ f9), or by filtering ~~
f8). It should be pointed out that an ideal rectangular spatial

frequency response corresponds to a sinc function real space

• power pattern, as shown in Figure lOb. Because it involves both

positive and negative sidelobea, this particular power pattern

is unique to phase-switched interferometers such as the Mills

cross, and cannot be achieved with conventional antennas.
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Note that for this particular ideal case, — L/2, so that

the frequency matching condition establishes the relationship

between beam spacing and antenna extent (resolution). This is

generally true, even when the antenna response is less than

ideal. For the non—ideal case, the effective cutoff frequency,

ice’ is calculated using Eq. (25), and then matched to f5. For

instance, from Eq. (46), the uniformly excited, tilted arm Mills

cross has the isotropic effective cutoff frequency 
~ce 

— 1~./2 , so

that the condition for optimum image restoration is —

Figure lOc illustrates the connection between the real space

resolution and the spatial frequency cutoff of the antenna. We

define the antenna resolution as the half-wavelength of the

highest observable spatial frequency variation. For the uni-

formly excited Mills cross, this resolution is just l/Le• Using

this definition, the condition for optimum image restoration can

then be rephrased to state that beam spacing and resolution

should be equal. This means that 50 beams are required to fulfill

the ROMS mission objective of 10 km resolution over a 500 km

swath .

It should finally be noted that the angular speed w at

which the transverse swath is scanned over the ocean surface as a

result of the satellite motion can also affect the quality of the

image restoration. Given that the (continuous) antenna output is

processed through an ideal rectangular low-pass filter with a

cutoff frequency, l/t , it can be shown that if the antenna receiver re-

sponse time is short compared to r and if orr < ~~~ then there is

no additional loss in image quality due to the satellite motion.
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Therefore. t , which is just the effective antenna integration

time, should not exceed the time it takes the swath to move

forward over th. ocean surface one beam spacing.

2. Sensitivity

A design option of the Mills cross multiple-beam antenna

is that each vertical arm can be used in common with several

horizontal arms to form the multiple-beams swath. Full

utilization of this option considerably reduces the antenna

size and complexity. Figure 3 illustrates the extreme case

of a single vertical arm configuration. The primary limitation

on multi—beaming the vertical arms is beam sensitivity. In

• particular, two independent mechanisms act to reduce sensitivity:

o Configuration Variation. Only one of the horizo~tta1

arms can be placed in the fully symmetric position with

respect to a common vertical arm. As was shown in Part

D of Section III, there is an asymmetric increase in

resolution and a corresponding drop in sensitivity as

the horizontal arm is moved of f center. Since the

vertical arm is common, its dimensions cannot be varied

to compensate for this effect. The result is a steady

drop in sensitivity up to a maximum factor of two as

the configuration varies from a symmetric cross (Figure

2a) to a tee (Figure 2c). This effect is illustrated

by a curve A in Figure 11.

o Asymmetric Beam Stacking. Only one of the horizontal

arms beams can occupy the peak amplitude position of the

1:~~:-~~~~~~~~~~~~~ 
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vertical arm beam. By phasing and tilting the horizontal

arms as specified above , the beams can be optimally stacked

according to sampling theory, but there is a steady roll-off

in sensitivity with beam position relative to the maximum.

Specifically, if is the horizontal angular deviation of a

given beam from the peak position, and D2e is the effective

width of the vertical arm, Eq. (46) indicates that T5($0) —

T5(0)sinc (D2esin •~~• This roll—off of sensitivity with

beam position is illustrated by curve B in Figure 11. for the

case of one vertical arm.

By using the appropriate design procedure, these two sensitivity

variations can be made to roughly cancel, as is illustrated by

curve C in Figure 11. Specifically, D2e is chosen so that
5 sinc(D2esin •0(max) ] = 0.5. Then the phasings of the horizontal

arms are chosen so that the low—sensitivity tee configuration
— beams are pointed at 0, while the full-sensitivity cross

configuration beams are pointed at •0(max). Using this

design procedure, the horizontal arms are of equal width. Un-

fortunately, there is no simple way to also remove the configura-

tion variation of the resolution, so there will be some data

aliasing with this configuration.

By going to more than one vertical arm, the sensitivity

roll—off due to asymmetric beam stacking can be reduced. For

example, the vertical arms of a two arm system are first rotated

- ~-j in opposite directions about a vertical axis to produce vertical

beam maximums at + 
~~ BM’ 

where — $0(max)/2. Then, if half the
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horizontal arms are paired with each vertical arm, the sensiti-

vity expression for each set is T5(~0) — Ts(~~~
)sinc[D2esin(~o 

-

I . Although the detailed design procedure for balancing this

sensitivity variation against the configuration variation is more
complicated , it is not fundamentally different from the procedure

proposed for the single vertical arm system.

C. Antenna Noise Temperature

The noise temperature of the phase-switched Mills cross can

be written~
2

2 (T  + T Cave))R’f B • (48)N

where r is the integration time (1.4 seconds at 10 km resolution),

~v is the receiver pre-detection bandwidth (500 MHz), T3(ave) is

the average background brightness temperature (l50°E at 6 GHz),

and T~~ is the combined noise temperature of the receiver and of

the transmission lines (290010. The values in parentheses are

appropriate to the ROMS application. A corporate fed, waveguide
antenna structure has been assumed, so that transmission line

losses at 6 GHz can be neglected2 . It should be emphasized that

the maximum allowable integration time, as determined by image
restoration considerations, is directly proportional to the
antenna resolution.

D. Antenna Design Chart

The design details of three different Mills cross multiple—

beams antennas, and their predicted performances in terms of the
ROME mission requirements, are presented in Figure 12. All

46
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Configuration A B C

Vertica l Arms 1 1 2
Horizontal Arms (Number of Beams) 50 25 50
Sampflng Interval (km ) 10 20 10
Beam Angle, •~ 

(maxImum) 22.7° 22.2~ 22.7~
Beam Interval -. A4~ 0.93° 1.85” 0.93°
Major Beam Angle, 4~ ’ (maximum) 17” 16.7° 17°
Tilt Deviation (O o — t ~ ’)(max1mum) 2.3” 2.3° 2.3°
Beam Int,.rsection Angle, ~ (minimum) 75° 75° 75°
Ver tical Beam Peak , 

~gi ~~0 0° t11.5~
Effective Length, L~ 62) 31) 62X
Effective Horizontal Width , 

~~ 
1.25) 1.3) 1.25A

Effective Vertical Width , D2
~ 

1.55) 1.6) 3.1)
Vertical Height, L:(m) 9.35 4.68 9.35
Horizontal Width , L~(m) 4.08.4.42 2.04.2.21 4.08-4.42
Vertical Ann Width, D2(m) 0.10 0.11 0.20
Horizontal Arm Width , D1(m) 0.14 0.15 0.14
T~(m°K) 11 23 14
TN (m k) 33 23 33
S/N 0.3 1.0 0.4

ROMS tilted-arm antenna design chart for the given mission parameters:
SWATH 01 0 r R A 

_____

5OO~~~ ~0O km W 49•4V 619~~ 815~~ r~~~ 0.5K

Fig. 12 - Three possibl. designs of a Mills cross multiple-beams
antenna , and their predicted perfor mances in terms of the R~~mission requirements shown

47

-~ ~~~~~~~~~ ~ —~~~~~~~~~~~~~~ —-—- -— - - ~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~ ~~~~~~~~~~~ — - -- - - 5  -7—’ -~~~~~~



-7 ~~~~~~~~~~~~~~~~~~~~ —  - ~~~~~~~~~~~~~~~~~~~~ 
-7 -7—’

three configurations are similar in design, differing only in the

number of horizontal and/or vertical arms. Configuration B is

illustrated in Figure 3. There are so many design degrees of

freedom that the three configurations chosen are meant to be a

representative rather than a complete set of the full range of

possibilities. Figure 13 shows the complicated tradeoffs that

must be made in trying to establish the optimum antenna design ,

and it is evident that there is probably no unique solution.

V. Discussion and Conclusions

Based on the preceeding analysis and the design chart in

Figure 12, the following observations can be made :

o It is not possible to meet the full ROME mission require-

ments using a Mills cross multiple-beam antenna. Configura—

tions A and C, which are designed for 10 km resolution, have

signal-to—noise ratios well below an acceptable value. In

addition, rough calculations indicate that a waveguide-fed

antenna of this size cannot meet the weight restrictions and

the minimal lifetime requirements of the ROMS m4.ssion with-

out using fabrication techniques beyond the present state-

of—the—art.

o The overall sensitivity advantage of two vertical arms

(Configuration C) over a single vertical arm (Configuration fl
A) is not large enough to justify dealing with the addi-

tional design complexity. The relatively small advantage of
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the two—arm configuration can be attributed to the parallel

combination of the arm widths in the sensitivity expression —

which prevents variation very far from a coismon value with-

out adversely affecting the sensitivity.

o By relaxing the ROME resolution requirement frost 10 km to 20

km (Configuration B),  the number of beams is reduced to 25 ,

the cisc of the antenna is cut in half , and the antenna

weight and mission lifetime estimates are much more accep-

table. This is the configuration illustrated in Figure 3.

More important, the signal- to—noise ratio is now close to

one. This is because T5, which is proportional to the O/L

ratio of each element, has increased by a factor of two, and

because TN has been reduced by ‘~‘ 1/12 as a result of the

longer receiver integration time associated with the lower - -

resolution.

o The overall size of the static , multiple—beam, Mills cross

configuration is significantly larger than that of a me-

chanically scanned, single-beams, filled array with the same

resolution. As was pointed out earlier , it is generally

true that a filled array with the same resolution as a Mills

cross is ‘~.v’2 smaller in extent. In addition, if the filled

array is a mechanically scanned dish, it does not need to be

phased to achieve the ~~~~~~~ angi. of incidence on the ocean

surface required by the ROME mission. This results in an

additional ‘..v’! reduction in antenna height relative to the

phased Mills cross. Consequently, a mechanically scanned

I
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dish with an area almost a factor of three smaller than that

of the static Mills cross configuration should satisfy the

resolution requirements of the ROMS mission. This is a
.7 significant consideration in weighing the two alternatives.

o In the preceeding analysis , it has been assumed that the

properties of each beam in the multiple-beam configuration

can be treated independently. In fact, mechanical shadowing

and mutual coupling10’11 can introduce significant pertuba-

tions, and should be considered in any careful analysis.

However, it is antiticipated that these pertubations are

considerably smaller than those encountered in dealing with

the other types of multiple-beam configurations, where beam

interference and crosstalk are known to be major problems6.

Therefore, in this initial study, the mutual coupling and

other interactions between the Mills cross elements have

been neglected.

In summary, the Mills cross configuration does not completely

meet the stated requirements of the ROMS application. However,

its mechanical and conceptual simplicity relative to alternative

antenna configurations make it an attractive candidate for appli-

cations where the sensitivity requirement for a given resolution

is less severe. Applications which involve relatively strong

small sources and where spatial resolution is more important than

signal-to-noise considerations are ideal for the Mills cross

approach. In such cases, full advantage can be taken of the

unfilled aperture prOperty of the Mills cross (i.e., resolution
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and sensitivity can be varied independently) in order to achieve

the required sensitivity-resolution combination with minimum 
-

antenna area and weight. Even in a case such as the ROMS appli-

cation, where this advantage is less evident, the design and

analysis of the Mills cross multiple-beam antenna provide a

useful frame of reference for (1) assessing the relative importance
- of each of the mission parameters in terms of their impact on -

antenna design and predicted performance, (2) evaluating alter-

native antenna configurations and operating modes , and (3)
illustrating some of the design tradeoffs and general problems

that are encountered in trying to map an extended source from a

space platform.

I
I

I

I
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