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DESIGN OF OPTIMUM TWO-MIRROR ANTENNAS WITH THE CSCILLATION OF

RACIATION PATTERN.

G. K. Galimov.

Page 2.
Blank.
Page 3.
The introduction
To the specific character of the work of radio engineering
devices on movable complexes imposes definite requirements for

antenna devices for the target/purpose of the provision for minimum

overall sizes and maximum effectiveness.

D e —
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Is known the large number of the antenna systems of different
form. Sufficiently promising for the ccnstructicn multiple function

antennas are two-mirror - aplanatic and parabolic antennas.

Aplanatic antennas possess the substantially higher scanning

properties in comparison with parabolic antennas.

However, of aplanatic antennas, just as in parabolic and all
mcnofocal antennas, have the fundamental deficiency/lack which
contradicts their use as the scanning antennas. Namely, the
aberrations of such antennas are proportional tc the angle of
deflection of ray/beam. Between in searching sector, all directions
are equivalent and a decrease in the amplification at the 2dges of
sector leads to the loss cf information. Therefore most adequate
would be antenna system at whose aberrations would be uniform on
entire sector of scanning, i.e., they wculd have certain limited
value (not more that permissible, for example A/4), not depending on
the angle of deflection of ray/beam. The same is related to the IR
systems of discrete scanning, when antenna form/shapes a series of
the widely diverse ray/beams, symmetrically arrange/located relative
to axis. Most suitable would be here bifocal anastigmatic antenna,
since the known bifocal antennas form pencil beam only in one

section.
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Page 4.

Finally, it was repeatedly noted, that the aplanatic antennas,
are more accurate, sine condition, were developed for the paraxial
region of infinitely fine/thin systems with a small carrying out of
source from focus. In wide-angle antennas and the objectives it is
necessary to deal with far from such simplified circuits. Thus, for
instance, some aplanatic antennas in their cutgput approach a natural
limit, having 1:0.6 with beam width 1.1° and the sector of scanning
+109. Moreover, a significant deficiency/lack in the aplanatic
antennas it is, in the general case, large astigmatism, for the value
of which sine condition is set no limitations, since it is obtained
for a meridian cut. but between astigmatism in large measure limits
possibility of scanning antennas and often it is impossible to
realize the sector of scanning which is designed only on maximum

distortions in meridian plane.

In the present work is not placed the target/purpose of
investigating singirg the known versions of the optical-type antennas
with the oscillation of radiation pattern - this material can be
found in periodical literaturé. More current is represented another
to the problem: the development of the general methods of the
construction of the antennas which could optimally solve the

problems, appearing before radar in various areas of technology.

SR
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namely, it is desirable to construct the unified theory of the
scanning optimum antennas, involving both formulation of
common/general/total problems and the procedure of their solution.
Are presented below some results of research carried out in the
direction of optimization and optimum synthesis of the scanning

antennas.

SRR ‘
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Chapter I.

CALCULATION OF TWO-MIRROR ANTENNAS.

The optimization of multiple-wires antenna requires the creation
of the sufficiently powerful and universal mathematical apparatus,
suitable for analysis and synthesis of all manifold types of

two-mirror antennas.

The creation of the standardized prograas requires such
equations which could be used also with the numerical calculation
methods. For example, the surfaces of axisymmetric antennas can be

recorded in the form of two differential equaticns:

drg | (cgo %) e(g - o Yty g e see gVl x )y gf
dy,- (= x)tqq=(Y,- y,) 2

dxy ,(%r%dhv-(%°*ntsuvh‘rh?ﬁitﬂi_
dy, (=% )ty ¢+ (y, - 42)
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In the general case these equation are not solved in
quadratures, but the application/use, fcr example, of a mathod of
numerical integration (Runge-Kutta) requires sc that the derivatives

dysdx would be expressed in an explicit form as function x and y.

Page 6.

Most convenient for applying the numerical methods is this path:

the surface of auxiliary mirror is assigned by equation of the type

: AL(J,Q
dv . 4()sing e2tg
O ‘L(d-;(q)s‘m'q:\

(]

5 (I.1)

which contains only one derivative {}%— + and characteristic curve

Liv)
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can be with any accuracy approximated by interpolotion methods;
the surface of auxiliary mirror it is assigned in parametric form.

Further, variety of the antenna systems whose equations obtained
in different time and by the different authors, dces not make it
possible to construct the unified theory of analysis and synthesis of
all scanning antennas, for example mirrcr type. Therefore the
target/purpose of present chapter lies in the fact that, introducing
the of single classification of axisymmetric and axially nonsymmetric
type optical-type antennas and obtaining for thenm

common/general/total calculated equations.

§1. Generalization of the equations of two-mirrcr antennas.

Is known at present a whole series of circuits two-mirror of the
antennas, which are characterized by from each other mutual location
in the space of light beams at input (ray/beams of source) and at thae
output of antenna (collimated ray/beams), and also by the structure
of intermediate light beam. namely, are known the circuits (Fig.
1.1-1.3) of Cassegrain, Gregory, axially nonsymmetric systems and
their varieties. As is evident, in Cassegrain®s circuit at Fig. 1.1

ray/beams of intermediate frame not the transverse axis of system, as
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it takes place in the circuits of Gregory (Fig. 1.2). The antennas,

constructed according to diagram in Pig. 1.3, include the elements of

both these systenms.

/

PFigs 1ol Figa 1a2- Fig. T3

Page 7.

In this case, the antennas whose circuits are represented in figures,
can be aplanatic, bifocal, they can have special amplitude

distribution, etc.

Each of these types of antennas is characterized by from each
other also equations, but since these equations fairly complicated,

in their form it is sufficiently difficult to establish/install

resemblance and the common properties of all two-mirror antennas.
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Fig. 1.4.

Key: (1). Main mirror. (2). auxiliary mirror. (3}. zonal focus. (4).

characteristic curve-circle.

Page 8.

In the present section we shall attempt to show, how, using the
concept of characteristic curve, it is possible to obtain overall

relationship/ratios for some types of two-mirrcr antennas.
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Initially let us examine monofocal antennas, and then let us

show, as it is possible from them to pass tc bifocal to antennas.

Let us examine Fig. 1.4 and Fig. 1.5. Cn them are represented
twc versions of course of ray on sections a source-auxiliary mirror -
main a mirror-aperture of system. If we do not consider the further
course of ray of outside points A and B and angle ¢, then of these of
two versions of course of ray exhaust whole manifold of the patterns

of course of ray in different type antennas. Actually, Fig. 1.6 shows

vhole are possible the versions of course of ray in two-mirror
antennas. Hence it is apparent that these versicns of course of ray
can be subdivided into two classes depending on the
relationship/ratio between the current angle of the ray/beams of
source and the ordinate (it is more precise, its sign) the
corresponding ray/beams at output. namely (Fig. 1.6), positive ¢
corresponds the positive value of ordinate y, and in the second case

- negative.

~—

F-\\CS L. 5.
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Page 9.

Let us paint for these two most typical cases of the
chain/network of relationship/ratios, are necessary for obtaining the

equations of the surfaces of mirrors (Fig. 1.4, 1.5):

1+l +s =3d,

ising ‘ta'm‘zxua;
1w§q~lwsly-x;
Ly =2p -?; ? (LD‘

%-4&%!{;

!
Ty slaps
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1eles xdd, |
-1siny + Lsin 2r Y
vc0s ¢ - Lcos2pax; s
; (1.3)
2y =2po¢;

%-{,tln\';

As is evident, in systems (1.2) and (1.3) is observed the
difference in the second and the fourth equalities, and precisely,
they are distinguished by angle. The third equality in both cases is
equal. Based on this, for the purpose of the unification of formulas,
let us introduce the following rule: angle ¢ is positive, if it is

read off from the axis of antenna counterclockwise.

Let us assume also that characteristic curve is written as
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follows:

y=|40e)sing|.
Page 10.

Then taking into account these assumption fundamental principles for
the derivation of the equations of the surfaces of tvo-mirror antenna
can be presented in system (1.3), and the differential equation of
auxiliary mirror and the equation of main mirrecr let us record in

rarametric forms:

dy o 4e)singezty —5{;(&-1).
- 2(&.-45';.“1 -%—) : (1.4)
bd (v-d)egigrsintg(d-2v)
2[2d -t ~cos ¢)] Y

g e ldtasingl.

Novw in order to obtain the equations of two-mirror antenna, it is

necessary to only consider angle ¢.
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Fig. 1.6

Fage 11.

So, if characteristic curve has fcrm

grasic v, v L= [4()] -0,

a the boundary conditions y = 0, x = 0, 2 =d with ¢ =

0 on the
condition that ¢ =

0, equations (1.4) describe an aplanatic

two-mirror antenna of Cassegrain's type:




[ ———————————
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7

(d tu)(eys-%—)

T ‘ ¢
i 74 -
‘."‘t 'Z (t“—g‘) . * .(1-%-““'_3_)4 ¢

(I1.5)

hd(v-d)eduin'y(4-22)
tl2d ~1{t-cos )]

2‘4‘i“l?' J
If ¢ < 0, then under the same boundary conditions is obtained an
aplanatic antenna of the type of Gregory:

e vd
LY ) d
-!r- i 1‘1: & d,.tv\ [{u%—un’%—)(cos&_g_)l :

in + 2
x-uow--'z—[zul -1(1-:09&()][! -(—Z%I%T(%%—)—) 1-, (I1.6)

‘l4l(nlf.

Page 12.

Let us examine one additional method of the calculation of the
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airfoil/profiles of mirrors, on defining concretely the locaticn of

ray/beams in antenna.

The ray/beam, which emerges from focus F (fig. 1.7) at an angle
¢, after being reflected from main and auxiliary mirrors respectively

at points A and C, it will go on direct/straight CD in parallel to

X-axis.

Let us continue direct/straight CD before intersection with AF
at point B. According to the condition of problem, it is considered

that is known the value of cut FB, which let us designate by 4(¢) -

Let us designate the lengths of cuts AB and BC respectively by u
and 3. In this case the airfoil/profiles of mirrors will be

determined by the fcliocwing equations:

the auxiliary mirror

prdla)u. : (1.7)
the main mirror

Yedlg)sin 4, :
(1.8)
Xed(g)cos g+,

v

RN
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Fig. 1.7.

5 Fage 13.

‘f
E Thus, problem consists in determining cf value u and 3

Bou=0aze-(t-tnp)d(v) (1.9)

Here 4. ‘.|°.‘.LFL; this cut characterizes the distance between

mirrors at data points.

From triangle ABC on the basis of the theorem of sines it is
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possible to record:

Vil
"T.rm%m".

GV bn 1,10
¥ ltn(tp") ' { )

o -tu-t,\.

Substituting (1.10) in (1.9), we will obtain

sin
ﬂ-\tu-(!-wswﬂﬁﬁ} Ton X-coa p S
Analogously it is possible to obtain ?
’ sa 2p
us [ td - ()= a0s 9)4(”] rT R e (1.12) :
} y

Utilizing (1.11), (1.7), (1-8) and using replacement t = tg /2,
we will obtain the differential equation where Lty the unknown is tg

a/2
CR PO PR Y PRI

Page 14.

Equation (1.13) it is possible to rewrite in the following form:
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[":"Tt.i{“r)] {t%‘um ‘t‘aP Toﬂ‘tf]u[ '!?'] : )

Equation (1.14) is linear differential first-order equation

without absolute term.

The general solution of this equation takes the following form:

L[i‘ t4(t)

tey 1 dt |t 1+ t8

ty P»—Tf‘—l.r =Cexp |- 1w , (1.15)

t 7 et s
where C - integration constant.
Simplifying (1.15), we will obtain
um 3 Wiy
t% p= = Ct l—t- e - T‘r‘—tr‘ 5 (I.16)

where through 3 is designated the integral

2t 2O
9 X!
e Nar Y, am
I +LY

Substituting (1.15), (1.12), (1.11) im (1.7) and {(1.8), ve will
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obtain the expressions, which lay out of the mirrors:

the auxiliary mirror

dre (v «th
PR (1.18)

the main mirror

§r4()sing;

] d c‘(” tt‘t‘l (1-19)
““[T'TTJ e T(u_ml'-

Page 15.

If is assigned not the characteristic function, but dependence

y(#), then the airfoil/profiles of mirrcrs are conveniently designed,

using the following expressions:

4re (1 o tY) :
P LcFee T !}
4 ) (I.20)
1
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where the integral 9 in this case it takes the following form:

q (t)
J = —d.-_qzﬂ__l_dt’

As an example let us examine the axisymmetric two-mirror systenm
whose characteristic curve is described the curved second order

equation

PP S (1.21)
vhere ¢ 1is a focal length;
§ — eccentricity.
Subsequently it is possible to suppose that ¢= /.

Depending on alternating/variable t, the function {(t) takes the

following form:
|+t

4H = gy
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Let us compute integral J

' dt
|ty s ot s .z

Fage 16.

After substituting (1.22) in (1.18) and (1.19), we will obtain

the expressions, which lay out mirrors:

the auxiliary mirror
: cdd (i 4t ‘
<
f ut‘o{t'{d.(c-b)a]od.(us)}m (1.23)

the main mirror

Tt \
EETTO e Ry

2d(1-6)-) (1.24)

-§)- 1
A CR R TRO) e “t.r‘,;,
(AT
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Let us examine some special cases.

i If (st then we will obtain:

| Ldt (Lot'y
| "t%iﬁﬂ\#lt'

M .t‘.t‘_%__’ > (I.23)

L s (redey A8 L J

As can be se2n from expressions (1.25), by the airfoil/profile

of the external mirror is parabola.

If 6.0 , then, as can be seen from (1.21), characteristic

curve does not depend on ¢.

Page 17.

In this case we will obtain the equations, which lay out of the

mirrors of the axisymmetric aplanatic two-mirror Systems:
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Cd?(t +t?)

p Y.—!x"’

&ct%{t‘(i-md

Y= sih (I.26)
B e e
X :(.T't{?{C[tl(d,-i)‘d] o—tl—}-d..

Let us return now to the problem of boundary conditions. There
is large interest in the case of this ccmbinaticn of the boundary
conditions: ¢ = 0; x # 0; y # 0. This case corresponds completely to
the special group of antennas - axially nonsymmetric to the antennas
in which on the strength of satisfaction of these conditions the
axial sections of main and auxiliary mirrors are not perpendicular to
the axis of antenna. In this case, can occur two modifications of
such antennas depending on the actual ccmbinaticn of the boundary

conditions:

@0y x=0 ;5 y=Y;,

0, xaX \a=‘i. WAy
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In the first case the antenna takes the form as in Fig. 1.8,

in the second - asgs in PFig, 1.9,

\

Fig. 1.8. Fig. 1.9.

Page 18.

Equivalent boundary conditions of the type

. 1
g3

they can be, obviously, also conditions:

y=d, x =0, “-0;
=9, x =X, %:0,

i.e. the condition of the passage of certain determined collimated
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ray/beam through the origin of coordinates.

One should note one additional important special

Al¥)siny
feature/peculiarity of axially ncnsymmetric antennas. Functiomn )
rust be connected with angle ¢,; it is possible to utilize axially
nonsymmetric antennas of the different layout when the direction of
the maximum of the diagram of source ccmposes arbitrary angle with
the direction of the collimated ray/beams. But if we in this case
alvays take for reference point angle ¢, = 0 without taking _nto
account of concrete/specifics/actual antenna circuit, then can be
cbtained essential asymmetry in amplitude distribution in aperture.

So, in aplanatic axially nonsymmetric antenna the direction of the

reference point of angles ¢ is assigned angle 90 + ¢,.

The specific character of axially nonsymmetric antennas they are
also that which in cne and the same antenna occurs of two types of
the ray/beams: with positive and negative angle ¢, i.e., in one
antenna there are cell/elements of the circuits of Cassegrain and
Gregory, what cannot be in axisymmetric antennas. This is led to the
fact that at some angles ¢ is necessary to pass from differential

equaticn from ¢ > 0 to equation from ¢ < 0.

As the final result we obtain after scme ccnversions:




I ——— ™
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for ¢ > 0 (Fig. 1.10a)

e . 21 -A+2¢ si.nw['-w\(%'m . (I.27e)

—

dy e (v
| =8in = : e
T8 [0y ¥ +24 sin @ cos (9o -¢)

here
y =4 sin @ cos(9eyo);

for ¢ < 0 (Fig. 1. 10b)

cos (@ - W)

P vt (<7 Y0 B
dy cos (@ + @) ¥ :

iuos (v ‘Wob\"%k m + \-‘L‘\ . sm(ly; %)\

Page 19.

The important variety of two-mirror antennas they are the

bifocal axisymmetric and axially nonsymmetric antenna which

f form/shape two diverse in space radiaticn patterns and have two
separate foci. In this case, axially nonsymmetric antennra can
form/shape radiation pattern (plane front) in ary direction, which
forms certain angle a with the optical axis of antenna. On the
strength of this property and in view of the absence of this

substantial limitation as axial symmetry, axially nonsymmetric
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P S)

antenna it can satisfy the condition of the fcrmation of ray/beams of .

two foci.

§2. Calculation of the common circuit of a two-mirror optical-type 1

antenna.

As is known, the fundamental desigpnation/purpose of the majority
cf optical systems lies in the fact that, converting of one wave

surface (Fig. 1.11)

L =‘¢(‘|'qc)

with the amplitude distribution

Ac=F(xg,yy) (1.29)

into another wave surface Yy 2 4y(x,,y,) ¥ith another amplitude

distribution on it

Ay sFi(l-.‘aO-
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nve Peo

{; Fig. 1.10.

!
h Page 20.

L In this case, is retained the equality of energies in the beanms,

determined by these wave fronts z, and z,

() ()
MMy dagdy, s Ay dy, (1.31)
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where Hp! and H,2 - the second quadratic forms cf wave fronts of the

first and second.

In the plan/layout for common calculation of two-mirror antennas
to us it is represented advisable to examine some specific questions,

connected with the possibility of the realizaticn of the transition

[4|(‘|~'{||)" Fc""v!c’]"[‘t"‘l'%l\]' (IJ‘Z)

As is known, two-mirror antenna can be described by system from two
equations in the partial first-order derivatives in total
differentials:

dXprot (g Xy oxgddx e p (g X XgYdy

. ; (1.33)
dx!‘f(‘..“..xlcx|’d"|‘a(‘gv‘h\’ﬂ.‘!\d%" -

Here »; and *, are coordinates of the 1st and 2nd mirrors:

x and y - the coordinate of the front of source. The necessary
condition for existence of the solution of system (1.33) is the

fulfillment of the relationship/ratios:
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_%'\s‘—. . -§-{‘-‘— ; (I.34)
3 (1
‘],‘L‘ "T' (I.34a)

It is easy to see that these relationship/ratios cannot be made

strictly in the general case. In fact, in (1.34a) enter derived
dx, alg a a!'l.
—a—;l.-o -a-i'—' _ﬁf-q a%. ) )

vhich they contain arbitrary amplitude functions.
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; / gz.lt.
é\?‘

X

Fig. 1.11.
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Page 22.

The form of these functions sometimes can strike such, that equation

(1.34) can not be satisfied.

Let us examine the real case, when transition (1.33) it is
impossible to carry out, for example when characteristic curve has

sectionally-continuous form.

Actually, if characteristic curve consists of two "pieces" (Fig.
1.12), also, of points A and B yoys, then the appropriate point C
of the main mirror will hit two ray/beams, which must be reflected in

one direction CAB, that, obviously, is not possible.
The analogous case is feasible in axially nonsymmetric antennas.

In the preceding/previous paragraph we examined
common/general/total approach on the calculaticn of two-mirror
antennas, generally speaking, the sufficiently limited form, the
relating to class systems, forming at output the collimated

(parallel) frame of ray/beams for the case of the location of source




e —— g ——— — R aac
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at focus.

However, during the investigation of the problem of synthesis,
we cannot be limited only by this case. Therefore it is expedient to
examine also system with the arbitrary structure of the frame of
ray/beams at output, taking into account the possibility of the
conversion of the wave fronts, presented in the beginning of this

paragraph.

The creation of such antennas makes it possible in principle to
rose the problem of the calculation of antennas of with the uniform

single error in the sector of scannirg and cther analogous problems.

Let in Fig. 1.13 FABC - certain ray/beam, characterized by the
current angle ¢ and passing cutof their system at an angle a to its
axis; F - focus of antenna, which lies on the axis. Angle a is the
function of angle ¢. By analogy with conventional systems, which

connect ordinate y of point B and angle a with angle ¢ i.e.

o« (), PROEED

(1.35)
4 =4(9).

Page 23.
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Function ¢ (4) corresponds according to sense previously
introduced characteristic curve, while function a(®) is the second
steering function. Introducing dependence a(#), we thereby is

expansible the possibility of the synthesis of two-mirror antennas.

At the same time it is necessary to note that Fermat's condition
in the present case must be corrected, on the basis of the fact that

the antenna in which a(#) = 0, form not in parallel light beanm.

Therefore in the given case to conveniently use the more overall

relationship/ratio:

1T 4+0 +8 wdd, (I.36)

Here d depends on ¢ moreover with ¢ = 0 d(¢) = d. Dependence
d(¢) lays out of the wave front which is obtained at output from the

antenna

Scop e 4 x = M,

where M = M(a).

Auxiliary equations take the form:

vein @ lain(2y )y (1.37)

teos @ -Leos(2y ~a)En; (1.37%)
1y - = 2p -0, (1.376)




DOC = 77200801 PAGE *&&3?5\4

Blgs ¥a13.

Page 24.

The radius-vector 1 of the surface of auxiliary mirror and

angles # and B are determined by relaticnship:

d
T e Tty (1.38)

It is necessary to note that the function a(®¢) is connected also with

crdinate y by the equation of the form

dsin@ -y =(dcosg-x)tge, (I.39)

i.e. in y = 0, a-ray = a(0) = 0 corresponds to the axis of antenna
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and the axial sections of mirrors are perpendicular to axis.

As is evident, in equations (1.38) and (1.39) is contained seven
unknowns, according to the number of equations. Let us now make the

following conversions:

1(cos ¢ - Cos L) - M OBd.tuc(,:t(th. . col('l)’-et)]; (I.40)

1 (cos ¢ -cos o) M +3d oy o
cos oL + cos (2 y -ot)

(A

Obtained expression (1.40) let us substitute into equation

{1.37)
N (sin @ - sine) + :::gt ;;};:t% 1(c0s ¢ - cosol) -M +
+3d cos -t-]:{(s'mqWi.nd.)&'bds(.no&-Mt%at;
here

;1ﬂ(ir--c)¢stn-‘. b X
tos &+ cOs ("2y -oL) ty s

d(sin @ +stnot)+ ddsine - Mtgoc -1 (eln @ ~plnot) :

By (o8 @ - €08 L)+ M +3d cos ot ¥
tyg p a4 5 t%f’t%-q;f*_ ;
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Finally we obtain

4(sing +8in o)+ 3 sinet - Mgt -T(sin §-sinec) ¢

dv
+ o .
v(cos ¢ - cosu,‘)-mddtosd.-l%!-;' [4(5'"“!‘“"“"

vty .‘L‘L[(\,cosw - cos ) =M obd.cos-L]
- L , (1.61)

-'L(binw-slnac\}-la-!—%g'— (3d sin «-Mtgq o)

MIM(&.’;

o« =t (9).

Thus, obtained differential equation for the surface of
auxiliary antenna dish, which forms in space the noncollimated light

team.

The equation ot the main mirror of this antenna it is possible

to express in the parametric fcrum:

o

xetcos@-loos(2y ~ok): 5 (1.42)

yuvcosy -Leos(2y ~et).

Solution to equations (1.41) and (1.42) requires in the general sense
the application/uses of methods of numerical integration on high

speed TsVM -Liigital computer ].
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Let us examine, further, common type monofocal antenna, at whose

rlane front at output forms angle a with vertical axis.

Let in Fig. 1.14 source be arrangeslocated at point F with
coordinates x = 0; y = 0. Let us accept for the reference point of
the angles, which determine the ray/beams of source, direct/straight
FE, which forms angle ¢, with the negative semi-axis y. Calculated
plane front forms angle a with vertical axis and passes through such
point C of main mirror, from which the collimated ray/beam is passed

through focus F.
Page 26.

For Fig. 1.14 Fermat's condition must te represented in to

following the form:

1+l -5 =21, ’!'0' (1.43)

For the concrete definition of antenna, it is necessary to assign the
equation of characteristic curve ¢,0(y)’, that ccnnects the direction
cf the beams of source and the position of the corresponding

collimated ray/beams y

Yy:do0(q)siny. (I.44)

Besides fundamental equations (1.43) and (1.44) we will use also
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supplementary relationship/ratios, namely, Lty the projections of the

cuts of ray/beams on the axis of coordinates and by the equation of 3

relation of the angles

y = leos (2y -%0 ~) - veos (¢ - 9oV (1.45)

Scos ol = Tsin (9-p)elsin(2p -vuﬂ*%}: 4(%-55'.'-&)!% o ;
: (I.45a)

90 +oL - @ + Yy
G sos it

L (I.45b6)
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Fig. 1.4,

Page 27.

Ve convert equations (1.45) and (1.45a) as follows:

(vel-14- !o)(thuto slnd.‘.‘d.)qsi.n(w-q.\b !sin(lp-!'bq.\t;?; c‘l‘u.,

From this equation after a series of conversions, we will obtain
,[,;n (4= @g)- o8 ot = sinec-tqafo (lye 1(E0net s8ine Lyed)s ol sytac

tosol sslnet-tge - sin(2y -90 o)

The obtained value ¢ let us substitute into equation (1.45)

i
!
i
I
$
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cos (2% - 80 -&)

(] : . -
T Mn(tr 90 “')

< Y +1008 (¢ - W)
;[W\ (@-@o)-con ot - sinectye]s(byer ol cose sainat tqe) it e

(1.46)

After designating the right side of this eguation by M, let us find

the expression of angle Y through the parameters of the systenm

M o~
1T

sin'(2 b8 -u)l(m-u. - M)‘~ (st uuw.)'}-t sin(typ -R)eos st s dinet)

1 M‘
“(coset-M) ¢ 0.

The solution to this equation takes the form

At +tyet) Y 41 »t,.a)‘-nkm.u-u)’- (1+8in Idﬂ;a:z-(eou - n\‘]

:l[(tot-t -M)‘ -(1+8in lu(.)]

oln(‘l_juﬂ)- (1.47)

For obtaining the equation of the profile of auxiliary mirror,
we will use the differential equation cf standard to the curve by

which we used earlier

Here angle B is connected with angle Y by equation (1.47).




poC = 77200801 PAGE “S9- \*—5

Page 28.

Then, in order to express angle B by the parameters of system, we
make a series are converted, after designating the right side of
equation (1.47) by B:

Sin (2 -90) s sin[2p ey, - @ +e)] 2B

NE’(&L:\‘P - bi.nhp) = (8 -F)I bl(b-F)FsLntp Jtstnhp :

f2(n-F)-4Ed] e LE I L(LE s FT)(B b
s b .1 (2(e-F)-4e'] {[z:l:h?thf'l‘)k(kﬁ FAB-E)  (1.48)

Here
E=cCos (Yo -4 +ot)y

Fasin (Wo-9 +al),

We finally obtain the differential equation of profile of the

auxiliary mirror

C " t 3 TR e\
-&-%-t’uulnl-ﬁb fput ]:ﬁz(s n‘“‘r"(“ #b . . (1.49)

ARTA)

This equation with the substitution in it of values E, F, B, M
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contains the unknown parameter y and the angle a, which determines .

the position of plane front in space.

If « = 0, equation (1.49) is reduced to the equation of the
profile of auxiliary mirror with the arbitrary characteristic of

curve

dv A-t[nun(%?.)] ——-——:?‘i""(_y: ?_)_"0) - vton (049)0y

- (
[tcn(qum.‘] -‘53—:((:"(;.‘:" oA-t[iuLa(\y»qT)I .

1.50)

—

Above we examined the systems which contained optical axis and
for the location of separate ray/beams were not superimposed any
limitations. Let us examine now one particular, but importamt for
practice case when the ray/beams of system at output are subordinated

to certain concrete/specific/actual law (Fig. 1.15).
Fage 29.

Let certain ray/beam OBAC emerge certain scurce, outlying into
arbitrary point with coordinates (A, m) and passes through the
extreme points of auxiliary and main mirror B (x,.Ys) and Ar(xavya):

Let at these points ray/beam OBAC be characterized also by the angles
9o'-{‘.~w.~9.‘§;-‘u‘
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2

The coordinates of point 5(9.v‘9°Pb) are ccnnected by system of 4

equations:

,sin qbua.’('lf“‘h"‘ﬂt%go" ]
3 (I.5I)
R

This system assigns also tangent inclination at points B and A;
therefore the angle which forms the cut of ray/team AC with the

undeflected ray/beam, there can be found from the relationship/ratio 3

4 :2,5.-29,00_.




DeC = 77200802 PAGE  1/{
SUBJECT CODE 214D

Page 30.

The coordinates of point A (extreme point) of main mirror are

connected by analogous system of equations:

Yo =g Sin g, - (1Bcos 95 lc)tg Eor

dv, N 4((&)““ @t Ztg 2.(&'11’.
. dg, T Z(‘i‘l((ﬂ)hnl%) 5

r‘,—

v 2 (e d)ed(g) sin® g4 (4)- 24, )

| PEEN (Y )

Yo = 4 (q) sin @, .

(1.52)

Let us assume further that besides rays/beam DBAC, characterized

ty angle 6, there are another ray/beams, which emerge at angles 6 - 6,

moreover on the directions of these ray/beams at output from antenna

superimposed certain limitation. In this case, can seem two ‘

characteristic cases:

iy, +0 2 <A,

Y, * G2t >A,
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where A - the angle, at which emerges the system the ray/beanm,
falling into certain subsequent point EF of the main mirror: in the
first case

<= (24 +B)(1 e,

in the second case m(2¥c - t)

(4

Ha

o+

In both cases function M is selected so that with the growth J (3> 7,

value a would approach value A.

Page 31.

Conclusion.

For the practical studies
cocmmon/general/total equations
cases are reduced to equaticns
the complex structure of light

equations (1.41), (1.42),

(1.45)= (1.49),

of the two-mirror antennas can be used

(1.18) and (1.19), which in special

(1<5), (1.6) so forth. Antennas with

beam at output are described by

1550, (15

Apparently, the brcadest class of antennas can be described by

equations (1.41),

(1.42) taking into account the necessary houndary
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conditions, which define concretely this antenna.

Chapter II.

Optimization of the parameters and the synthesis of the scanning

antennas.

Present chapter is dedicated to posing of the question and to
the selection of the methcds of the solution of the problem of the
cptimization of the known parameters of this type antennas. The
optimum scanning antenna we will call such antenna which possesses
minimum axial size/dimension at given diameter, the sector of
scanning, wavelength and during permissible distortion of wave front.
In the case of the axially ncnsymmetric antenna it is possible to
talk about antenna with minimum space with this radiating aperture.
In this case, by the parameters, are understood diameter D, focal
length ¢ and the apical cut M, expressed in the portions of the
axial size/dimension d, and also focal curve. Thus, optimization

unlike the procedure of optimum synthesis does not imply a change in

characteristic curve, but thereby also form by the antenna of system.

Analytically this problem is reduced to finding of the extremum of
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the function of quality, but not the extreme fun:tion, which

minimizes functional in the problem of optimua syntnesis.

Page 32.

In chapter is not carried out the proot of the fact that the
scanning properties of antennas depend on tneir parameters, since
this was already shown in a series of the rreceding/previous works,
for example in [1]. Therefore in essence is made backstop to the
analysis of mathematical methods and the selection of the function of
quality. It is shown, that the selecticn of the fundamental method of

cptimization is dictated by the complexity of the equations of

optical-type antennas: in the general case these are the differential
equations whose solution is unknown. But if we the solution in the
quadratures of this equation obtain is fpossible, then the equation of
the intersection of arbitrary ray/beam and surface proves to be
equation with fractional powers (as in the aplanatic antennas). In
ccnnection with this as the basis of the gradient method of
optimization, just as the method of least squares, must be placed the
numerical iterative calculation methods on high speed TsVM [ UBM -

digital computer ].

As the function of quality, which is the criterion of the

optimum character of system, is selected the function of
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root-mean-square phase error along entire front.

§ 1. Posing of the question.

As is known, the two-mirror aplanatic antennas, described by the
equaticns:

2d

ik (d‘tM)(cos—%—) 5

. §
72_‘,_ . I 1

-d = i

ant Y (cos—%\ ,(‘-_ﬁ_w‘ll\&( :

b (1-d) e uintq(g-21)
2[2d-1(1 -cos ¢)] °

y =4sing

depending on the relationship/ratio of the parameters {.d and M they
can have different shape of surface (Fig. II.1). In these figures is
conditionally carried out the general horizontal, which corresponds

to certain diameter of antenna.
Page 33.

It is evident that the two-mirror aplanatic antenna in the general ;

case can have any axial size/dimension of d, any apical cut M and any H




DOC = 77200802 PAGE 5}

focal length¥ ,In each individual case the antenna will have
different curvature, and the different scanning properties, i.e.,
from relationship/ratios ¢,d,h depend the distortions which appear

in aplanatic antennas with the deflection of the beam or t he carrying

out of source from focus.

For the illustration of this property Fig. IT.2 and IIL3 gives
rFicture of course of ray in antennas with different sense ¢/> (me0)

with the deviations of the falling/incident flat/plane wave front to

cne and the same angle a = 4Q°.

P
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Fig. II.1.

Key: (1). Main mirror. (2). auxiliary mirror. (3). characteristic

curve.

Page 34.

As is evident, in Fig. II.2 occur large distortions, since ¢/4 the
antenna being investigated differs significantly from optimum value.
Here distortions so big that the ray/beams, reflected from main
rirror, not at all fall on auxiliary mirror. In Fig. II.3 distortions

are less, since ¢/; antenna is close to optimum.

This diversity of the forms of airfoil/profiles, as in Fig.
II.1, not it is characteristic for cther forms cf optical-type
antennas, for example aplanatic lenses, since of lenses ma ¢ , a
thickness it is always desirable to have minimum. This is the otavite
before the developer of aplanatic two-mirror antennas the problem of
the selection of optimum, i.e., most adequates/approaching for the

present instance of version.

0f what does consist the specific character of question? In view
cf the presence of the large number of independent variables in given

antenna to the system, characterized by the diameter of aperture D
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and by the permissible phase error olma, at the edge of the sector
cf scanning, real phase error can in the general case be more than or

less than permissible.

In the first case this means that the antenna has the small
axial size/dimension of d or large apical cut (+M), commensurable
with d; in the second case of d greatly or apical cut (-M) is great

in absclute value.

It is easy to see that the unjustified increase in the axial
size/dimension of antenna is led to essential ccmplication of its

ccnstructicn.

e — T R e—

—=

£
4
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Page 35.

Let us examine most common/general/total {illeg.] of the
dependence of the parameters -ttmet , 2. £ [jlleg.] it is possible
to present in the form of the curve/graph of Fig. II.4, constructed
for the concrete/specific/actual angle of deflection of radiation
pattern. In this figure is obtained the dependence of phase error

-ﬂﬁPlon ¢/4 for antennas with different sense ¢/d It is evident that
to each value D/d corresponds certain determined sense ¢/p + in

which -A%Pl it has smallest value.
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The physical sense of the extreme form of curve/graphs (Fig.

II.4) consists of following.

As can be seen from integral curve equations (I.5)-(I.6), to
each value ¢/q corresponds certain maximum/overall diameter (Djj)..

in which it occurs the intersection of the airfcil/profiles of main

and auxiliary mirrors. In this case, in intersection region, occurs !
also an increase in the curvature of mirrors. Therefore antennas with

the diameter, close to(D/d)max+ have distortions even somewhat more

than antenna with the same diameter, but when larger4¢/d .Therefore to

each d/q corresponds at first decay in value —ﬁigi- in functiaond¢/g

up to certain (¢/d Yenr + and then an increase in the aberrations

rrcporticnal to growth 4/y4 .

|
; It should also be noted that the maximum/overall diameter
i D...-'NF*"E 1
1

depends on 4/d and therefore on the curve/graphs of Fig. II.4, the

initial left points of curves correspond thereky to minimum values

4/d in which it can be obtained this relaticnship/ratio D/d.
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Are analogously constructed the curve/graphs of Fig. II.5. Here
along the axis of abscissas, are deposit/postponed the diameters of
antennas, and phase errors are found in the function of different 4¢/d

4/¢u‘¢/¢, ‘4/@,‘-.w
moreover as the constant parameter 1s undertaken diameter D, but not
the axial size/dimension d as in Fig. 1I.4. Points A, B, C on
curve/sqgraphs 4/dg, 4/d,. 4d/dy correspcnd Dmax: the broken sections
cf curvesgraphs ¢/d, ., they mean that (D/q)mex these curves they

lie/rest beyond the limits of the values in question.

From Fig. II.S is also cbservable the extreme character of the

dependence

Actually, at the selected value AL/D and the angle of deflection of
radiation pattern a, can be found the maximum value D/2d, to which

corresponds certain sense¢/q .With others Dyd the error AL/D can be
even the less permissible value, but this so on ratio D/d will also

be less than optimum (very "thick" antenna).
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One should emphasize that the extreme character of dependence AL :

on the parameters of antenna is typical only for two-mirror antennas -
with both nonplanar mirrors (parabolic antenna it can be considered 4
as two-mirror antenna with the flat/plane auxiliary mirror). The 3
rhase error in single-reflector antenna takes (schematically) this -
form, as in Fig. II.6, i.e., AL is unambiguously connected with the

focal distance of antenna akout given diameter. 4

The extreme character of the dependence alL.,, on the
rarameters of antenna forces to reexamine approach to the methcds of |

assignment of antennas. Let us examine several examples. 1

1) It is assigned: the diameter of antenna D, maximum error al.
and the sector of scanning. If antenna must only satisfy these
requirements, then, according to Fig. II.5, are sufficient to take

and d
D < Dmax ¢ A4 such, so that would provide the conditionel ., < 8L wb (don) *

Page 38.

For the construction of optimum antenna, is necessary

unambiguous solution, which will correspond D/d = max. in condition

Blewg =0L, wb (dony*®
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2) It is assigned: the diameter of antenna D, maximum error al . ¢
and the requirement so that the sector of scanning would be maximun.
This formulation of the problem does nct provide unique solution.
Actually, if the axial size/dimension of antenna d is not limited,
then can be provided any ratio 6/2a (beam width to the sector of
scanning), which will only ensure the geometry cf antenna - the

ray/beams, reflected from main mirror, they must hit to auxiliary

mirror.

§ 2. Optimization in initial approach/apprcximation.

Under term "soluticn of the problem of the optimization of
optical system" let us imply the process of finding such system at
vhose combination of the known parameters d, f, D, M provides the
minimum of the standard deviation of phase error 8L, «s With respect
to entire aperture, or the minimum of maximum deviation from the
assigned magnitude. In this case, one should ccnsider that the
Froblem to optimum does not assume finding the parameters of the
antennas, which ensure the maximum sectcr undistorted scanning (i.e.
the minimum alk, ¢ vithout any limitations). In a number of cases,
it is to important construct the antenna system which with the

assigned sector of scanning and the permissible value of aberrations
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must have minimum axial size/dimensicn.

B e m——
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A) Sine condition [2].

The first task to extremum for scanning systems (in initial
approach/approximation) was solved during the derivation of sine
condition. In this case by differentiation of Seidel's eikonal $(y,,
;}1’31 is possible to determine those changes which undergo the
coordinate of the points of intersection of ray/beam with image plane
oK };;: II.7) and with the plane of the pupil cf input 7 + ¥ in
comparison with their values, calculated according to the dioptrics

of Gauss. So, if we for Schwartzschild's eikonal find derivative in

the form

A 2 R P M e TR A e A S B T
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AW = o (dng - ke dyy) +10(48, R 41y
s » (n.Z)
M

ha.(d.l'z"—rl"—k? da»'l‘(&‘,'ﬁ d")
and to consider that some members in right side (II1.2) are total

differentials, for examgle

"‘l%q):g' (%od‘%e* iod"o)"T,?ﬁg ‘L('ﬂ: ":)i

then instead of W we will obtain function § - Seidel's eikonal

baw e Tqﬂfi}' (Yo ‘1;)"{%‘i{(‘l}":)"jo‘m"lo)"o(t"‘o)-
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From equation (II.2) it follows
ds =, =e)ebye ¢ (5= To)dre* (Jo- 4 )N H(30-2)dT,

or in another form
\

d ds
el S B S TR
' (1.3)

ds ds
L ol TR et

’rgus when is assigned the function of Seidel's eikonal ®(yg.%s . 1N,
%,)i.e. it is assigned the path of the raysbeam, passing through the
given point of object space and the given point in the plane of the
pupil of output, then of it it is possikbtle by differentiation to

determine those changes which undergo the coordinate of the points of
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intersection of ray/beam with image plane and the plane of the pupil
of input in comparison with their values, calculated according to the
dioptrics of Gauss. Equations (Il.3) give the representation of a
change in the coordinates of real focus in comparison with the
coordinates of Gaussian focus. In crder to cbtain now sine condition,
let us find the extremum of this function, after taking the second
derivative of eikonal in terms of coordinates and after equating to
its zero. For this, according to Schwartzschild, let us make the
following conversions: of equation (II.3) let us compose four
derivatives of the second order of 8 1in terms of each of variables
Yor Zoe N + &y Differentiating with respect to T and yo, we will

obtain:

dn, dts . d's
\ - 2 — -|= 4
1377 dyod 1, dy, 40, dyo

(.4)
N dso = d1s ' il 2 - ——di. .
., drodn, ° dyo dody, ’

differentiation with respect to § and,?b gives:

ey e dy, '8
dg dyodt dy, = ddy,
h= e, | _d's ] S .fiﬁ__
4%, dydy,) d, T odndy,

Fage 41,
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Knowing these derivatives, let us determine now condition which !

rust satisfy Seidel's eikonal so that the pcints on the axis in the

A gt

plane of object/subject and images would fcrm stigmatic pair (image

cf point it is obtained sharp). According to this requirement, if y,

¥ ki R £

= 2o = 0, then must follow which y, = z; = 0, moreover on this path
ray/beam must pass of one point into another, i.e., independent of
values T and §,;. Then from (I1.3) follows that the equation:
ds ds

(_T’ZT)‘&,'.%'O" (T‘T)‘.','.%‘o (1.5)
rust be satisfied at any values N,5, Then let us require so that not
cnly the points on the axis in the plane of object/subject, but also
their surrounding cell/elements of surface would be
reflect/represented punctually. Analytically this condition means
that the condition of the dioptrics of Gauss y; = yg, 2, = Zo (real
focus coincides with focus of Gauss) it must be fulfilled not only at
points yo, = y, = by 0; z45 = 2z, = 0, but also for the low values yq,
Zg, With an accuracy down tc the terms of higher orders, i.e., that

the equations

dy, dr ‘ dy dy,

I W, e e
must be satisfied by values y, = z, = 0 at arbitrary values n and
€13

d dyg d ds
T}“Tﬁ‘“% E il cubll

s \ \
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These equations can be integrated, morecver constant integrations

will be determined by the facts that the ray/beam, which coincides

with axis, does not undergo refraction, i.e., with le 28 = 0 must
be 7w = ¢, = 0. Thus, we obtain

rlo ""("v §° ==‘| ’ (ll.6)
Page 42.

This means that if two perpendicular tc the axis of the cell/element
of the surfaces, which surround stigmatic tc pcint on the axis Ye=t,:0
and y, = z; = 0, mutually reflect/represent each other, then
coordinates in thes equation of Seidel's eikonaln ., & must be equal for
each pair of the conjugated/combined ray/teams, passing through both
stigmatic points, i.e., these ray/beams they must encounter the

pupils of input and output at the identical given distance from axis.

For the majority of optical tasks, the sine condition is
exhausting for the adjustment of coma, since in optics thus far still
does not stand so sharply the question cf optimization for each
concrete/specific/actual case. However, the application/use of

ultrapover ful-light wide-angles lens already is placed on agenda and

e
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this question.

By analogy with the given method it seems to us that the task of
optimization in parameter it must be sclved alsc in the plan/layout

for finding the extremum of function *“hi‘ﬁ‘t3hnl%

Here  x,,y, are coordinates of the intersection of ray/beans
with focal plane; x,, y, - the coordinate cf intersection with plane

cf aperture; A - involves the constants of system.

Differential ds includes variaticns in Seidel's eikonal with
respect to the coordinates of system, namely, zcnal aberrations,
i.e., the deviation of the real coordinates of ray/beams from their

ideal (in the absence of aberrations) cf value.

Search for the second derivative, i.e., finding the extremum of
function d8 according to parameters, has a series of special
feature/peculiarities in comparison with the analogous procedure,
used during the derivation of sine condition. Specifically,, atbe
sine condition is obtained for the case infinitesimal deviations of
representative point from the optical axis cf system; the derivation
cf this condition is implied no concrete/specific/actual diagram of
optical system (lens, mirror, axis either axially nonsymmetric), and

that more is not considered such parameters as axial size/dimension
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d, diameter D/d, the apical cut M/d or focal length 4¢/4 and the angle

cf the oscillation of radiation pattern 6.

Page 43.

Furthermore, derivation itself is Lbased on the approximation
methods of the theory of the aberrations of thke third order: in this
approachsapproximation of the surface of system can be given not

higher than second order equation (sphere, paraboloid, hyperboloid).

Let us examine another series of the analcgous ways of
cptimization in an example cf the investigations of Herzberg, such,
as analysis of the conditions of the sharp image of the curve of line
and element of volume. The derivation of these conditions is based on

cosine lavw.

E)‘The condition of cosines [3].

Being turned to the derivation of cosine law, let us visualize
that in object space, in medium with refractive index n, as is
convenient ly arrange/located the element of linedf , a in image

space, in medium with refractive index n*', is found the element of
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line dt' « A/ , conjugatescombined with celly/element dl , It is
necessary to refine: here word goes with ccupling in the sense of
cptics of Gauss; in this case the point image  f each point of
cell/element dl at the appropriate point of cell/element df' it can
and not be. Only for conjugate points A and A' we will assume the
condition of point image carried out, in consequence of which must be
correctly the expression (Fig. II.8).
A s const, . (n.7)

We assume, therefore, that optical path length is constant along
all ray/beams, which connect points A and A'. Cur task consist in
Foint image being propagated to all points of element dl, amd

consequently and to point A,.
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Fig. IT.8.

Fage U4u.

Let us visualize further one of the ray/beams, which connect
according to condition AA' = const, point A and A', for example
ray/beam ABCA', which passes in its path through optical system (not
shewn on drawing) and the forming with cell/element dl angle a, but
with cell/element d€' - angle ', Let us conduct through pcint A,
ray/beam A4B,C,;A',, parallel to ray/beam AB in space of objects. In
image space, ray/beams CA*' and C,A' not to, but they cross

themselves, without intersecting.

In object space, let us drops/omit from point A, perpendikulir
A,B to ray/beam AB. Both ray/beams AB and A;B, are normal to cut A,B.
Therefore the latter can be considered as segment element, which lies
on certain fixed/recorded wave surtface. Let further in the image
space of cuttings off CC, represent the shortest distance between the

lattice-type ray/beams CA' and C,A';. According to the known theorenm




DeC = 77200802 PAGE H
73
of stereometry, it is possible to assert that bkcth ray/beams CA' and
C,A,' are normal to the shortest distamc ((, between them. Therefore
also segment element CC, can be considered lying on the
fixed/recorded wave surface as standards to which serve ray/beams CA'
and C,A',. According to the law of tautochronism, the optical length
of course of ray between wave surfaces and CC, is constant. Therefore

BC = AyCqe

We want so that the image of point A, would be point. In that
case according to the ccndition of the formation/education of fpoint
image, must be fulfilled the following expressicn:

A, A: = const, .
Here stands to the right the constant, different from constant in

expression AA' = const.

Using drawing, it is possible to write
A e n'c'A" . cousll ;
Formula AA' = const, also can be presented in the form of the
ex pression

nAB o[bt]@n%k'-contt.. (n.s)
Page U45.

From point ﬂ let us drop perpendicular as' to ray/beam CA'.
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Cut CA' can be presented as difference 1in cuts CB*' and A'B,.
Therefore we will obtain
nAB o+ [BC]4n'cH - AA'S & comat,.

Cut CB' there 1s a distance between the end/leads of the

perpendiculars, omitted from ends of the cut CA/ to ray/beam CB'.

H

Therefore cuttings off CB* there is the orthogonal projection cf cut)

on ray/beam CB' and is expressed by the formula

te'a CVM: cos dy -t;h:.

Here dy is infinitesimal angle between ray/beams CA' and C,A', whose

cosine differs from unity by negligible higher crder quantity.
result of the fact that BC = A,C, and CE' = Cy;A'; cos dy s (A,
expression (II.8) is written thus:
nAB 4AC +n'C A ~n'A'D . tonst .
Deducting from it the expression
AL, #n't A sconst

we find
nA® =n'A's edt,

Here dC is the constant, different from preceding/previous.

As

From triangles ABA, and A'B'A', it is possible to obtain the

expressions:
At = dlcosec;

".. - d-!' cos ",

Because of this let us find from formula nAB-n\8 edt, that

a
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ndlceos et - n'dlcos ot « AC,

This be cosine law, A. Conradi's for the first time obtained.
Page 46.

However, in this form this law little befits fcr practical
application/use, in the first place, because in it they are present
infinitesimal cuttings off dt and dl' and, in the second place,

because in it is the indefinite constant dC.

To remove from this expression infinitesimal values is possible
by its term-by-term division ondl . In this case, one should consider
that dt'/dt there is linear magnification V in the optical system, a
:C/d£ the certain indefinite, but final constant C. Thus, we will

cbktain the second fcrm of cosine law

' V'
NCEOS oLy = N COS X, »C.

Eliminating from these expressions value C, we will obtain
N (€08 ot = COBet,)-n'V (oS ot - €08 o g)a0.
For imparting to cosine law of more symmetrical form, is solved this

equation relatively V:
nCOS ot = COB kg

(M.9)

neosel - COS X,
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This expression of cosine law in the most convenient for practical

application/use form.

To cosine law, and also and by other, cbtained from it in laws,
is been inherent one special property which here one should
emrhasize. First of all let us note that cocsine law is fulfilled in
such a case, when, substituting in formula (II.9%) all possible pairs
cf the values of angles a and a' within the limits of the focal
aperture of this optical system, we from this formula we will obtain
always one and the same value of linear magnification in V. For us it
is necessary to operate only with ray/beams, which connect points A
and A'. But in this case cosine law makes it possible to judge the
quality of the image of point A;, which lies on the other end/lead of
the cut dt | aside from course of ray, which connect points A and
A'; if cosine law is carried out, then at point A'; will be reached

the point image of point A,;, otherwise - it will not be.

Fage 47.

Possibility to judge the correction of aberraticns at the points,
lying on the ray/beams whose course through the optical system is
designed, makes it possible to decrease the space of the
computational of works, spent during of new optical systems. Although

the application/use of electronic computers makes it possible not to
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fear complex and tedious computations, the simplification in the
werk, introduced by cosine law, remains very valuable for a

optician-designer.

One should recall that as the prerequisite/premise of the
derivation of cosine law serves satisfaction of the condition of
formation of point image for one pair cf conjugate points A and A,.
The observance of cosine law propagates the accuracy of image to the
whole conjugated/combined linear cell/elements df anddl' ,But if the
indicated prerequisite/premise in optical system is not carried out,

then cosine law loses sense.

Law of cosines easily it is converted into the law of sines with
the location of the segment elements dl and df', shown on drawing
(Fig. II.9). The end points A and A' of these cuts (for these pcints
is satisfied the condition cf the formationseducation of point image)
lie/rest on the optical axis of system, and cuttings off themselves dl
and dl' are perpendicular to optical axis. In the more general case
it is possible to suppose that the ray/beawm on which lie/rest these
roints, does not undergo fracture within system and is at least the
axis of the symmetry of the section in question. In order to achieve
point image also for the off-axis end/leads oA and ﬂ of these

cuts, 1is necessary the fulfillment of cosine law.
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Page 48.

at
since on drawing the angles, formed by ray/teams with cuts dt and ;5

are designated in letter ¢, and, taking into account that the
relaticn dU[dR in this case reallysactually is linear magnification
in the optical system, we will obtain

n Cos b -cosby

A TYY T (I1.10)

From drawing evidently, angles & and ¢' supplement angles «a
and a' to 90°. Therefore
Ve n S'u\d-"l'\.r\elt.g
T Ein e =sinelly
Ebr determining angles ag and a', let us select initial ray/beanm
so that it would coincide with the optical axis. Then both angles a

and a', become equal to zero, and the expression is simplified.

v nsin =
N ein oL
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This is a known formulation of the law cf sines, derived E. Abbe. The
cbservance of the law of sines conditions the pcint image not only of

db
one segment element d¢ , but whole surface element about by a radius/

cf perpendicular to optical axis system.

C) the condition of the sharp image of segment cf curve [3].

Let us examine further the law of the sharp image of more
coemplex object - segment of curve. This law it is convenient to
derive/conclude, on the basis of the examination of the
common/general/total task of the constructicn cf course of ray in

crtical systenm.

Let us suppose that each point of curve &(i) sharply is depicted

at the appropriate point of curve &'(t) (Fig. II.10).

Let 5(u, v) and 5'(u.d) designate the directing vectors of the

corresponding ray/beams in the object space and images for the fixed

value of t.
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According to law the farm/truss, optical path length hetween &(t)
and &'(t) is function only t and does not depend on u and v. We have
i
R AR

Page 49.

Let us introduce arc lengths v and r, curved respectively in the
cbject space and images and an "increase"
meda'/dc,
Fﬁrther, let t and t*' be the unit vectors, tangential to curves &
and &' Then we have
St - ot g
Introducing angles t and t' between raysbeams and tangential

vectors, wo obtain known cosine law

MA'cos & - neost e, .
since for the ray/beams, which connect the pair of the corresponding
points with curves in the object space and images, value €x has one

and the same value of c. This value can be determined, if are known

angles € and ¢ for any one of the ray/beam, which connects the

Fecints in question with curves & and &' ,




DOC = 77200802 PAGE 4

g/

FPig. II.10.
Page 50.

we obtain

- |
fn'cos £~ neos L EMAcon Ly - neos Ly

cr
mn'(cos ¢! -cost )= n(cos & - cos &o)y (M.II)

o -0
Sk cos L tsto_
n' cos b -cos T

-Ikus, was obtained the same formula which was derived above.

Special interest are of the special cases which follow from the

obtained condition:

1) there is a ray/beam, perpendicular both to curved & , and

curve &' ,i.e. &, =&, = w,. Then we have

mn'cos £ s nCcOS . (M.12)

:
:
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This case, in particular, corresponds to axisymmetric optical and

antenna systems whose focal curve is perpendicular to optical axis;

2) there is a ray/beam, tangential to both curves, i.e., &o -L;
= 0. Then
n\n'smt(-%‘-)‘ “““‘(’%‘)' (11.13)
To this condition corresponds the optical or antenna system at whose
focal curve is parallel or coincides with the axis of system or with

the direction of the collimated ray/beams.

The presented methods of optimization as this repeatedly was
emphasized that they clear strictly the ccnstruction of real optical
diagram, i.e., its parameters, which determine the geometry of the
reflecting or refracting surfaces. The satisfaction of all conditions
- sines, cosines and of so forth only guarantees, h certain
approach/approximation, the absence of the determined form of
aberration, in any way without affecting the value of other

aberrations.

§ 3. Selection of the function of quality.

Let us examine at first problem in general view.
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Let us suppose that there is certain system which is determined

bty the finite number of parameters.
Fage 51.

Cn the selection of the concrete/specific/actual parameters, depend
the properties of system. If the properties of system can be
characterized by one number (fcr this ccmbinaticn of parameters),
that correspond to certain function which characterizes system in the
function of its parameters, then this function can be call/named

estimator, the cost functiocn or qualities.

To optimum system corresponds the minimum either the maximum or

the minimax of estimator.
and_

Let certain system have parameters X;, Xz, eees X, 'q its
quality is determined by the function of gquality ®«®(x..x). T he
search for the minimum of function ¢ always begins from certain
initial vector x9 = ( x{,..., xn) or of the point n of-dimensional
spaceR, .The parameters of system are the coordinates of this point

(71.
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Let us consider that the function cf quality ¢ is connected with
certain another functiom u(t, x), determined for points x of space R,
and of points t of space . The value of function u for the pair cf
points (t, x) let us call discrepancy. Then to the function of
quality corresponds the square of root-mean-square value d iscrepancy
u in region s

Suys [qyut(toodt.  (nw)
s

‘Integral is taken on region & , Hearth dt is implied volume
~lement; g(t) - the assigned weighting function. It is obvious, the
minimum of integral corresponds to the minimum of the function of

quality.

In the case of the linearity of system or with the sufficiently
frequent fragmentation of the interval of the variation in the
variables it is possible to assume that during transition from point
x0 from function U9 = UO(t, x0) to the new point x the function of

quality can be found as

@ =] (v7 vBuy'at o (v, _i{%ax,.)’at.
s . (%1

1n this case let us assume that the functicns have continuous
derivatives in terms of all their arquments and that the corrections

are sufficiently small.
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Page S2.

FPor simplification in the recording, let us assume
—gé’.;-uf.
Then the task of the minimization of the function of quality can be
brought to the selection of such parameters x fcr which the
corrections 6X;, ..., 8%, (Or vector 6x) will ke such, that the
module/modulus of the vector
U(x® e Bn) a0 Ul Bx,
will prove to be minimum. This confirmation makes following sense: at
the optimum or close to it state of system, the value of discrepancy
U, obviously, will be either minimum (cftimum system) or by almost
ginimum about a small change in parameters x (close to the optimum

systenm).

Corrections Bx; must satisfy normal system of equations

taFSxL¢% .0 (jon2oon),

where

o -(u‘. U ) b e (U°, Y.

| Here in the parentheses stand scalar products.

fi The solution of the system of normal e€quations can lead to the

large values of corrections, which contradicts the made assumption
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about the linear character of system. It shculd be noted that the
rhysical sense of corrections 6x consists of fcllowing: this be
ncthing else but increments in parameters x of the systems which are
converted it of one state into another. In view of the available in
practice nonlinearity of the dependence of aberrations on parameters

X, the value 8x, they can have different values depending on absolute

ragnitude cf vector «x.

During the construction of the algorithm of the minimization of
the function of quality, it is important to consider the different

rcle of the separate parameters in the process of minimization.

Page 53.

Namely, within the limits of each stage it 1s possible to isolate the
most effective parameter whose adjustment makes it possible to

raximally decrease the module/modulus of vector U.

After the input/introduction of correction B'i we obtain the new

value of discrepancy, for which is correct the eqaality

lulja “\J°l! ~|\" 6!“1_.

T is obvious, the minimum value U corresgcnds to maxinu-U:6xi

Furthermore,
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IU?&XA‘ =

o} ot |10t gt

therefore most effective will be the parameterx; ,for which valuel(Uf
T%fT)\ it is maximum. Let us designate this parameter by x; or
simply x,. If we are restricted to the addition only of this

parameter, then correction 8“,'6x‘ it will ke equal to

<(uiu!

]& the obtained value 6x; is great, then the entire group of
correcting parameters consists of one parameter x,; and the adjustment
of the function of quality is conducted : the direction

0x w (Xyq000y,0).

But if 6x « Q(uhere | is the selected value), then one should
attempt to expand the group of the amended parameters, after
supplementing parameter x; even by any parameter x; . So that this
rarameter would be most effective of all that which were remaining

the scalar product of the changed after the introduction of

correction vector U° for vector Uj
Y
°
(0 +9, x0T

must be maximum on module/modulus.

Let us assume that Sx“ = 6x,. Then as the effective pair of the
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Farameters we accept parameters 1 and 2 and compute corrections 6x,
and 6x, (remaining parameters X3, X4, -<-, Xn are fix/recorded), for

which the module/modulus of vector will be smallest.

End section.
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SUBJECT CODE 214D
Page 5S4.

If corrections are great (moax |8x.|>n) then the entire group
of the parameters must consist of x, and x,. Otherwise it is possible
to supplement the group of the amended parameters by parameter x; so
forth.Qﬁhus, can be found the group of the parameters x,,x;...x, and
vector 6x with coordinates (SN.SH;“J,J'that possessing the following

Frcperty:

1) its maximum in module/modulus coordinate does not exceed the

selected value 0

2) the maximum coordinate of the vectcr 6x of the expanded group

cf parameters Xx;, X3, <ee, "tet Will be more than 7

The process of the construction of the vector of direction 6x it
is virtually reduced to the orthogonalizaticn of the system of
vectors {Uﬂ.ln this case, the search fcr direction 6x will be
considered final, if after the input/introducticn of next t =~ %hat
coordinate has the inequality

» ¢
CRLATTNCARS £ RIS IS
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where k is the assigned number.

In the obtained direction 6x, i1s realized the search for the

rinimum value of function of quality ¢ .

For the presarvation/retention/maintaining of the generality of
presentation, it should be noted that the pcsition concerning the
effective parameter is correct upon consideration of the limitations
which must be superimposed to parameter values. In this case it is
rossible, as earlier, to isolate the initial stage of the
optimization when for the extent/elongation of a small series of
large increments in the effective parameters it is possible to
substantially decrease U and then begins the prolonged process of the
gradual decrease U because of the remaining, less effective

parameters.
Let us examine now in more detail physical nature discrepancy U
in connection with the task of the optimizaticn of the optical systenm

which composes the final gcal of present section.

For an optical system as the function of quality, it is

S

AP
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convenient to select the RMS value of aberraticns either on focal

surface or in aperture, i.e., wave aberraticns.
Fage 55.

For example, expression for the functicn of quality can take the

following form:

- 1
® -:,C,(“tj 'G:)%, emigagtemu s, (15

vhere 8%, are aberrations in meridian cut;

%‘ - Aberration in sagittal section;

m - a guantity of ray/beams for which are determined aberration;
$ike"m - welght coefficients.
The relationshij, ratios:

84 =4 -4°,
AM = M-m°

is determined the standard deviation of focal length 4 and of

apical cut m of the assigned magnitudes <¢° and ™° .

Thus, as discrepancy during the optimization of optical systenms

we will utilize aberrations, and among the latter preference will be
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given up to wave aberrations.

In this case, it seems to us that during the analysis of
optical-type antennas it is possible tc use three in principle

equivalent methods of evaluating the distortions:

1) in the range of parallel beam;

2) in the interval/gap between the reflecting (refracting)

surfaces;

3) in the region of emitter.

In the first case 1s examined the operating mode in transmission
and are rate/estimated distortions acccrding to the deviation of real

wave front from certain plane (Fig. II.11).

In the third case is examined the work to reception/procedure
and distortions are rate/estimated accciding tc the deviation of res

wave front from certain standard sphere (Figy. I1.12).

The second case corresponds to the mixed mode ndit
assumed that on the main mirror of two-mirror antenna
parallel beam, inclined on certain angle (rtecept,

cn auxiliary mirror (II.13a) falls spherical fron® .

outlying source (transmission).
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Fig. JI.¥l.

Page 57.

It is obvious, if both fronts reflected coincide (Fig. II.13a, b),
then distortions are absent; otherwise the degree of a dif ference in

these fronts is proportional to the aberrations of system. In
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specific cases the preference can be returned to one or the other

case.

1. Let us examine first case. Let in Fig. II.14 on auxiliary

mirror fall the light beam from the source, outlying from focus into
the point, characterized by vector P. Then the reflected beam can be
found from the vector relationship/ratic

ic ‘(ca B |ic ‘”) f,,*i' ’ (n.16)
vhere i, is the vector, vhich determines the surface of auxiliary
mirror. In the general case it is assigned by the differential

equation

dr | g Qsi.nthg—%—(d.-l.)‘
"en T gun Ly (n.17)

&€, - single standard to wave front

i. i - lﬁt (i.i;)' Gt

reflected.
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Fig. II.13.

Page 57.

Here i, 1is the unit vector, directed along incident rays; ﬁ. is a

standard to reflector.

For the interpretation of equation (II.18) let us introduce the
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vector of source P, which determines according to value and direction

the deflection of irradiator frcm focus (Pig. II.14). Here the
rosition of ray/beams in incident beam is determined by angles with
X-axis and y axis. Then in the meridian plane of the component of the

vector, directed along the incident ray:

Rycos @ - X,

cos = -3’
= ﬂmwsv-hV‘(RﬂmW‘HN

s = SLEE AT :
) \J(R'cos @-x) « (Rsing _.")t

In order to assign indirect wave, we will use Fig. II.15. From
the figure one can see that the current point on auxiliary mirror is

assigned by radius R, sin ¢ and by an angle

4TS P A
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Fig. II.14.

Page 59.

Then the comfponents of vector '\ are equal to:

R.,c08 @ - x,

1(&,(05 Q- xSE

o, - = : : ;
+(R sin @ €08 oy Yo(R sin @sinee)

Rysin peosoc -y, (1.19)

o8, « :
¢ V(R,c0s g - %) 4 (R,8in  eos u~%j‘b(&.fml’s\n o

Ry sin @ sin ot
€0s

X WReowgex)'s (Rsin @ cos et -‘!)r. +(Rsin g sin o)’

J
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Parameters of standard ﬁ, to the auxiliary mirror:

cosy = €08 (§-p)s
Cos, = €Ob oL bin(Q-p)) (1.20)

005‘ s Sinet blh(Q’P)- S

Here angle p is determined by the differential equation

\ dr
TTQJ_ :ti[h.

Page 60.

Thus, are obtained all cell/elements cf relationship/ratio

(II.16). As concerns value of C,, which determines path from the

falling/incident front to that which was reflected, then it,

obviously, must be more distance frcm pcint with coordinates x,; y, of

the most removed edge of auxiliary mirror (FPig. II.14). The vector of
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the falling/incident front X, can be assigned directly at the point

of the location of source. Then the difference

[R,-Bls \(R o0 g =R )H (R sin geosoc-y Yo (R sin § sina) . (1,21)
Let us find now the parameters of the front, reflected from the
main mirror
iz‘“t‘lit'iA)iz‘ﬁg- (n.22)
Equality (II.22) it is recorded taking into account the fact

that here falling/incident front x, is equal to the fromnt, reflected

from the auxiliary mircor y,.

The equation of the main mirrocr R, is determined in the

parametric fora

: T int - 1*
\i,|.1(4w\ q)’.{"“‘“z'[ﬂf;'(‘ 'ﬁfq‘z%)k , (1.23)

where R; is a radius-vector of auxiliary mirror.

For determining entering here R, and ¢ it is necessary to find
the coordinates of the fpoint of intersection of the ray/beam of front
?, reflected from auxiliary mirror, with main mirror. This means that
it is necessary to solve the system of equations of the meeting of

the ray/beanm

“"iu % !'iq i

1 ’in
TR L t,
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and of the surface

ST [PIRRRCIN (TR KT DI C R LN
l‘ll {(4‘"‘ )+ 2[2d - R, (1 - cos @] v' )

A duinge2tg T (dor)
B BY l(d.-:{bl.nl-%-

Page 61.

Here Y > Yiy - §iu - the coordinate of point on the ray/beam, reflected

from auxiliary mirror, i“ ,ﬁw ,%,, — the component standards,

directed along this ray/bean.
System of eguations is solved by the method of iterations.
The unit vector, normal to wave front y, reflected, will be

En * in € z'.h( '7?1.:"1)'

Here the components of standard 4, to the main mirror:

i
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Cos, = -COB ¥ ;

cosy = oS oty biny
(m.24)

cos , = bin o bln Y,

10

where
~R)sin
t% s ‘z&-k'.icoeews
The components of standard E, to wave front of the incident

be found after the substitution of values (I11.20) and (II.21) in

(I1.18).

Constants ¢ and % determine position front, that left the
antenna, and they are assigned from conditicn, for example, that

last/latter wave front intersects aperture.

By the essential torques/moment of the calculation of aberrat
is the process of the ccmparison of the front y, reflected abcut
standard plane 3*. Essence consists of following: let Fig. II. 16

depicts the wvave front ;z and plane 3*, In crder to rate/estimate

aberrations in antennas, obviously, necessary in a some manner to

can

the

ions

the

be

deduct one front of another and to f£ind the RMS value of the obtained
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However, how to find this difference and which fpoints of both of
frecnts to consider mutually appropriate? It is cbvicus, there is as
much as desired methods in order to establish/install this
conformity; as an example can serve fiqure II.16a,&. It is here
shown two cases. In the first are compared the points with identical
ordinate, in second point, which lie on standards to plane of
reference. Apparently, it is nct possible tc give categorical
rreference to any comparison method, but we will compare both fronts
with respect to standards to the front Y reflected (Fig. II. 16C).
In this case, it is necessary to find the pcints of intersection of
straight line, characterized by directicn &,, and to plane x* , and
then the point, which lies on the terminus of vector y,, and finally
to determine the distance between them. Analytically this means that

it is necessary to find the intersecticn of straight line

"—‘hs-z.L}?u_._‘%L (n.25)
1 1y n _
vith plane characterized by the equaticn
z(x-l,)vm(“-\“)on(l-;‘)to. (11.26)
Here
lacos®y masin® , n el

xc.i;%o-o;g.o.
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i.e. this can be the plane, passing through the apex/vertex of
auxiliary mirror at an angle @ tc the vertical y axis. Let us
call/name conditionally the coordinates, obtained during joint

scluticn equation (II.25) and (II.26) letters x| Then the

- -
x 0 Ky oy Xy o

deviation of front y, from front X" at the particular point will be

N T N R TN R T )

To evaluate common/general/total deviation, we will use integral
of standard deviation with respect to entire aperture, characterized

by the angles ¥ and @

N
Q - a\_l d‘w ’ (H.ZB)

A

;
%
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Page 63.

Figs Il1s 164

Page 64.

This equation is that function of quality which is utilized in the

process of optimization and optimum synthesis.
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By P. Rassmotry the second case. In this case, let us turn to
diagram in Fig. II.17. Here on main mirror falls light beam at an

angle 6 to x-axis. Then the parameters of standard to the

falling/incident front:

'.0." cos €
i% = 5in O 3 (n.29)

Ty Al

<L

t

The parameters of standard to main mirror are determined by
equations (II.24), and the surface of the main thing by
mirror-equations (II.23). Substituting (11.23), (IT.24), (II.29) into
equaticn of the type (II1.16), let us find the front, reflected from

the main mirror when not it falls the flat/plane inclined front:

The equation of the falling/incident front, or more precisely,
difference'ﬁz - xq, let us find, after using Fig. II.17. Here the
Flane of the falling/incident front is assigned by the equation

Xcop 6 + Y sin © -dcos B0,
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Then distance from point Xa » Yya of this plane

|Ry =% |e|(xacon @ +yasin® -¢¢osoﬂ.

By selection C, we attain that the front y, being investigated
would render/show in the interval/gap between mirrors. Fhe front,
reflected from auxiliary mirror and proceeding from the source,
outlying from focus into point with cocrdinates x,;, y,, already we

have fcund and it is expressed by equations (II.16)-(II.23).

Page 65.

Obviously, if front ;1 and front (II.16)-(IL.3) during the
rroper selection of constants C, coincide, then of distortions in
system they are absent; otherwise the degree of the disagreement of
these fronts will determine the value of distortions in system.

'zg;. the third case corresponds to an incidence/drop in the
flat/plane inclined front on antenna; he is studied the deviation of
the front, reflected by auxiliary mirror, from sphere. From main
mirror is reflected front y,, and then it is ccnverted into front'Yz
after reflection from auxiliary mirror. The investigation of
aberrations in this case consists in the computation of the distance

from point x,, y, with alternating/variable position of front }2

e {(%1“ 5 \‘|?““ll.‘l)‘ y
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which then is compared with certain supporting/reference distance,
i.e., is determined standard deviation AL. The values of the
components of this relationship/ratio were already found in the

preceding/previous cases.

§4. Formulation of the problem of the synthesis of the optimunm

scanning optical-type antennas.

Cne Of the most urgent tasks the antenna cf technology still is
the task of constructing of the wide-angle scanning antennas (mirrors

and lenses).

Despite the fact that as such antennas are applied long-focus
parabolic reflectors, aplanatic and bifocal two-mirror and lens
antennas and the tasks of scanning to a certain degree are solved, it
seems to us that this solution in the pajority cf cases far from the

cptimum.

Actually, the requirements which before(are to the scanning

antennas, it is possible to systematize approximately as follows:

1) is assigned the sector of continuous scanning;
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2) are assigned the angles of the discrete location of

ray/beans;
3) is assigned focal curve and sector of scanning.
Fage 66.

It is obvious, in all cases it is assumed that the distortions
of radiation pattern must be minimum or, in the extreme case, equal

to zerc for all beam directions.

Without doubt are solved the placed prcblems and which antennas
are utilized? Besides spherical antennas and Luneberg's lenses which
invariants relative to the direction of scanning, most widely are
utilized the indicated antennas (parabolic and aplanatic). However,
such antennas are palliative by their the very nature: they are
designed for obtaining ideal ray/beam only at one point (paraboloid,
aplanat) or at two points (cylindrical tkifocal antenna with line
sources), and during the deviation of socurce from these points (foci)
cccurs a progressive increase in the distortions (Fig. II. 18). As
concerns the focal curve in which are arrange/located the sources,

then it, obviously, must be only such, which has this antenna.
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It seems to us that much more adequate to stated problem must be
the antennas, specially designed for each case, i.e., satisfying the
placed condition in the assigned best approximation. In this setting
this tc problem is reduced t» problem of the synthesis of certain

equipment/device in accordance with the assigned requirements.

We examined above the task of optimization; its essence
consisted in the fact that among the assigned type of antennas (for
example, aplanatic) and with were fplaced conditions it was selected
such version which during the concrete/specificsactual combination of
its parameters in a best (in known sense) manner satisfies the stated
requirements. However, the type of antenna from this is not changed,
since the sclution of problem was searched ror in just one class -

the form of characteristic curve was not subject to change.

3 A AR v o St ¥

B
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Fig. II.18. I - monofocal antenna. II - bifocal antenna.

Page 67.

Unlike the procedure of optimization, synthesis, is provided for
first of all precisely a variation of characteristic curve, including
ay the same time simultaneous optimization as part of the process.
Therefore in the final analysis for each specific case of use, can be

constructed completely specific antenna.

The problem of the synthesis of optimum antennas to a certain
degree is analogous to the tasks of the construction of optimum
cybernetic systems, in connection with which as the basis of antenna
synthesis can be placed analogous matemathical apparatus. In this

case, without damage for generality, we can to assume that in our




DOC = 77200803 PAGE _3T
"

case occurs the dynamic system (antenna), ccntrclled by digital

computer. In this case, let us examine the systems which are assigned

by the fundamental differential equaticn

dv
oy F(ed (0 du] (11+30)

and the series parametric equations:

d:
e ”\["""T;" ()M,
u-4dw\ﬁn¢3.
=< »4a(y).

(.31)

Analytically our task can be formulated as follows. For certain
of the dynamic system, described by equations (II.30), (II.31) and

characterized by the index cf the quality

N8 | R TO R BVTA

to ensure the minimum, the maximum or finally the minimax of certain

integral

Qs|aldy, S (n.32)

vhich is functional from some steering fuactions:
Iy " ‘q")bin ¢

st 4y )y (0.33)
K = 43(!,)' :
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The selection of functions (II.33) is limited, i.e.,Ye¥» XX, oA,

e A

a the extremum of functional is searched for in certain permissible

interval of the angles
| V"‘P“P;,

I. Simplest task of optimum synthesis includes creation of

antenna for which must be provided minimum cf integral

]
t
Q iAL dy (0.34) :

for assigned angle of deflection of radiaticn fpattern 6. Then the

S -

conditions of task can be formulated as follows: to find function
4! (W) ’

N which it would supply the minimum to functicnal (II.34) for the

>

dynamic systenm:

eI ORI

X -Fliz,%}q—— ,...9(']'.

) y= 4 (@)sin@,

(11.85)
o =dq(y) i
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with the limitations:

dsd gd,
Mya M em, (n.86)
Wt €4 ¢ TR
o wel(g)=0. ) < (M237)

Fage 69.

Here, as can be seen from (II.37), the discussion concerns monofocal

antenna with focus on the axis.

II. Second task of optimum synthesis can be considered as
variety of the first: its condition can be fropagated to bifocal

antenna, after replacing equation (II.37) with equation

& 2 el(P)mtA,
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III. Third task is minimization of functional (II.34) for sector
+6 with assigned trajectory of movement of source. It is obvious,
this task to a certain degree can be sclved for mono- or bifocal

antenna. Then limitations take the form

d, s d ¢d,,
My, & MG M,
Yo ¢ -0 & @5
o & (P)=0 [ogl-(.(!l)likl'v

l.,: Fz(\“).

IV. The preceding/previous task can have interesting solution,
if we are not limited to the antenna, which has focus (or two foci),
namely, the fourth task of optimum synthesis has the following
formulation: in sector +6, the antenna must have minimum error (for
example, constant). This task to us is represented most adequate for
antennas with wide-angle scanning. Let us formulate it in the terams

of variational methods.

Let the sector of scanning be broken into N of intervals. Then
for each interval it is possible to reccrd integral (II.34):
. -
QI_Q_-IAL‘eLQ;
L

i
Qlj@_-‘AL?QQ;
A\

9

Cu gty
QLil salldy.

(I.38)
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Here limitations are analogcus systems (II.36), and as the minimizing

functions they are utilized:

Y=4(q)sin g,
Yeoedaly) s
*’43(‘9). 4

V. As the following task of optimum synthesis, it is possible to
examine the method of the ccnstruction cf antennas, similar bifocal.
As is known, bifocal antennas are designed cnly for onmne section,
which contains axis of antenna and both foci. Aterrations in
remaining sections (astigmatism) in any way are not monitored; in

connection with this to rationally assign more common/general/total

Vs A s

i
|
§
3
3
|
i
¢
§
i
|
|
4
5
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rissicn. Namely, to find these two control functions:

<zt (@);

‘a '4|(Q)5"n Q’

which would give the minimum to functiconal (II.34) for values #6.
With this precise convergence in meridianal section (as the bifocal
antennas) will not have. But aberrations as a whole will be decreased

because of a compromise between aberrations in different planes.

The formulated in present paragraph tasks cf optimum synthesis,
apparently, do not exhaust all possible situaticns which can arise,
during the development of the scanning antennas. However, these
full-universal, and, obviously, in equal measure they can be solved
not only in connection with two-mirror antennas, but also to the

antennas lens, mirror-lens, or to antennas with point source.

It should be noted that the setting of the variational problem
of the synthesis of optimum antennas first becomes possible only in
view cf the essential progress of computer technology, and also the
appearance of new investigations in the field cf logic and algorithms
of the solution of the nonlinear problems of the optimum synthesis:

dynamic programming and the principle of maximum [8, 9, 11-15].

Page 71.
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virtually the essence of the problem of the creation of the optimum
scanning antennas consists precisely of the development of this logic
of machine calculation so that even at the existing enormous
velocities TsVM task could be solved for the foreseeable interval of

machine time.

8§5. Construction of the elementary operation of synthesis according

to approximation method in the space of strategies.

Let us examine the diagram of the methcd cf the optimum
synthesis cf two-mirror antenna, based on approximation in the space

of strategy [8.14].

As the basis of method, can be placed the following principle of
needle-shaped variations: for some arbitrary or obtained by other
freviously methods characteristic curve is assumed that its small
section can change within certain limits by low value. In this case,
entire/all remaining part of characteristic curve remains
constant/invariable; however, varying one regiom of curve, even very
small, we nevertheless each time we ckttain, strictly speaking, new
antenna to new aberrations. From all variations in the section of

characteristic curve in question is selected that, that provides the

RIS = 1
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minimum of functional, aberrations, designed for an entire antenna.

Fundamental requirement for needle-shaped variations consists of
the preservation/retention/maintaining of the ccmtinuity of
characteristic curve. As is known, function 4(x) he is called
continuous, if to the small change x ccrresgonds a small change in

the function 4(x)

Last/latter determination needs the refinement: it is possible
to consider the close of function y(x) and y, (x) in such a case, when
the module/modulus of their difference

y(x) =4y (W)
is small for all values of x, for which are assigned functions y (x)

and y, (x), i.e., to consider close curved, close in ordinates.
Page 72.

However, in many instances are more logical to consider close only
those curves, which are close in ordinates and in the directions of
tangents at corresponding pcints, i.e., for close curves not only
small the module/modulus of difference y(x)=y, (x), but is also small

the mcdule/modulus cf difference y! (x)=y!, (x).

Therefore it is possible to count that the curves of y = y(x)




T I N e e
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and y = y, (x) are close in the sense of zero-order nearness, if the

module/modulus of difference y (x)=y,(x) ml. Furthermore, curved vy, (x)
and y(x) are close in the sense of first-order nearness, if the

module/moduli of differences y(x)=y, (x) and y!(x)=-y!, (x) are small.

So, Fig. II.19 depicts curves, clcse in the sense of zero-order
nearness, but close in first-order sense, since ordinates in them are

close, and the directions of tangents are not close.

The curves of Fig. II.20 are close in the sense of nearness of
the T order. The requirement for the ccntinuity of characteristic

curve can be formulated as follows: the functicn Y§=4(@)sing

is continuous when ¢ = ¢,, if for any v it is possible to fit 6 > 0
such, that
ly (@) -y(goll< ©
with
lo - qo] <3.
The concept of extremum with a variation in the individual parts

of characteristic curve alsc needs refinement.

*.'
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Fig. II.19.

Page 73.

Speaking about the minimum, we will bear in mind the smallest value
of functional only with respect to the values cf functional in close
curves. But, as it was shown that nearness of curves can be
understood differently; therefore in the determination of the maximum

or minimum, we will distinguish the degree cf this nearness.

If the functional of phase error reaches in the curve of y =
Yo (#) the minimum according to relation to all curves, for which the

vodule/modulus of difference y(®)e-yp(®) is small, i.e., with respect

e
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to curved, close to y = yo(®) in the sense of zero-order nearness,
then minimum it will be weak. But if functional reaches in the curve
cf y = yg(¢) the minimum only with respect to curves, close to y =
Yo (®?) in the sense of first-order nearness, i.€., Wwith respect to
curved, close to y = yg(¢) not only in ordinates, but also in the

directions of tangents, then thke minimum will be powerful.

Apparently, in the first stages of synthesis it is possible to
assume that the target/purpcse of each needle-shaped variation on
this section of characteristic curve will ke ottaining the weak

minimum of the functional, which determines phase error.

Now, when is given definition of needle-shaped variation as
basic operation of antenna synthesis, let us shcw, as it can be

realized irrespectively of the specific prcblem of synthesis.

Let there be certain mcnofocal twc-mirror antenna, presented in

Pigs 3I.2% and 1X.22.
It is further necessary to find the characteristic function
which would provide minimum rms error and satisfied some requirements

wvhose formulation to us is not now important.

During the solution of problem as apprcximation method in space
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- strategies let us accept for base N - the line-of-communication
process, in each stage of which is varied certain region of
characteristic curve (needle-shaped variaticns). So, by Fig. II.21 it
is accepted that is varied the region from point A to point B (B!,
] By.-.), moreover point A is constant/invariable, and point B
consecutively accepts a series of positiors. The new sections AB
rust, obviously, to be tangents to the remaining part of

characteristic curve at point A.

Fage 74.

Then during the first stage of the first stage we are have an antenna
from characteristic curve E3A0A;B!,;; at the second stage - antenna
from characteristic curve B2A0A,B2; so forth. For each of these
curves, is calculated the functional of quadratic phase error and is

selected curve, that ensures rinimum value.

In this case, the results of calculaticn are compared with the
value of phase error, obtained for an antenna from initial

characteristic curve with the optimum for it lccation of source.

At each stage of the next stage of synthesis, we deal only with 1
the value of functional, minimum for the preceding/previous stage and

with the results of calculations at this stage of this stage, i.e.,

TN ) 55 A A A 2
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in the memory of machine, always is stored only one value of
functional (in the case of one-dimensicnal control) unlike the
radiation synthesis where it is required tc store a whole series of
the values of functionals, since must be carried out the parallel

sorting of the parameters of immediately several ray/beams.

One should note also that on the strength of the discreteness of
task we actually utilize not entire curve on section AB (B!, B2,...),
but only one point B(B!*, B2,...), more precise, only its abscissa
¢(@)cos @ ,

f since ordinate y it corresponds to the intervals of discreteness
and is accepted as constant for this stage cf cptimization. However,
with this setting immediately appears the problem of the selection of

the permissible positions of point B (B!, B2,...).
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Fig. TI.21. FlC).l_T.Q.’.l
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It is obvious, this point so must be arrange/lccated in space so that

general characteristic curve would not have fractures and sections,
parallel the axes of antenna, since antenna from such characteristic

curve cannot be realized in practice.

Let us examine the following (the second) stage of synthesis
(Pig. II.22). On this stage are record/fixed position of the best

point of the preceding/previous stage (for example, point B3) and the
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position of point C, which is subject to variation in the subsequent,

3rd stage of synthesis.

The second stage lies in the fact that is taken a series of the
values of the abscissa of point A(A!, A2, ...) and for obtained
characteristic curves (for example, B3 A3 CCC, A3 B3,) is calculated
the value of functional for entire antenna aperture. In this case, it
can seem that the obtained value of quadratic fphase error will be
equal, is more or less than the phase error, calculated for
characteristic curve B3 AOA B3,. If not one of the values of
functional will be less than preceding/previous, then, obviously, it
is necessary to leave the old value of the abscissa of point A, which
corresponds to the first stage, and to pass to following stage. On
the other hand, it should be noted that in each stage it must be (n +
1) stages, moreover value must be limited only to torqus/moment of
cbtaining the outer limit: on (n + 1)-th stages the result must be
worse than at n-th stage. This, it goes without saying, is correct,
if with a variation in the coordinates of point A occurs a decrease
(or an increase) in the phase error of an entire antenna in

ccmparison with the result of the first stagea

Let in the second stage of synthesis the Lest result be obtained
for characteristic curve B3 A2 COC, A2, B3,. Then on the third stage

cf optimum synthesis is detented the positicn of points B3 A2 and of




4

1

P
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an entire remaining part of characteristic curve, except point C; the
schematic of the process of the optimization of the coordinates of
point C the same as in the preceding/previcus, 2nd stage; as a result
cf the sorting of abscissas, is selected the value 4 (¢)cos ¢ ensuring

the minimum of phase error in this stage.
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Page 76.

Figures 1I1-23 shows the two-mirror antenna at whose
characteristic curve is subjected to needle-shaped variation in
intervale SI%el'It is easy to see that this form change of
characteristic curve will lead to the apprcpriate changes in the

airfoil/profiles of main and auxiliary mirrors. This in turn, will

cause a change in the direction of the beams, reflected from mirrors.

Pig. II-23.
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Page 77. Chapter III.

ALGORITHMS OF SYNTHESIS.

By algorithm [15] m we understand certain formal instruction
according to which it is possible to obktain the necessary sclution of
problem. This formulation, is understocd it does not pretend to
accuracy, but fast expresses that intuitive view to algorithm which
was formed even in antiquity. Term "algorithm" fgroceeds on behalf in
the name of the medieval Uzbek mathematician Al'Khorezmi, who even in
IX V. gave the rules of the fulfillment of four arithmetic operations

ir decimal systen.

To any algorithm are characteristic some ccmmon properties:

I) the determinancy of algorithm. Is required, so that the
method of action (computation) would be so precise and generally
understandable, so that would not remain the places to the

arbitrariness:

2) the mass character of algorithm. Algorithm serves not for the

soluticn to any specific problem, but for the sclution of the whole
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class of tasks. Indications on the method of action are used to the

initial conditions which can be varied;

3) the result of algorithm. This property, called sometimes the
directivity of algorithm, it requires sc that the algorithmic
procedure, used to any task of this type, through the finite number
cf spaces would be stopped and after stop it would be possible to

deduct the unknown resulte.

Algorithms, in accordance with which toc actions, I call
rumerical algorithms. Numerical are the algorithms, expressed
formulas or the diagrams, serving for the sclution of certain class
cf tasks, if by these formulas is completely expressed both the

composition of actions and the order in which they must be fulfilled.

Is feasible also the lcgical algorithm, which can be the
independent method of action, and it can enter in the composition of
numerical algorithm, for example on the basis cf intermediate
results, must be accepted solution to the character of the subsequent

actions or even to the cessation of further calculations.

However, both in the case of numerical and in the case logical
algorithms the content one and the same: in both cases the algorithm

is defined as system of rules for the sclution cf a defined class of




DOC = 77200804 PAGE ¥
/3?
tasks, which possesses the rroperties of deterrinancy, mass

character, result.

hﬁthout doubt must be organized computational operation at each
stage of synthesis? This task does nct have standard solution with
the synthesis of nonlinear systems and dynamic programming gives only
the the general procedure of solution elementary operation each time

must correspond to the content of specific protklenm.

Page 78.

As the special feature/peculiarity of the synthesis of the
optimum scanning antennas, it was repeatedly noted that for
twe-mirror antennas, if this is not parabola with hyperbola or
ellipse, in analytical form it is impossitle to record wave front
after reflection from two mirrors. All the more it is not possible to
analytically express its deviation from standard plane; thus, from
the computation of gradient and determinaticn of the direction of

rapid descent it is necessary to refuse.

It may be, it goes without saying, that is used the method of

glg' L sl

the numerical determination of dependences 'V o with following
interpolation results and already from the interpolated curves

calculate gradient. However, it seems to us that this path not
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justified is laborious and will not ensure the desired shortening in
the estimated time. Therefore simpler can prove to be the idea of the
method of Kachmazh which he proposed for the sclution of the systenm
of simultaneous linear equations and is schematically depicted on

Fig. III-1 and III-2 [10].

It is appropriate to note that, speaking atout the method of
Kachmazh, we we do not replace with it the methcd of the dynamic
programming: we are speaking about the organization of the met hod of
sorting within dynamic programming. Understanding the method of
dynamic programming very widely, as this is made, for example, in
[12], we do not disrupt the essence of this method by this approach

to the organization of the elementary operation of synthesis.
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Fig. LII-1.

Fiq. III’z.

Page 79.

In the most complex cases, to which belongs and our task,
can go not about the complete applicaticn/use cf a method of
Kachmazh, but about the use of fundamental principles of this method.
So, instead of the hyperplanes it is mnecessary to examine the
hypersurfaces on which lie/rest on curve, that correspond to
derivatives of function AL (or sl )in terws of thne parameters. This
idea can be sufficiently fruitful not the stage of the optimization
(not synthesis) of parameters of the initial antenna, for example

aplanatic, which forms then base for the synthesis of optimum in the

AR LAt

Ry

S ——
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assigned sense antenna. In this case, the ccnstruction of
axisymmetric two-mirror antenna makes it possible to sufficiently
easily find some particular directions of rapid descent, i.e., the
directions, which coincide with the directicn cof rate of change in
the functicn in its separate parameters. For example, the
optimization of the position of focal pcint in the known position of
standard plane front at the output of antenna can be brought tc
successive motion along function ¥  when 4, = const (Fig. IXI-3).
The same concerns the optimization of relation ¢/d with given
diameter and maximum phase error (Fig. III-4). Here, both the easy to
see that the direction of rapid descent only one of the two possible
is defined as direction in which the aberration is less than its

preceding/previous value.

However, even in simplest case already during the optimization
of the parameters of supporting/reference antenna we encounter s
Dependence of its properties from several varialtles, i.e., task

passes to the catagory of the multidimensional tasks of control.
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Fig. 1I1I.3.

Page 80.

If the state of system is described by one variable,

then back a

can be completely correctly solved with the aid of table in the teras

of Bellman's dynamic programming [ 14].
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Here 4, (x) - is the maximum income, obtained for N of the‘
remaining stages of process, which begins from state * and which

takes place in accordance with the optimal strategy:

4-“"‘"‘“[%(‘1.)'4....(’&-1..)]; (0.1)
0 sy, %3

4.(x) = méx[g(x.)l = g(x); (W.2)
0 ¢y, €x,

If it is necessary to utilize two variables, it is possible to

construct grid in the space of two phase coordinates, for example

i zL:

Fig. III.4.
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Page 81,

It is obvious, the tasks of by two variables can require the

considerably larger space of the memcry of machine and much larger
time for solution, than task with one by variaktle. It is important
also to note that the state of system can be described by one
variable, but can exist certain number of contrclling variables which
affect the value of objective functicn and do nct affect the state of
system. In our case the picture another: there is a whole series of i
the governing parameters which affect cbjective function, without
changing the state of system; they are this invclved, for examfgle,
the coordinate of source in focal curve. At the same time there are
and such steering functions which affect the state of system and the
cbjective function, and also some governing parameters. This
function, obviously, is the equaticn of characteristic curve: it
affects the state of antenna (form of its surfaces is changed) and to
the form of focal curve with scanning.
On the present level of knowledge of task with many variables,
they substantially limit the sphere of the applicability of the
methods of dynamic programming, especially in the fairly complicated

sethods when it is necessary to construct multidimensional grids.

Yuono cc-ir CocToRuue cucremy ( 2)
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Key: (1). Number of remaining stages. (2). State of systenm.

Page 82.

§1. Special feature/peculiarities of the elementary operation of the
synthesis of monofocal two-mirror antenna with the fixed/recorded

sector of scanning.

Synthesis in principle can be conducted by both the by radiation

method and the method of needle-shaped variations.

In first method the antenna as such at the beginning of
synthesis not at all exists and is created cnly in the process of
synthesis. With an entire temptation of this method, it is
characterized by large labor expense, especially if be several
ccntrol functions, by low efficiency due to the presence of
uncontrolled sections and by randomness in the selection of initial

conditions at the i stage of the first stage of synthesis.

The second method, which we will use subsequently, makes it

possible to considerably shorten computational difficulties, in
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particular because in initial stage can be undertaken certain
artenna, which thereby or by different of tae already known methods

is led to that per fection, which it is fpossible to achieve during its

uSe.

In accordance with last/latter consideration the synt hesis of
the optimum scanning antenna is conveniently begun with certain
aplanatic or bifocal antenna: Aplanatic antenna can be used as
fundamental principle with synthesis of the scanning monof ocal
antennas, but known bifocal - with the synthesis of bifocal astigmats

which do not have a precise focus.

Aplanatic two-mirror antennas have characteristic curve in the

form of circumference and are describted by the equations:

% 4sanw~zt%-‘§—(d-m
1 3
¢ ¢ 2(d -45‘;5—%—) :

Wd (1-d) +4(9)sint@ (4 -21)
(k-1 (1-cosqy]

Yy =4 sing@.

X =

let us accept the equations of this antenna for fundamental
principle with the synthesis of two-mirror antenna with the

cscillation of radiation pattern in sector +8° from axis.

Page 83.
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In this case, we will be restricted at first to the determination of
the optimum parameters of antenna in the case cf the location
radiation patterns the edge of sector, i.e., at the point, which
corresponds to the beam deflection of angle of €°. By known methods
can be found the optimum position of source in aplanatic antemma Xy,
for this deviation of diagram and the process of synthesis in each
stage will be following: for datum optimum XYy, we begin
needle-shaped variations in characteristic curve (circumference),
beginning about any part of it, for example frcm point y*0 or
§* Yman’ =

The semantic part of the calculation, the cptimization of
characteristic curve, actually ccnsists of the joint solution of the
system of nonlinear equations, which forms the aberrations of the
separate ray/beams:

al s ot'Il e Yol Vaas Yo Y ‘h.s.-‘f(")n."m)l-t-]"

ol,~0 ‘t‘ LYRSE ERYRIROR ] t.\'.’lt.\.’qb.s.‘“‘”l\:‘(W)‘\) 5 i

°.tr\ ¥ ‘!n\' AL [RCRTREL IRCRTEY thl"‘(“'\t-\.‘"mt\l
during the limitations:
y € Ymax?

dopcdcdgay

Mmin <M < Mmanx b (0.4)

domin 4o <omant

wm'\n <y <Qmu.\-

s e
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In system III.3, X s Yanr Tan, 2400y, " are the
parameters of the mirror point of the ray/beam in question from main
mirror; Tea v Yes 1 4(Wes. - the parameters of the mirror point

examined ray/beam from auxiliary mirror.
Page 8U4.

The solution of system must be such so that the obtained values

( XeasYays--r)
would provide the mirimum of the standard deviation wave of

front from reference plane, i.e., this process, strictly, and forms
the variational problem of synthesis. lHcwever, the solution of systen
cf equations III.3 taking into account the taken limitations is not
rationally of synthesis on the strength of toth the complexity of
equations themselves and the interdependency of steering functiomns,
as that is shown abcve. Therefore, taking into account all the

presented considerations, we let us turn tc the singularly acceptatble

rethod of solution - to dynamic programming [ 13, 14].

Initially it seems that the content of synthesis in the terms of
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dynamic programming can be represented Lty the recursion formula
‘nu (|) = ml'\{4(un 0()0[4"“’,‘\04..(“")(0“)]} . (III.S)

Here ¢ ,,,(x) - the wminimum value of the aberrations of an entire
antenna on(n +t).ache the stage of the synthesis, which was begun
from state x (certain antenna) and which takes place in accordance
with the optimal strateqgy: the vector cf steering functions U

prcvides a decrease in the aberrations.

The sense of relationship/ratio I111.5 can Lke 2xpressed as

follows. Minimization is conducted by the fproper selection VU,,, at
the arbitrary stage of interval 0 ¢ § ¢ Ymax* During stage  Vns, t he
selection of the values of steering functions no+t is carried out

taking into account the presence preceding/previous n - stages
(counting from i stage) and N - (n + 1) the subsequent stages at
which the values of function U already exist (it remained from the
preceding/previous rprocess). Of this, ccnsists the principle of
cptimum character, which lies at the base of the synthesis of the

scanning optical-type antennas.

Specifically, during the first stage is selected such value of

the radius-vector of characteristic curve which provides

&, (x) = min [gu) sduoy (U -w)].

A g A T O
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Here U is entire resourcey/lifetime of control, i.e., the permissible
class of characteristic curves and the range of variations in the

separate zones;

“- the resource/lifetime of control in this zone, i.e., the
limits of a variation in the radius-vector of characteristic curve in

this zone;

4,(x)- is the minimum value of distortions, which can be
obtained for an antenna, which is found in state x, if one of its
zones (here - the first) changes in accordance with the optimal

strategy.
Page 85.

After computation in accordance with this formula, is
reject/thrown the old value of the aterrations cf this zone and in
the memory of machine remains the new value of the aberrat ions of
this zone and all standard deviations cf remaining zones, calculated

fcr a supporting/reference antenna.

Thus, process at each stage is conducted on the basis of
considerations about the need for the minimization of aberrations

both at this stage and taking into account the values, obtained at
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the subsequent stages; by this is eliminated the "myopia" of

strategy.

It is appropriate to recall that the classical form of the

recurrent relationship/ratic of dynamic programming takes the form

drvi(r) ® min{q(y) gy (#.6)

i.e. at each stage of minimization, prccess consists in the fact that
the selection of control pressure y at this stage must minimize
functional taking into account those who were oktained at the
beginning of this stage of results ¢, (x - y).. In other words,
dynamic programming deals every time with countershaft at this stage
plus the initial effect, which established as a result of all
previous stages: there is no account of subsequent results and be it
cannot, since the control system exists in time and at each
torque/moment usually there is information about its behavior only in
passed and present torque/moments. In this,, as can easily be seen
that consists a difference in the principle of optimum character,
vhich lies at the base of the synthesis of two-mirror antenna from

the principle of R. Bellman's optimum character.

The elementary computational operation of synthesis can be about
small changes in the identical both at the stage of optimization and

at the second consisting stage, i.e., at the stage strictly or

o < bine s s
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E synthesis.
Page 86.
Let us examine the procedure of computations at the stage ot

synthesis by the method of needle-shaped variations. Let us assunme

that the antenna works on reception/prccedure and on auxiliary mirror

f fall the ray/beams of source after reflection from main mirror (Fig.

111.5).

f -the typical procedure of synthesis is a variation of radius
vector of characteristic curve at points with ordinate +y and -y .
In this case,, obviously, will be changed the parameters of mirrors
first cf all at points C, D, it is more precise, on annular sections
by diameter AC 22?4 and 8D on main and auxiliary mirrors. Therefore
function AL for entire aperture from new characteristic curve will
virtually differ from supporting/reference antenna only by the value
of aberrations along the ray/beams of form 1, I1I, III, IV, which fall

on section A§ and VD.

L ————=— R




Fig. III.S.

Fage 87.

The ray/beams, reflected from ring BD and which belong

H, are assigned as follows:
“"(CC.l:"!-Fll) En ‘;’!" (8.7)

h.‘ TR &ytow, -x.)‘.(-.,‘ sin w,cou.-xh)z +(1,sing, linu')z :

g 'Pc' zﬁl(;lqs\\"

m-’s cos (@, -p,) -Scou.sin(q.-ﬁ)t Raine sinec sin (¢, -p, )3

Pysi(veos g -x)+](vsin coset,-y )& (v, 8ing, sin ot,),

$(@)sing, + 2ty l{—( d - ‘4)

d1
Tﬁ‘:‘ 4y 2“.““‘1?@ )

#, - it is assigned, i.e., 1 sing@ sconst;

L T

to front
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4(9)- is varied;

#,~- determines point on ring BD in arbitrary section.

The ray/beams, reflected from ring AC and which belong to front

H,, can be found analogously:

X-7, COs -1, 5in §, Cos ot ~1,6in \
| 1 ¢, W i, it 1 ATy "z""““x..

Hax ‘ ﬁzu i Y
X =108 m-(\aot‘sin ¢,) ctg Zy”
| § 24 (1)) cos 5 b

3 tgsin~*,;

d, ¥ 4(q0&tnq1~2l3j%'(d-101
Eal 2[d ~¢(g) sin' 2]

;)

Pl
’

RN -Ala LR
Baeb =27, (R, 0)s
r'h:’n.cosy' -atos oy bin ¢ Rsine sin g

¥ b 3 =

t -LY’“~J[”8¢K!,11~,

) -'L‘I.i.n\?‘

Y, = atctg PRTH YT . |

! Fage 88.
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It is easy to see from Fig. III.5 that the part of the ray/beanms
of ring VD can exceed the limits of the aperture of main mirror, and
) Y max &
for the target/purpcse of the fulfillment of inequality these
ray/beams from examination are eliminated also aberrations for them
are not calculated; the same is related also tc the part of the

ray/beams of ring AC of main mirror, if is superimposed limitaticn on

the size/dimension cf auxiliary mirrcr.

The remaining ray/beams, which do not kelcng to rings AC and VD,
will not virtually change their directions and aberrations for thenm
are determined stereotypically, i.e., they are assigned with certain

space in the interval
“QPrmax ¢ 9 & Pmin

taking into account the fact that ¢, #¢, (¢, § ¢,)- the wave front,

reflected from the auxiliary mirror
ﬁ‘-(t(-\i‘~h\\i‘ﬁir
Wwave front, which is reflected from the main mirror
by (e R R DR 0 R, (v9)

Computations by formulas for rings A§ and VD, obviously, must be

e
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conducted at each stage for all variaticns in characteristic curve.
Aberrations for the zones which undergo a variation and in all
remainingy zones can be considered differently. BActually, us in the
final analysis interest the sums of the standard deviations of path
lengths aleng the ray/beams in question from standard path. In the
formula of aberrations, enter, obviously, the aberrations of the
preceding/previous, subsequent zones, and also the zones which are
varied on this stage. Aberrations which follow N ~(nsi)= &hd
preceding/previous n - zones in the process of this needle;éhaped
variation(n -\)in the - zone are not changed; therefore are possible
two ways of the calculations: in the first case the function AL is
calculated by pillar for entire aperture during each variation n +|in

the 1st interval.
Fage 89.

Ancther path assumes that before beginning of this stage of synthesis
are calculated separately all N of standard deviations with respect
to the number zones in guestion and all these values are memorized
together with common/general/total function AL and part of them is

utilized for the further construction of the functions of quality.

ther (n + & 1) - stage remain n + & 1 new standard deviations

and N - (n ¢ 1) - old, calculated for a sugporting/reference antenna,
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i.e., occurs the gradual replacement of the values, which are
contained in the memory of machine, but a quantity their always is
retained. however, this path can be used only in such a case, when we
disregard effect n ¢ of the 1st varied stage on one of n - of those

who were varied and N-(n + 1) - of the nonvaried stages.

However, strictly speaking, necessary to ccnsider certain change
in the parameters of the zones, clcse tc that that is examined at
this stage of synthesis. Let us examine again of Fig. III.S5. With a
variation in the parameters of ring, AC is selected certain
direction, for example ray/beam FEA. But if on cne of the following
stages will be varied the parameters of ring by a radius 1¢sin §, s that
direction of beam FEA already somewhat it will change and it does not
fall dcwn into point A of main mirror, tut this means that the
corresponding aberration also to change alsc in sum n - stages it is

necessary to give the appropriate replacements.

Furthermore it is apparent that a variation in the parameters of
ring VD will affect the course of ray III and its aberrations; but
this ray/beanm falls on main mirror at point 0, QA 4o < ye(ay s i@

this point it belongs to those following by the stages of synthesis.

Thus, strictly speaking, we must €ach time operate according to

the recursion formula

4o (x) amin {l"!\ N(UM‘\0:{,(“,)]#[:4“(03) .t“!-(ﬂ“\'!m)“‘ (#.10)
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4nei(Vn)- 1S an aberration in a given stage,

£4,Vp)” the sum of the aberrations of those zones on which

coperates present stage;

£4a(Vn)- the sum of those standard deviations on which this

stage does not operate (in range from the first to the datum) ;

E4«@¢ﬁ@k( are sum of standard deviations at all subsequent
stages, to which thus far still corresyonds the supporting/reference

antenna, which remained from the preceding/previous stage.

Fage 90.

It is hence logical to draw the conclusion that at each stage it
can prove to be simpler to calculate the aberrations of entire
aperture. The computational apparatus of the synthesis of monofocal
two-mirror antenna with the fixed/recorded sectcr of scanning
consists of the step by step applicaticn/use of a complex of formulas
(III.7) - (III.9) on all N - the stages of each cycle of synthesis.

Moreover the functional equation of dynamic programming is actually
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faster semantic, I will eat calculated, and is determined the logic

of the algorithm of the synthesis which consists of the solution to

equations (III.7) -

The common/general/total course of synthesis in the simplest

case can be represented following block diagram.
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Key: (1). cycle. (2). stage. (3). stage.

Fage 91.

Here (x), » (4.}« I correspond to the cptimum position of
irradiator in suppcrting/reference aplanatic antenna during the

deviation of the maximum of radiation pattern cof the same angle 6.

Entire process of synthesis, as is evident, it is broken into
the separate semantic sections: cycle cocrresponds to this position of
the irradiator for which it is carried cut (M + I) the stages of
optimization, but each stage contains in turn, N of the stages whose
gquantity is connected with the number of intervals to which are

divided entire antenna aperture, and also with a quantity of sorted
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out coordinates of the points of characteristic curve for each zone.

Strictly, the process of needle-shaped variations contains M of
the stages each fronm which is subdivided into N of stages. After the
first stage from N of stages, must be carried cut the second stage
also from N of stages for the target/purpose of the explanation of
the possible effect of the first sections of characteristic curve on
the common picture of aberrations takirg into account its new
sections which are obtained at the last/latter stages of the first
stage. Actually, at the first stages of the first stage a
needle-shaped variation in the points, for example in region
it occurs in the antenna at whose regian Y max » it occurs in the
antenna at whose region y&% 0 has circular characteristic curve and
an optimum of the i needle-shaped variation (i stage of the 1 stage)
appears itself precisely taking into account this form of

characteristic curve.

It is obvious, after I-th stage of synthesis, characteristic

curve will no longer be circumference.

Therefore it is expedient to determine, will not change

common/general /total result, it we subject again of variation region

1% ¥mearin the presence of new region y 50 .
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It is obvious, a quantity of stages M must be in the final
analysis such so that the aberrations after (M ¥+ I) stage would prove

to be more than after the m stage.

After are travelled everything (M + 1) of the stages of
synthesis, i.e., i1s finished the i cycle, we change coordinates T
The second cycle in principle can have difrerent duration depending
on the degree of the optimum character cf ccordinates X{. Y. »

cbtained as a result of the i cycle.
Page 92.

I1f (x),.(y), are already optimum and phase error will be
minimum, then cycle Hxﬁ,,(5d|] will ccntain actually only one stage
cf synthesis. For a complete guarantee it 1is necessary to conduct
also cycle ([(x\)y,(y,),) with the displacement of focal point in the

%Yo+ (e
cprosite direction. This cycle with optimum will also have
only one stage. Thus, if not one of the new values * and \,
decreases the value of standard deviation, then synthesis can be
considered terminal; but if with some Xy o¢r Y4, phase error it
decreases, then for this position of source it is necessary to

conduct another a series of stages N-stage frocess of synthesis in

stages by means of needle-shaped variations in characteristic curve.
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Thus, after conducting of certain number of cycles for the
different positions of source and the identical position of the plane
cf reference of the ideal wave front, which forms angle 6 with

vertical line, we will obtain optimum antenna.

The presented pattern of the construction of the elementary
operation of synthesis satisfies the fundamental requirements,

rresented for the algorithms:

a) it is the sufficiently determined sequence of operations,
determined by recursion formula, that dces not leave the place to

arbitrariness, but limitations provide the concretenzss of task;

b) elementary operation i1s mass, since it can serve for the
solution of the whole class of the tasks: it is utilized for the
synthesis of two-mirror monofocal antennas with any initial antenna
cf axisymmetric and axially nonsymmetric, and also for the synthesis

of lens monofocal antennas;

c) operation is fruitful/successful, i.e., directed, since the
fulfillments of equation for 4,,, (x) according to the presented
diagram, provide the finiteness of task after ccnducting (K + I) of

cycles, the result of this must be optimum antenna.
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Page 93.

§2. Algorithm of the synthesis of monofocal two-mirror antenna with

the fixed/recorded sector of scanning.

In this paragraph we will turn directly tc the examination of
the totality of the calculation formulas, whichk lie at the base of
the synthesis of two-mirror antenna with the coptimum parameters.
Initially the target/purpcse of synthesis is the simplest task -
provision for minimum aberrations during the deviation of radiation

pattern in monofocal antenna.

Monofocal antenna with the oscillation of radiation pattern,
apparently, is only first approximation to the construction of the
antenna which provides the scanning/sweep cf ray/beam in sector.
Actually, satistfaction of Fermat's condition in such antennas means
that they form/shape parallel bteam only for one position of source;
therefore producing pencil beam is fundamental designation/purpose of
mono focal antenna, and the possibility of beam swinging only its
i supplementary property. Of the optimum scanning antenna the phase
error in sector must be in the best case of uniform. Before passing

to the synthesis of such antennas, let us give the algorithm of the
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calculation of the monofocal scanning antennas of particular form.

a) the condition of task. To develop monofocal antenna with the
following functional parameters: *o-:Yo- the pocsition of focus on the
axis; x % - the position of source in focal plane, which

corresponds to the deviation of radiation pattern of ©8° from axis.

Thus, the target/purpose of synthesis lies in the fact that,
obtaining of antenna with focus on the axis, but ensuring smallest
pFossible distortions during the beam deflection of angle ¢ 6 fronm
axis, moreover source must be arranges/lcocated at the previously fixed
gcint., Here, it is logical, the discussion concerns variational
problem and the minimum of distortions at pcint x,, y, (focus at
point *o . Y,) is assumed not in absolute, and in extreme sense, i.e.,

it is not assumed that the aberrations wmust be equal to zero.

Fage 94.

For the synthesis of this antenna, it 1s possible to use the i
procedure of the preceding/previous paragraph, the problem can be

still simplified, if besides the positicns c¢f irradiators is assigned

the position of axial focus relative to the apex/vertex main mirror
(apical cut M). In this case is realized a variation only in

characteristic curve and distance between mirrcrse.
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The block diagram of synthesis consists of N +« of 1 cycle, each

of which contains M + of 1 stages:
4 - .

I-4 uﬁm 2-1 u;K_Jl
[ 2
' |
' | :
I aran | 2-4 aran (M+f]=HU 1§
(2 &); 3TBT\L-J_~ N
| ) |
e i * :
| : l ; :
-
Fi=a (3| | o
| cTanMA cranﬁig
Keys: T)e CyCle. (<£). Stage« (3). stage.

Here "stage" corresponds to separate variations in the
parameters of this zone, and the group cf "stages" is completed by
the selection of the optimum parameters of zone and it composes the

various "stage" of synthesis.

Each "cycle" of block diagram corresponds to the different axial
sizeysdimension of d: a next series of the stages of synthesis makes
it possible to establish/install the mutual effect of variations in

characteristic curve and ot the axial size, /dimension of antenna.

If it is necessary to examine even the effect of the focal cut

%, then block diagram must Le converted tc the form
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Fage 95.

Here the content of operation "cycle" the same as in

preceding/previous block/module/unit to diagram.

Let us examine briefly some of the preliminary optimizaticn

which have large value in this problem.

Qualitatively the process of preliminary cptimization proceeds
as follows. Let there be certain antenna with a diameter of D, the
axial size/dimension d, and the focal length ¢,; the focal curve of
this antenna (Fig. III1.6), for example, has form A', A', during
deviation of radiation pattern to angle 8 firom axis. In the general
case point M with coordinates Xy, does not lie/rest on this
curve, then in the process of synthesis, it is necessary to fit this

aplanatic antenna (since the discussicn concerns the monof ocal
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antenna), at whose point X.§ would lie/rest on focal curved this
antenna and its position corresponded to the necessary angle of
deflection of radiation pattern, i.e., at first necessary to fit this
aplanatic antenna (¢,/¢(.D,M),so that it maximally would approach in
its functional parameters [xo,%oix,.glfor % 6°9] to by the antenna to
system, which is the target/purpose of synthesis. The further process
of synthesis is conducted according to the method of needle-shaped
variations for the optimization of the form of characteristic curve,
an axial size/dimension and a focal cut for the purpose of obtaining

rinimud distortions at point X..Yy,.
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As a whole the algorithm cf synthesis is such.

Condition of

the diameter

the position

the angle of

Limitations:

synthesis;

the problem of

of antenna D;

of irradiator x,y,;

deflection of ray/bean 8.
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Initial antenna: two-mirror aplanatic.

The objective function

(s .x -H )10 -0-1)10(1 -H )"
6L=!'L(° n (‘g; 1y o "l

(D.1I1)

Here ﬁz is the front, reflected from main mirror,

Ay o (C-]3-A D, « 7, (8.12)
E, - the front, reflected from auxiliary mirror,
Ry=(e - |3, -5, 107,45, (1.13)

*e . 4yo.ts~ Coordinates P of the pcints of standard plane;

=~ the sur face of auxiliary mirror;

,- the surface of main mirror;

.- standard to surface of auxiliary mirror;

t,- 1s normal to the surface of main mirror;
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ﬁ“ the frontal surface of the wave, which falls to auxiliary

mirror from source with coordinates

The stages of needle-shaped variations consist of consecutive
calculation and the estimate/evaluation of the aberrations of all
sections, including of those that belong tc supforting/reference
antenna or the antenna, obtained in the preceding/previous cycle or
stage (only calculation), and also the sections for which are
realized the variations (calculation and the estimate/evaluation of

aberrations).

During use on the first cycle as the supporting/reference
aplanatic antenna of aberration during the first stage of the first
stage, they consist of the aberrations of this antenna.

Page 97.

Coordinates of wave froant at output from the antenna X,,;,,l,l
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" TRy (4o - 1‘3 ey

W Sy = |1, -R‘|)!,'“u\ :
"a,'(ca'li.'i.l)hz“"&‘v i "(llfI.S)
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Vi b <Mt ® Mg by * Mba)

(W.I6)
'.(ll = - COs rl.’
Tay * €08 =y sin ¥y
Tan = 350 =q sin Wy s
i, - A= {(uu--)"(n.x-ﬂ‘*(n,‘- ) 3 (w.17)
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e
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1-|bi.r\ q‘ hin 5&-4 ¢

[t = ¢l

pp‘ s

q-n'ms(‘h'/‘o)i '
Ly ® €08 oy 8in (@, = p,), (in.21) ‘1

"M s sin (G '[54” J

T AL (ycosu;'-x‘)'o(gstn w,tos-“-“\lo(z'smq,smu,\t ;

PRI R SO oo s & X b L0
] ‘1.—1% v ody 2[&-4“,‘f_ ;
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Page 99.
Calculation begins against computations Y, (ITI.23) at each
space ¢ (-Wmin & ¥ ¢6&max) result is valid for all combinations 6, x,,

Y1~

It is convenient to relect constant C, in the form of sum

3 .[(t.mq' ...)'o (v tn g con o, ;")' * (ysingbin -.n‘\; +0,084. ,

which is calculated when w.-mm.{.uW\“Qﬂ only with change of x, and

Y1 and does not depend on «, ,

*“1~.the angle, which determines the position of section n
auxiliary mirror and together with angle ¢, assigning is the
position of point on this mirror in space. % and 4y, is assigned

the position of source, carried out frem focus.

The computation of the coordinates of the intersection of

ray/beam with main mirror (ny v‘t"‘) is conducted as follows: for

this ccmbination 8, Xy «§isoq sy, they are calculated for different =,

in intetva14Wsmw.lqg§9,m¢ﬁ

BEST AVAILABLE COPY
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Yoo dsin ¢ i

Xy mrgeon @y -y 4| - voain Wy)etq By, [ ‘(I..ZQ)

l,_'a‘.l'\ ~y !

where Ys. - Yy eln g,

td - 1y (1 - con @) b

Y, zare ty

Y% is determined (ITI.21) with support/socket ¢, instead of |

Obtained values (III.24) are substituted into the equation

oo, Sacdy | Y-t
B B e ol (.25)
where
LIPS 1‘ cos Q‘b
Wi = Yy sin( cos e,
Toa Y ein g osin e,
Fage 100.

If equation (III.25) is satisfied, then “u Yty there is
reallysactually the coordinate of the point of intersection of

ray/beam with main mirror.

BEST AVAILABLE COPY
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The recursion formula
i () smin[4ag(Vne ) duomen (V= Uni s (0.26)
do ¢ domax.

It is logical to assume that preliminarily from these formulas
are calculated the aberrations of entire aperture. However, already
after variations during the first stage, the sections in question
will not be determined by the circular form of characteristic curve.
Actually, during the first stage of the point of characteristic
curve, they will take the form:

4 o
X ox gy ) cos gy,
and then

4= Yo 50y (w.27)
x 240y, 8y)cos Uy t 8y

if optimum is not the point of initial characteristic curve.

The coordinates of the varied section, obviously, can be
assigned in a most diverse manner, but in the majority of the
fractical cases is more preferable such method of the assignment of
the varied points, which easily can be expressed in analytical form.

For example (Fig. III.7), point C belongs tc varied section of

antenna, and to A and B - point of characteristic curve, belonging

e o s e
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neighboring sections. Point C 1s characterized bty angle y and by
ordinate Yy¢ {is obvious, the only limitation, which can be

superimposed to the coordinates of pcint C
/ ‘f.“l<'«hs

i.e. the position of point C is limited to the angle of AQV.
Fage 101.

Most simply, apparently, it is possible tc assign the :
s ' s ; - :
coordinates of points C and C, if they are projections na and points

A and B respectively.

“Fhen the angle ¢ of the varied section characteristic curve
accepts only three values one of which belongs to initial
characteristic curve, and two cthers are connected with projections

cf points A and B:

Yo = atceln 7-(-“-‘%;

Ye
. t N
T 2ENT 4(%;'&55"' Yoete

Y
Yen s Qrcty 4(¢{,;‘\elb'1g.t
e
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Therefore the limitations, presented atove can be supplemented

by the inequality

? : §
lttl,‘% W‘.. cos v‘oh ¥ Q i “'1=t% ‘(“"..S cos ¢‘ -0

i.e. at each stage angle ¢ must not exceed the limits of adjacent

stationary angles (angles % and ¢, in Pig. TII.7) .
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Page 102.

A deficiency/lack in this method of the assignment of the
coordinates of the varied section is that in the general case cannot
bte obtained even the local extremum at this stage of needle-shaped
variations in view of the limitedness of the range ot a change in the

variables.

Considerable difficulties can arise already at the first stages
cf the first stage when as a result of needle-shaped variations
instead of, for example, the circular form of characteristic curve
it, but at first only its part, is obtained in the form of the
dialing/set of the points, not connected by single equation. This, it
is logical, it is related also tc the surfaces c¢f mirrors. Therefore
there can be two possibilities of: either approximating these points
cf some curve and using during the calculation cf it by equaticn or
to memorize entire dialing/set of coptimum fpcints. Here it can be
noted that during the calculation of the aterrations of the spaced
antennas nevertheless is necessary in the final analysis to resort to

the discreteness of airfoil/profiles and to the numerical methcds of
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integration; therefore the memorizatior of the discrete points of
characteristic curve can and not be insurmcuntable difficulty in the

method in question.

The given above formulas for the calculaticn of aberrations can
be, obviously, used also on those stages, at which characteristic
curve 1s not circumference. In the general case characteristic curve

can be represented in in the form of a certain curve

§r= 4'(‘Hstnq.

and formula (IITI.8)-(III.Z23) can be preserved if we represent

{11X.23) in the form

o i S
?‘ ;W. ! 2[d -Jsan‘:%;

If characteristic curve is assigned in the form of table, then
instead of the latter equation it 1s necessary to utilize recursion

formulae.
Fage 103.

Let us note the special feature/peculiarities of the -__
construction of logical operations in those stages in which
characteristic curve will be represented by the dialing/set of

points.
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Before beginning of the first stage ot calculation in the memory
of machine, is stored the value of the total aberrations of entire
aperture of supporting/reference antenna al,: Puring the first stage
are calculated aberrations AL, for rings AS and VD(Fig. III.S5) with

the coordinates of characteristic curve:

R TR
(m.28)
s ‘(‘Np.)“" ‘-?\“va
. P Lol gy .
and an entire remaining part of the antenna A The obtained

value aL: is compared with supporting/referencedl, ;if 5U| & #Lp »
then of the memory of machine is rubbed aLy, ,and is nemorizedaL\ 3

coordinate (III.Z28) and an entire remaining part of characteristic

Curve.

In this case, AL; is memorized in the form of the sum of the

aberrations of this ring and entire remaining part of the aperture
[
olby = ol +Tolye,.

On second stage are calculated the aberratijions for rings AS and
VD with the coordinates of characteristic curve:
L T
e d (0, ) cos by, s VEWEES

they are summarized with the aberrations of an entire remaining part
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ct the antenna Zntocn. If new value AL‘ is lower than previousasl|
then in the memory of machine remains aq, ccordinate (I1I.29) and an

entire remaining part of characteristic curve.

At the third stage are calculated the aberrations of the ring
%%
X -4(q%‘)cds Pyn

(i 30)

and of an entire remaining part, including (III.29). New sum ALT is
compared with AL; and is selected smaller value, that also is the

result of this stage.

Fage 104.

Thus, on each section of aperture are calculated three values of

the aberrations of this riag:
s L Mo
(they are stored in the memory of machine only on the

extent/elongation of this stage) end aberrations of an entire

remaining part of the antenna

08y oey, »

which are calculated one time for each interval of aperture (each

interval it corresponds to three stages of synthesis), sl 4¢, it is




DOC = 77200805 PAGE # ,
>

stored in the memory for the extent/elongation cf three stages, which

correspond to one interval cf aperture.

Total aberration at this stage is equal to:

LT sl al Ly N e Mt . (13T)

In accordance with that which was fresented in the memory of
rachine, are stored the aberrations in the form of the terms of sum
(II1.31) and of the coordinates of the cptimum fpoints of
characteristic curve or the equation of its part, if the discussion
concerns the unfinished first stage and there is at least a partially

supporting/reference antenna, used as the basis of synthesis.

This formulation of the logical operations of the algorithm of
synthesis, obviously, is not the only fpcssibility. For example, as
noted above, at each stage of synthesis, can be calculated the
aberrations of entire aperture, and then in the memory of machine are

stored only initial data and the coordinate of characteristic curve.

Thus, in present paragraph is manufactured the sequence of the
calculation formulas whose application/use must ensure the
constructicn of optimum two-mirror antenna with the oscillation of
radiation pattern, the deviation of diagram of this angle ¢

corresponding the location of source at point 4 i.e., is comprised
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numerical-logical algorithm, which is of the consecutive execution of
arithmetic operations (calculation of akberration) with the subsequent
evaluation of the obtained results for each, the stage of synthesis
(lecgical operation) and the selection of the mcst optimum parameters

both the separate sections and the antenrna cf system as a whole.
Page 105.

b) the following possible task of synthesis consists of the
develcopment of antenna also with the fixed/recorded anqular sector of
scanning, but already with the predetermined trajectory of the
displacement of source. Term "predetermined trajectory of the moticn
of source" can have the different treatment: it is possible to count
that is assigned the equation of trajectory (straight line, circle)
and its geometric dimensicns, and it is pcssible to assume that is
given cnly equation of trajectory, and it it is geometric
size/dimensions (for example, the position of scurce at the edge of
sector) they are not specified. in this case, can be assigned
following parameters: the diameter of antenna, axial size/dimension,
sizes/dimensions the sector of the oscillaticn of beam and the
characteristic points of focal curve. These points can correspond to
the position of source on the axis (since it is considered monofocal
antenna) and to its position during the deviaticn of beam of maximum

angle. However, assigning the pocsiticn cf scurce at the edge of the
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sector of scanning, 1t 1s possible to considerably impoverish task,
since the possibilities of a variation in characteristic curve in
large measure will come to a variation c¢nly in form of characteristic
curve without a substantial change in the paraxial focusngf antenna.
Therefore in the general case it is expedient tc assign only position
ctf source on the axis and the angle of deflecticn of ray/beam t® , but
its position at the edge of sector will be determined into the

process of synthesis.
Condition of the task of the synthesis:
the diameter »
the focal curve =x e¢(y,y,
the sector of the scanning 0'¢ @ & € oy !

focal of cutting. m.

Limitations
¢340s
MPX 30y M30,
‘-nun 6 o ‘dn‘\:

at each stage “y angle @

PTRITT S s N —
atctq Ty yn > ¢ » arcty 4("’..)““"-. .
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Page 106.

Calculation formulas - (III.8)-(III.24) taking into account

{T1X.25)~{IX1~2N) <

One should especially touch the guesticn ccncerning the
estimate/evaluation of the aberrations when is assigned focal curve,
but not isolated point of the location of source. It is easy to see
that prevailing will be the requirement not for the minimality of
aberrations for the particular angles cf deflection of ray/beam, but,
for example, the minimum of the average value cf the root-mean-square
aberrations of entire aperture, calculated for the optimum positions

of source in focal curve.

According to approximation method in the space of strategies, as
the basis of synthesis can be placed certain kncwn antenna whose
fundamental parameters are maximally approximated to the parameters
cf the which interests us antenna. Let us use, as before, as initial

aplanatic antenna with the same size/dimensions d, D, Xqr VYoo

It is assumed also that by the kncwn methcds of the optimization

cf the parameters of aplanatic antennas is found the antenna with

- prem— i i



poC = 77200805 PAGE

4 'i
174 |

minimum aberrations, i.e., is found the radius-vector ¢ of

characteristic curve (circumference) at assigned d, D, Xg, Vo-

The procedure of synthesis is determined ty the following block

diagram:

.| 14 e ERER N PR 1

o s

A
I-it g&ah[ 2-# aTan

I-a c&alun

shot  agah

Key: (1). cycle. (2). stage. (3). stage.

Fage 107.

Here each stage - is separate needle-shaped variation in state
space. The very complex and laborious result of each variation is the
selection of the optimum value of the varied radius-vector of

characteristic curve: each variation can be estimated (it is accepted
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or reject/thrown) only after the calculation of the aberrations of
entire aperture for certain position of source. The realization of
stated problem requires the expansion cf the space of rough estimate,
since it 1s necessary to consider that it is assigned the whole focal
curved, but not one point of the location of irradiator (increase in
the dimensionality of task). Therefore to €ach stage it corresfponds
as many the computations of the aberrations of entire aperture, as
separate positions of sources will be isolated in focal curve (small
squares on block diagram). Each stage of block diagram means that for
this zone selected optimum value of coordinates taking into account
the presence of all remaining sections of mirrcrs and characteristic

function which are obtained at the beginning of this stage.

Each cycle contains the separate dialing/set of calculations for
all zones of the antenna: the first cycle ccntains the first
variation in the aplanatic antenna, the seccnd cycle contains a
variation in this variation and so forth, until next variation leads
to an increase in the aberrations in ccmparison with the

preceding/previous antenna.

c) finally, most general problem of the synthesis of the
monofocal scanning antenna - the ccnstructicn cf antenna with the
rinimum aberrations with of the oscillation of radiation pattern in

sector t® without limitations on form, trajectories and on the
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position of sources in the process of scanning.

The only concrete definition, which it is expedient to
introduce, is assignment of axial size/dimensicr and position of
focus relative to the apex/vertex main mirrcr. To variations is
subject the form of characteristic curve, including the value of

paraxial focal length.
Fage 108.

In the process of synthesis, it is necessaty to introduce the
concept of the minimum of aberrations in the sector of scanning. to
consider the average (or root-mean-square) value of aberrations in
all sector is necsssary, 1f we assume that 1s possible such monofocal
antenna, at whose aberrations are not fproporticnal to the deviation
of diagram from the axis of antenna. Therefore in the general case it

1s necessary to utilize value

al, +al .+ al
AL LLL LA (1.82)

cr

'
; °
ALc““"_‘E‘Ql’ L)

cltaracterizing distortions in all sector of scanning.
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Here aL, 1is an average value of aberrations in sector; af, is
an aberration at the particular point of the focal curve: p - the
number of points in focal curve in which are designed aberrationjasL .,

is the RMS value of aberrations.

En turn,;

sty e n (1. 38)

cr

ol, s Lt (W.38)

where 4,1, are aberrations on separate ray/teams; n 1S a number of

zones to which is broken aperture of antenna.

Aberrations (IIl.34) correspond to aberrations (III.8) and the
singing of formula (III.8)-(III.24)takirg into account
(IIT.25)-(II1.27) are valid also in present task. conditions and

limitations take the form.

It is given: diameter D, the sector of scanning o'tue‘.._.

Limitations:
dﬂn‘d ¢ d""&l »
‘ ¥ ‘p ]

M2 x, >0 ,m30,

o e S LGy At e <

WEPSR RS § SR
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Page 109.

Interval of variations in the angle ¢ at each stage

4 ¥ .
e 4("‘»‘)"' Pyen ek e n.tct% 4("1-5) cos §y.s

It is qualitative the process of synthesis, as in the
preceding/previous cases, it 1is convenient to characterize by the

tlcck diagram:

ap
1Y) Q-
I- pusa 2=H nuxx
l It
! } i
L Lo —Lp
I-# kidz 2= Jion 34 a&ih
I . EIT
ll\ JA’L
=] g)
-A CT8AMA 2~ OTHAMA

T
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Key: (1) . cycle. (2). stage. (3). stage.

The first semantic operation is the calculation, which
corresponds to the square of "stage." At each stage is varied cne
coordinate of the zone cf antenna in questicn. For these variations
are calculated the aberrations of entire aperture, the source
consecutively occupying a series of positions in accordance with the
deviation of radiation pattern from axis at angles from 0° up to U...
In this case, for each position of ray/beam, it is necessary to find
the best position of source (pcint of the best focusing) and the
connected groups of small squares correspond to the selection of this
point. Thus, each small square correspcnds to the calculation of the
aberrations of entire aperture for this positicn of source in this
angle of deflection of ray/beam and this variation to coordinate the

zcne in question.

Page 110.

The number of groups of small squares corresponds to the number of

intervals to which is divided the sectcr scanning.

Each stage concludes with the selection of a optimum variation
in the coordinates of separate zone taking into account aberrations

in all sector of scanning.
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Calculated cycle corresponds to the development of the new
antenna which on its aberrations is better than that that was
selected as the base before beginning of tihe process of synthesis,
either it is better than the antenna, chbtained as a result of the
preceding/previous cycle, i.e., each cycle is a result of a variation
in the antenna with new boundary conditions, precisely, from new
characteristic curve or new axial focal size/dimension, if variation

begins from or zone (y = 0).
§3. Algorithms of the synthesis of non-focal antennas.

As the scanning electromechanical antennas it is most expedient
to apply such devices in which because cf certain compromise can be
obtained the properties, which ensure the greatest informativeness in
the process of the execution of the fundamental functions of antenna.
If antenna is utilized cnly for beam swinging, then it is always
desirable so that the parameters of radiaticn pattern little would be

changed in all sector of survey/coverage.

a) concerning the prcblem of the synthesis of antenna with
uniform aberrations, it should be noted that the question is not the

trivial solution which it can be, for examgle, is obtained because of

the use of a non-optimal form of focal curve.
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Fig. IIl.8a.

Page 111,

Figures III.8a shows (schematically) optimum focal curve AV and
other focal curves of VD and AS the mcncfocal antenna, which has
focus on the axis of symmetry. In the known monofocal antennas of
axial symmetry, the dependence of amplification factor on the angle
cf the oscillation of radiation pattern takes the form of curve I
(Fig.III.8a) . Apparently, selecting the focal curve (A5 or VD) in
Fig. III.8a), it 1is possible to obtain also in rmonofocal antenna the
dependence x.§y on the angle of scanning in the form of straight line
1I (Fig. ITI.8Db) or of close to it curve. licwever, it is completely
cbvious that this "equalization" according to the worse result is not
optimum and it is most desirable to obtain the averaged dependence in

the form of straight line III. This direct/straight (or by close to
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it curve) must correspond optimum focal curve, i.e., to each angle of
deflection must correspond such positicn of source, which provides
the maximum of amplification factor. Last/latter prerequisite/premise
means that the requirement for the unifcrmity cf the phase error in
sector it cannot satisfy either monofocal, or bifocal antenna, i.e.,
cr one antenna, which forms the collimated light beam in certain

position of source.

Important is the question concerning how tc select the criterion
cf optimum character for the modification of antenna in question. On
one hand, we must analytically formulate the need of providing the
smallness of the error, while on the other hand - its maximum

constancy in sector.

It is possible to count that it is necessary to provide the
minimum of the maximum deviation ¢f mean error with respect to v s

sector 8L, from the assigned magnitude AL.




%
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Fig. III-8b.

Fage 112.

The block diagram of the process cof synthesis takes the form:

L__g(zrannnl ] -A crdiun}
stage. (4). Creration.

Key: (V). cycle. (2} stage. (3).

Here also is conveniently the analysis of tlock

diagram begun
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against the examinations of the sequence of processes under
common/general/total name "stage". Each stage corresponds to a
separate variation in the parameter ¢ of the zone in question.
Since each such variation is conducted by the presence of remaining
stationary points (there exists each time entires/all antenna,
supporting/reference or okttained on cf freceding/previous stages 3,
the effectiveness of separate variation is ratesestimated by the
computation of aberrations of entire aperture taking into account

this variation. Moreover, aberrations must be calculated for entire

sector of scanning, broken into the discrete angles of deflection of
ray/beam, to each of which it is necessary to find the appropriate

cptimum position of source (to group of the small squares).

To each value of the radius-vector of characteristic curve ¢
rust be placed into conformity the series of the values of angular
function a = a(®). To each concrete/specific/actual value a = a(y) in
this radius-vector of conditional characteristic curve corresponds
the process of computations with common/general/total name

"operation".

fage 113.

Here is related the selection of the best positions of source in

sector for the discrete angles of the relation cf ray/beam (group of
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small squares) by the calculation of the aberrations of entire
aperture. After will be made the computations, which correspond to
all groups of small squares, the conclusion about the effectiveness
of a variation in parameters of this zone 4¢(¢) and a(¢) is made on

the basis of recurrence formula
‘nu (») """‘{4(“nu) ‘[4!\(un)'¢n-(nu)(ou-(nﬂb“- (6.35)

Each stage concludes with selection and the memorization of the
optimum parameters {(y) and a(®) concrete/specifics/actual zone, and
also the average value of aberrations tc sector and degree of
deviation of the uniformity of these aberrations from the assigned
magnitude. Thus, the number of "stages" is equal to the number of
variations in the radius-vector of the separate zones to which is

broken antenna aperture (they are implied the circular zones).
The number of "operations", just as stages, not defined, since
it depends on the speed of the appearance ot an outer limit of the

radius-vector characteristic curve and angular function in each zone.

Each "stage" contains entire complex of computations for one

zone, and its result are the optimum parameters of this zone.

Each "cycle", as can easily be seen that it is completed in the

general case by the synthesis of the newv antenna, according to its

,
2
{ Bt S
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scanning properties which exceeds initial antenpa.

Let us now move on to the examination of the analytical

operations of synthesis.

According to approximation method in the space of strategies,
before beginning strictly of synthesis (1st cycle) it is necessary to
select the supporting/reference antenna which is maximally close in
its parameters and the properties to the which interests us antenna.
This antenna can be the antenna, which does nct form on output pencil
beam. The equations of this antenna are obtained in §2 the first
chapter. In the process of synthesis, must ke okttained the
dependences a(®#) and ¢(¢) i.e., wave frcnt and the amplitude

distribution of compromise antenna.

Page 114,

As in the case of monofocal antennas, the fundamental function

of quality it is

shon s Rl (g R ey 1), cooe

Here 3, +yo + %9 are coordinates p of the pcints of the standard

Flane:
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ﬁ'- the front, reflected from main mirror,

Boele- 18 hhEoY,

vhere in turn, R' - the front, reflected from the auxiliary mirror

“0"‘0’“0'?0“‘"“0' _ . (5.38)

i, is a radius-vector of auxiliary mirror; £ is a
radius-vector of main mirror; £, is single norsal to the surface of
auxiliary mirror; Q“ is single normal to the surface of main nirror;"
is a radius-vector of the front, which falls frcm source about by

coordinates Kk, , y, .

The surface of auxiliary mirror is assigned by the differential

equation

-+ _:_-5_ . $lsing estne)eddoinu, - Mige, = 1 (s, - sns)e
hoAh vfeonyotona)- Mo ddeane,oty B § (stny, shinay) -

"'i:i:é" kx. cos ¢, - con o )-Medd t“&.]

. (0.%)
“3{sin ?l'“"“c)[‘tj""'i:"' (3duney-uty )
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For statement in (II

calculate:

E

*

93

I.38) it is necessary consecutively to

% -M"(ﬂmm-uf t(v sing 00

|

(L LRURY A I
Tyt o & (g

oo ® o By sin(yy . M)

| de
Mo tﬂt\"-'%: -ﬂ‘.— i

1, Cop - A "
' I—-Lr‘.—!_rT‘_‘
" . " )

v otn g ses d, o
p.'n_l._n!l.rri!._h-,.

(] \ ;

’ .\ismE'm\B.
" » ‘I

ﬂ‘l.“’(‘t“!q‘““\\‘ ) (8.40)

)

|

.(0.41)

.(I.QZ)

(0.43)

LY “'ln L) ‘7‘, P;|.""I.n'n“u"

g * Py (M Pty g Py * s )y

S ® Pty "‘:’71 WPyt

(Neda)

N P ) g -
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Page 116.

Constant ¢ in III.38 we assign in the form

¢ R\‘mm -x,\‘ o [vsingcon b - g.\' +(y,ming,min B,) 40964 .(8.65)

Assigning here gy .y . §, i, Ve provide the position of wave
front A, always in the interval/gap betvween mirrors. Computations
according to III.45 are conducted only upon exchange X,, y, and do
not depend on 6, and ¢,. Angle 6, determines the position of section
cn auxiliary mirror and together with ¢, is assigned the position of
the pcint on this mirror, into which falls the ray/beam of source.

Angle 6; changes in interval of 0-180°, while angle ¢, - in interval

° ¢ Wq "omnl .

The computatior of the coordinates of the intersection of
ray/beam with main mirror (x, , y,, t,) is conducted as follcws:
for the assigned combination ® XYy 8. q, they are calculated

for equal to 6, in interval Yymin€4y ¢Yymar’

ton (17, - w)ffrin g, ssina)oMuina - iy a1 fuag viingd
sn(ty-a)sune ' .

R ‘.l "‘lﬂ "‘ o

Yas $ 0Ny (grosy, -ay)gey . (m.46)

1"|"|in 8, ¥
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Here Y, is determined from (III.39) with substitution ¢, instead

% .

Those who were obtained Ry, , y, , 1, we substitute in

LY ) TV L1 1, =12 £ i
g'l 2 % 3 E.\ (...7)

where
Xy -t,en'q..
fo ¢ L, aln y, cos &
“ L] “ on q' (10 “ .
Page 117,

If (III.47) is satisfied, then those who were found %, yy.4,

of

are really/actually the .coordinates of the foint of intersection of

ray/beam (III.47) with main mirror.

In terms of the obtained values ve determine the front,

reflected from the main mirror H,:

aud
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_ 2oy

Hyy (6, - "“n % “.\H;. MR TR

Moy = (0= 15, -0 ) LIVRE T ; )

T

LITY '(cl'l;‘l 5 ’-‘Qn !1“ AL

Suty, "‘"lu LT *ay by ¢ %) Tan®

'u' s ."l ‘“'\u Yt 'h"‘h‘ M im\?q ) (+49)

LITRA RR (P oy By * Qus b g J

!l“ a~gos(Q r;-n) \
'l“ l Cod “ 'Lﬂ“r‘- ‘)‘ : (m‘so)

Nup * din 6, wnlty, ~a),

“" s “ol . ‘(“u 3 ‘t)‘ *(“W "‘L)r'—‘“'\ .“)r i ("".5”

Hin -‘C‘ .|.’," 'ﬁc 1) % X b
My o f€ < 5, ‘F'l)!m,'h.s (m,52)

LT (c"'lis -5 LIRS S

Fage 118.

The coordinate of plane of reference, which forms angle with Yy

3EST AVAILABLE COPY |
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axis, they take the form:

i _'p_gi”"l!u"" .(n.,lm- N‘Qs&nb} Yy tin®
¢ L By 00 i

Yo ‘_{:ﬂ_ (xg =My ) ouyys | @sy)

"‘_!'!_::;(‘0 'Htﬂ‘“u'

Coordinates (III.S53) are calculated from entire totality of

formulas (III.36)- (III.52) with substitution ¢, = 0, i.e., standarad

rlane intersects (or it concerns) front h, at the point of its
intersection with the rays/beam of the scurce which is reflected from

auxiliary mirror in point ¢, = 0.

® 4

b) the circuit of non-focal antenna can be placed as the basis

cf bifocal antenna with the maximum compensation for astigmatism.
There is in form an antenna, in which fcr one pcsition of radiation
pattern (@ 4 0) are obtained minimum aberrations both in the plane of
deflection of ray/beam and in perpendicular plane. known bifocal
tvo-mirror and lens antennas [ 16]) were obtained in the form of the

bodies of revolution of two-dimensional envelope around the
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longitudinal axis. in this case, in one plane of aberration, they are
absent, and in perpendicular plane occurs astigmatism. The
elimination of aberrations in two planes occurs only in metal-plate
lenses vwith constraint { 17 ). Two-mirror antenna with such properties
cannot be obtained in view of the limitedness of the number of free

parameters.

Page 119.

Aowever, the comprcmise version of antenna with the reduced
astigmatism because of certain assumpticn of coma and spherical

aberration can find use as the scanning antenna.

The block diagram of the process of the synthesis of bifocal

anastigmat ic antenna can be represented in the following form:

! 2«1 agan] fie

&
e
-NO0TaluA

"

LN VR TR

Bt

T=acramma

{

wlas ¢ 44

|

I=n onepamun

i

Key: (1). cycle. (2). stage. (3). stage. (4). cperation.
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Here "cycle" - the process of the conversicn of
supporting/reference antenna (first variation in this antenna) ;
"stage" - a variaticn in one zone, where enters a variation in the
rarameters ¢(¥) and a(y). "stage" corresponds tc the separate

variation ¢(y) to which corresponds a series cf variations in the

parameters a(y) ("operation"). For this value ¢(y) and a(y) in this
zone are calculated the aberrations of entire aperture during the

deviation of standard plane of angle @ from the axis of antenna.

If is assigned only angle @ and is not assigned the position

cf source, then it must be found; to this process corresponds one to

T T T L .

group of small squares unlike the series of groups, which occurred in
the preceding/previous task. Formula and the procedure of their
application/use the same as in the case of the synthesis of antenna
from uniform phase error in sector, but taking into account the

-

rresented special feature/peculiarities.

Page 120.
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