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Calculation of Ring-Shaped Phase Centers of Feeds
for Ring-Focus Paraboloids

Jian Yang and Per-Simon Kilddtellow, IEEE

Abstract—Some primary feeds such as the hat feed radiate the copolar feed pattern in order to obtain a uniform phase for
around the feed waveguide, which also acts as an axial supportthe aperture field and to reduce the phase error losses. In this
tube. Such feed antennas have phase centers in the form of rings5se the reflector gets a numerically specified shape which is
rather than points. This paper presents a formula to calculate the . . . . .
location of the ring-shaped phase center. The optimum reflector very close to the analytical ring-focus parabOIO_'d considered '_n
is a ring-focus paraboloid with the ring focus coinciding with the ~ the present work. However, when a reflector is to be used in
ring-shaped phase center. The phase center formula is applied to several frequency bands, the analytical ring-focus paraboloid is
two versions of the hat feed and it is shown that the aperture effi- easier to use for maximizing the aperture efficiency in all bands.
ciencies can be improved by up t0 0.5 dB when optimum ring-focus the analytical ring-focus paraboloid is also easier to use for
paraboloids are used instead of point-focus paraboloids. analytical tolerance studies.

Index Terms—Hat feed, paraboloids, phase center, reflector an-  The present study is limited tBOR; type feeds [7], i.e.,
tenna, reflector shaping. bodies of revolution excited with a TE mode in a circular
waveguide or similar. The present study is also performed for the
l. INTRODUCTION case when the reflector is located in the far-field of the feed. This
is satisfied for most primary fed reflector. The work is easily
Q¥ended to near field illumination of a paraboloid or of the hy-
tboloidal subreflector of a classical Cassegrain, as explained
ter (2) in Section II.

N most reflector antennas the feed can be treated as a p
source, which means that the phase fronts of the feed
spherical with center of curvature in its phase center. The m

Il. THEORY

imum directivity occurs when the phase center coincides wit
the focal point of the reflector. Several methods have been used
to determine the phase center of a feed in a parabolic reflector.
The author of [] considered an idealized feed pattern for which Generally, the phase efficiency, which is one of the subaper-
the phase is constant when the phase reference point is attthie efficiencies of a classical rotationally symmetric reflector
phase center. In [2] a more general formula based on the maystem, can be expressed as follows [8]:
imization of the aperture efficiency of the reflector was pre-
sented. An iterative numerical method with the same basis was D/2 ? D2 ?
used in [3]. In [4] the formula of [2] was improved to be valid €¢ = ‘/ Ecous(p)pdp / [/ | Ecoas(p)|p dp]
also when the radiation field of the feed has large phase varia- 0 0
tions after transformation to the phase center. 1)

For rear-radiating feeds such as the hat feed [5], there may be : L
large gain reductions due to phase errors even when the feeWri?reEm%(p) is the copolar field in the 45plane over the_ _
located with its phase center at the focus of the reflector, TARE!tUre of the reflector. When the feed is located with the origin
reason is that such feeds radiate from a circumferential ap8F.tS coordinate system (i.e., its phase reference point) in the
ture rather than from a planar aperture in free-space and, th&dgin ofthe c_oordmate sys'gem of Fhe reflector, the aperture field
fore, the radiation field is better characterized in terms of %co43(p), Which for convenience is assumedzat= 0, can be
ring-shaped phase center than a phase center point. For S@gp{essed as
feeds, the optimum reflector which maximizes the gain is a

1 jlkr —kr cos
so-called “ring-focus” paraboloid [6]. In the present paper, we  Eeoas(p) = =) Gleoas(6) ¢ Ilhr(@)=kr(8) cos 6]
will introduce a formula to determine the location and radius of 1 ’ ,
such a ring-shaped phase center. The formula can also be used S Gleous(0)cI2kr(8) cos™(8/2) 2)
to determine the most optimum ring-focus paraboloid when the ()
same reflector is to be used for several feeds operating in dv'Jﬁere Goois(0) = [Guoss(6)]e#® is the copolar far-field

ferent frequency bands. . o -function of the feed, and(#) describes the reflector (Fig. 1).
Ithas to be pointed ou.t that atasmgle frequency, it 'S pgssﬂ%’e uation (2) means that the reflector is in the far field of the
to shape the reflector directly by using the phase varlat|onsf%%d_ If it is not the case, we can still approximate the copolar
aperture field by (2), except th&t...;(#) does not represent
Manuscript received October 23, 1999; revised November 24, 1999. the far-field function. ActuallyG..,45(6) will then be different
The authors are with the Department of Electromagnetics, Chalmers UnivF:cr)—r different focal Ieﬁgth of thec?eoflector This will cause the
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Fig. 1. The coordinate systefp, =) of reflector and a feed with the phase
reference point at,. p
{zp) =
— @ =
focal length, even when the subtented angles of the reflectors ?\ =
are the same. We will consider a ring-focus paraboloid defined 0 ( = Po
b - AN
d : e NN

p =2F tan(6r/2) + po

g

and
z=F — F tan*(0p/2) 3)

where

F focal length;

po  radius of the focus ring;

fr defined in Fig. 1. (b)
Whenpy <« F, 8r = 6 and we may use

Fig. 2. The reflector antenna with (a) Chinese hat feed and (b) standard hat

r feed.

) =vp?+ 22 = 4)

- cos?(6/2)
moved from the origin to a poin, on the symmetry axis in the
coordinate system of the feed. This corresponds to locating the

} feedin such away that the point= z, coincides with the origin
of the coordinate system of the reflector. The phase efficiency

(®)  for this location of the feed in the ring-focus paraboloid in (3)

jin be written as follows:

F po sin 8(1 + cos )
- — /2 22 g 1
() Pt cos2(6/2) [ + 2F

in amplitude factors and phase terms, respectively. Using (5

(4), and (5) we may write the phase efficiency as 1 6o 2
Cop = — w(e)ej[qb(e)—kzO cos @—kpg sin 6(1+cos 6)] 46
1 6o 2 Iz%; 0
Co = I_2 /0 w(e)e][qb(@)—kpg sin 6(14cos 8)] do (6) (7)

where For convenience, we introduce

o subtended half angle of the reflector (see Fig. 1); . _ _ .

w(®)  |Gooss(8)] san(8/2): Po(8) = Pp(0) — kzg cos 6 — kpg sin 8(1 + cos ).  (8)

P(6) pfelase L CEIC We now assume small phase errors, i.e.,

I, Jo! w(8)de.

We define the ring-shaped phase center of the feed as the Bo(0) — ¢o(0) < T 9)

location of the focus ring of the optimum ring-focus parabo- 2
loid which maximizes the phase efficiency and thereby also theThis limits our treatment to feeds which give small phase er-
overall aperture efficiency, all in agreement with the definitiorors in optimum ring-focus paraboloids, i.e., whanand p,
in [3] for point-focus paraboloids. We will now derive a directare chosen so as to satisfy (9). Then, by Taylor expansion of the
computation formula based on this definition. phase factor we get [2]

The phase function of the copolar pattern of the feed antenna .,
is ¢.(0) = ¢(8) — kzo cos(f) when the phase reference pointis ep =1 —(¢2) + (¢s) (10)
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50 T ; ' ; with
N, 90
Lo = [ w(®)6) - 9(0)] db
A 0
g ! :
- N sz = [ w0)60) 6O b
g ~ 0
= %o
% 1507} Iy = /0 w(#)(cos 6 — 1) db
< — Zy=LpePo=Pre 8o
R — C ZyZpog=0 Loes = / w(®)(cos 6 — 1) b
............... ZO=0’pO=O e . 0
-250 P ——— ' % ,
0O 10 20 30 40 50 60 70 80 I, = / w(e) sin 9((}05 6+ ]_) dé
SUBTENDED SEMI-ANGLE o
Lyoo = / w(#) sin? O(cos 6 +1)2 db
() o
50.0 Lo = / w(6)[9(6) — $(0)](cos 6 — 1) df
0
6o
o -e25f Lygs = / w(B)[p(0) — H(0)] sin O(cos 6 + 1) do
o 0
G 60
é 1750l Lpes = /0 w(6)(cos 6 — 1) sin #(cos 6 + 1) do
E - _ 6q
2 T el —— [ wie) sin® 0. (14)
T og75t 7 Zo=ZeoPo=0 0
............... Z=0,04=0
-400.0 [ll. FORMULA FOR RING-SHAPED PHASE CENTER

0 10 20 30 40 50 60 70 80 90 100 : :
SUBTENDED SEMI-ANGLE Equation (12) has a simple dependence on kgthnd g

and, by partial differentiatiors,, can be easily maximized with
respect tezp andpg. The results, = z,. andpo = pp. become

(b) cd—ef _be—df

ktpe = 75 kppc= 713
“p be— f2 Pr be — f?

(15)
Fig. 3. Phase of copolar aperture field of (a) Chinese hat feed and (b) standard

Zitie;igeggze{ﬁ gggﬁfg?{jéﬁfogusupg:gsgig Eoénrtnf::r‘f;rﬁﬁzgﬂgf’ where z,. and p,,. represent the axial location and radius of
location;zq = z,. means optimum axial location. the ring-shaped phase center, respectively. The#s p,. also
defines the optimum ring-focus paraboloid for the feed, which
whered, and@ are the mean and mean-square phase errdl‘%a’lximizes the gperture efficiency if the fee_d is located correctly
respectively, given by with zg = z,. in the center of the coordinate system of the

reflector when the reflector is defined by (3).

1 o The formula forp,,. is and should be independent of the lo-
P = I, /0 w(8)[Po(6) — $o(0)] d6 cation of the origin of the coordinate system of the feed, i.e., the
o initial phase reference point of the radiation pattern of the feed,
(#3) = T / w(8)[po(6) — $o(0)]° db. (11) aslong asitis on the symmetry axis. This can be shown as fol-
w Jo

lows. Assume thap, (9) is the phase of the radiation pattern of
By substituting (8) into (10), we obtain the following expresthe feed when the phase reference point is locateg. athen,

sion: the phase of the radiation pattern of the feed will be
ey = a—b(kz0)* —c(kpo)? +2dkzo+2ekpo—2fk* 2000 (12) $1(6) = o — k(21 — 20) cos 0 (16)
where when the phase reference point is moved frano z;. From
) (13) and (14), the denominator of (15} — f2, will not be
a—1— Logz | Loy b Loz I, affected by this change of reference point, whereasdd will
o I, 27 I, I2 be affected and from (14) we get
Iw52 IL205 qubc quSIwc
= Iw - 12 5 d= Iw - I—2 qu5|;:1 :Iw¢|z0 - k(zl - ZO)Iwc
. qugs [wqblws . f . Iwcs [wc[ws (13) Izl)¢c|z1 :Izuqbc|z0 - k(zl - ZO)IWCQ
€= Iw Il% ’ - Iw Il% Iw¢s|zl :[wq55|z0 - k(zl - ZO)Iwcs~ (17)
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TABLE |
COMPARISON OFCALCULATED VALUES OF PHASE CENTER LOCATIONS AND PHASE EFFICIENCIES INDECIBELS BY USING DIFFERENTMETHODS
Chinese hat feed (6, =80°) Standard hat feed (6, =100°)
2 /A I e,(dB) Z /A e e,(dB)

Method in [1] 0.84 -0.73 0.95 -0.84

Method in [2] 0.87 -0.71 0.91 -0.63

Method in [3] 0.89 -0.69 0.80 -045

Method in [4] 0.89 -0.69 0.81 -0.45

Present Method 0.89 0.43 -0.17 0.81 0.33 -0.02
TABLE I

527

OPTIMUM AXIAL LOCATIONS WITH GIVEN RING-FOCUSPARABOLOID FOR MULTIBAND APPLICATION. Ap IS THE DIFFERENCEBETWEEN RADIUS OF PHASE
CENTER RING AND RING FOCUS. MEAN FREQUENCY ( fiax + fmin)/2 1S 30.45 GHz

The given focus Axial location as in With best axial location
ring error optimum reflector
f, in different bands Ap/A AzfA e,(dB) Az/A e,(dB)
22.4 GHz -0.08 0.0 -0.25 0.10 -0.10
25.5 GHz -0.05 0.0 -0.12 0.06 -0.04
28.5 GHz -0.02 0.0 -0.08 0.02 -0.03
38.5 GHz 0.08 0.0 -0.25 -0.10 -0.10

By substituting (17) into (13) and (15), we obtain wheree, max IS the phase efficiency in the optimum ring-focus

Fppelr = 1 (belor — ot f) paraboloid. These formulas are very useful when designing re-
Ppelet =3 f2 =1 = flectors to be used for feeds in multiple frequency bands. It can
1 (belo — dl-of) readily be shown that if a ring-focus paraboloid is to be used
T be— f2 =0 =0 with several different feeds between a lowest frequefigy,
= kppe| z0- (18) and a highest frequencfi..x, Which may be several octaves

In the same way, it can be shown thgt is also independent of different, the optimum reflector should be designed at the mean

the initial phase reference point of the radiation pattern of tHEEIUENCY(fmax + fmin)/2. Then, the phase efficiency has its
feed. highest value at the mean frequency, and its lowest value occurs

Thus, we can conclude that as long as the assumption of f§2nd is the same for boffy.i, and fumax. Equation (21) is also

is valid, the formula (15) is valid. This corresponds in praCtic%onvenient to find the tolerance requirement on the axial feed

to that the resulting phase efficiency in the optimum reflectdpcation.

must be better than aboutl dB.
V. APPLICATION

IV. OPTIMUM AXIAL POSITION WITH GIVEN RING-FOcus The above formulas have been applied to hat fed reflectors.
PARABOLOID The hat feed is made of a straight circular tube with a corru-

We will now consider the optimum axial location of the fee@ated plate (hat) at the end, which is mounted to the tube by

valid also for this case and the optimum locatigg, is found ~reflector can provide extremely low sidelobes and the manufac-
by maximizinge,,with respect toz, when p, is constant. This ture cost is low. Two kinds of hat fed reflectors are used for the
gives present analysis: a Chinese hat feed in a ring-focus paraboloid
with a subtended semi-angle ofgFig. 2(a)] [9] and a standard
Zopt = L fo- (19) hatfeed inaring-focus paraboloid with a subtended semi-angle
ck b of 100° [Fig. 2(b)] [10]. The amplitude and phase functions of
We can also introduce,,; = z,. + Az andpy = ppe + Ap, the copolar radiation field were calculated by the V2D code
for which case the optimum axial location of the feed [11] based on the finite-difference time-domain (FDTD) method
f (Fig. 3). In both cases the outer radius of the circular waveguide
Az = b Ap (20) is 0.5A. In comparison, we have used the previous methods,
compared to its best location in the optimum ring-focus parab@hich were mentioned in the introduction, to calculate the phase
loid. The corresponding maximum phase efficiency in the givesenter of the hat feed and the corresponding phase efficiency.
nonoptimum ring-focus paraboloid is The results are shown in Table I. From Fig. 3 and Table I, one
12 9 observes that, by using a ring-focus paraboloid, the phase effi-
Copt = C¢ max — <C - ?) (kAp) (21) " Giencies are considerably better than those for a standard parab-
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oloid. For the standard hat feed, the ring-focus paraboloid has 8] P.-S. Kildal, “Factorization of the feed efficiency of paraboloids and
considerably high phase efficiency €0.02 dB. An interesting cassegrain antennasfEE Trans. Antennas Propagatol. AP-33, pp.
. ) ) . 903-908, Aug. 1985.
phenomenop is that th? radius of the _nng focus is not equal to[9] J. Yang and P.-S. Kildal, “FDTD design of a Chinese hat feed for shallow
the outer radius of the circular waveguide. One can also observe  mm-wave reflector antennas,” Rroc. 1998 IEEE AP-S Int. Sympt-
that for the two cases in Table |, the axial locations of the phase _ lanta, GA, June 1998, pp. 2046-2049. ,
| h d ined b . h . h 10] P.-S.Kildal and J. Yang, “FDTD optimizations of the bandwidth of the
centers are equ"fl to those eterr_nlr_1e y using t e p0|r_1t PNASE" hat feed for mm-wave reflector antennas, Firoc. 1997 IEEE AP-S Int.
center formulas in [3] and [4]. This is because the iterative nu-  Symp, Montreal, Canada, July 1997, pp. 1638-1641.
merical methods in [3] and [4] are valid for the general case$!l] W. K. Gwarek, "v2D-Solver version 1.9: A software package for elec-
d th K qi h Ivti uti f if tromagnetic modeling of microwave circuits of vector 2-D class,” (in
and the present work gives the analytic solution for a specific (¢ mail gwarek@ ire.pw.edu.pl)), Warzaw Univ. Technol..
case of them.
In order to reduce manufacture cost, the same reflector may
be used for different hat feeds in several frequency bands. Theg
by using (21), it is very easy to find the optimum axial pos
tion of the feed and the corresponding phase efficiency. Tabl
presents the results for the geometry considered in this wo
One can see that the phase efficiency can be improved by O
dB at both the highest and the lowest frequency simply by a
ally relocating the feed8.1x away from its phase center in thels
optimum reflector. ;
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