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The Coaxial Beam-Rotating Antenna (COBRA):
Theory of Operation and Measured Performance

Clifton C. Courtney Senior Member, IEEEgnd Carl E. BaumFellow, IEEE

Abstract—Many microwave generators, especially high-power (conversion efficiencies of between 50 and 75% are typical), and
sources, utilize an azimuthally symmetric output mode such as the addition of the mode converter adds weight and length to the
the TMo, circular waveguide or the coaxial TEM mode. If such a - gy gtam (source, converter, antenna). Other antenna designs like
mode is projected into an antenna aperture and radiated directly, the VI 4 d the sh d end radiator [51. 16 ¢
then a doughnut-shaped radiation pattern with a boresight e Vlasov [4] aﬂ €s ape_ en _ra iator [S], [6] an_ennas,
null will result. Antenna designs to directly accommodate an have been considered to radiate azimuthally symmetric aper-
azimuthally symmetric output mode and the high electric fields of ~ ture distributions, but they typically radiate a low-gain pattern
high-power sources have been considered, but they tend to be lowwith an off-boresight peak that changes direction as a function
gain, do not radiate a boresight peak along the axis of the source, of the frequency (for high-power sources, the frequency tends

and the pattern peak direction changes with frequency. Mode . . .
conversion techniques to alter the aperture field distribution (i.e., (© Shiftaboutanominal center frequency during the output duty

TMo1 to TE11 in circular waveguide) have also been explored, cycle). Consequently, the nature in which the microwave energy
but losses and weight, size and cost additions impact negativelyis pointed becomes an issue for some high-power applications.

on total system design. This paper describes a novel antenna we  This paper describes a novel concept for an antenna named
call the coaxial beam-rotating antenna (COBRA) that mitigates the coaxial beam-rotating antenna (COBRA) that can accept di-

many of the problems normally associated with the azimuthally ty mi - imuthall tri d d
symmetric output modes of high-power microwave sources. The rectly microwave energy in an azimuthally Symmetric mode an

COBRA accepts directly (without the need for mode conversion) radiate a high-gain elliptically polarized [7], boresight peak. In
an azimuthally symmetric guided mode of a microwave source and addition, the geometry of the COBRA design is compatible with

radiates a high-gain pattern with a boresight peak. In addition, many HPM sources and the scale lengths associated with the an-
the COBRA operates with a wide bandwidth, is compatible with 1enna can accommodate the intense electric fields that exist in

the intense electric fields associated with high-power microwave . .
sources, and the geometry of the antenna can be easily configuredthe outputregion of these sources. Also, the COBRA can project

to produce an arbitrarily (elliptically) polarized boresight field. ~ Circularly polarized electric fields, which enhance the proba-
This paper presents the fundamental theory of operation, derives bility of efficiently coupling microwave energy though apertures
pertinent design and performance equations, and gives the of a potential target.
measured operating characteristics of a COBRA prototype. In this paper, it is shown that a standard paraboloidal reflector
Index Terms—Circular waveguide, coaxial transmission line, re- can be segmented intd sectors and the surface profile ad-
flector antennas. justed to produce arbitrary elliptical polarization on boresight
from a general azimuthally symmetric field excitation. In the
I. INTRODUCTION following sections, the fundamental concepts of operation are
) . ) described. Also, governing equations for the surface geometry
M ANY conventional and high-power microwave (HPM)q¢ the COBRA reflector are determined and the analysis of the
V 1 electromagnetic sources utilize the iircular wave- agiated field of the COBRA aperture is presented as a func-
guide or TEM coaxial modes as the output mode. For exampj@y, of the number of steps in the main reflector and the exci-
the magnetically insulated line oscillator (MILO) HPM sourcg,sion, field distribution. Also, calculations of the radiated field
[1] will initially extract microwave energy in a coaxial geom-gnq the gain of a hypothetical COBRA configuration are given
etry, then convert the RF energy from the coaxial TEM modg, characteristics of the measured radiated field of a COBRA
to a TMo; circular waveguide mode. The relativistic Klystron,giotyne are presented. In conclusion, a brief overview of dif-
oscillator (RKO) uses a similar microwave extraction geometi¥rant feed architectures for the COBRA geometry is given. The
[2]. If radiated directly, these azimuthally symmetric modes Wigppendix provides several gain definitions used as an antenna

generate a doughnut-shaped pattern with a null on boreSi%Erformance metric in the analysis presented.
Often, mode conversion techniques are used to change the un-

desirable mode to one that results in a radiation pattern with a
boresight peak such as circular Jior rectangular T mode

[3]. Unfortunately, mode conversion introduces system lossedn this section, the fundamental concepts of the COBRA are
explained and itis shown how the geometry of the antenna trans-

. . . _ forms an azimuthally symmetric mode distribution into an aper-
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its phase center at the focal point of the reflector [8]. As de Ray FA'

picted in the figure, the conical horn radiates a doughnut-shap t‘f;‘f/::fé?"fg‘;

pattern onto the reflecting surface. If the reflector were shapt  Fa'indicated by

conventionally then the radiated pattern also would exhibit bold line
doughnut-shaped pattern with a null on boresight. However, ti Paraboloidal Stepped
surface of the paraboloidal reflector can be modified to alter tt surface paraboloidal

path lengths from the focal point of the reflector to two diamet-
rically opposed locations on the reflector surface to the aper- ®)

; ; ; ; . 2. The surface of the paraboloidal reflector can be modified to produce
ture plane. Consider the geometry deplcted in Fig. Z(a)' Thegé%ath length difference of/2. (a) Location and path length difference of

the reflector surface is shown “stepped” in a prescribed manng§ diametrically opposed points on the surface of the reflector. (b) Detail and
so that the difference in the path lengthsi and F' A’ intro-  closeup of the surface geometry.

duces the proper phase shift in the azimuthally symmetric in-

cident field to produce in-phase illumination of the aperturgy pe expressed &4 — FA' = 7 +1 = /2 or as a function
plane. Since the phase of the incident field at the two diametgs e angled

cally opposed points differs by 18Ghe path length difference

should introduce an additional 18ghift in the phase of the ray A

that follows the longer path. In the next section, derivations are T 2(1 + cos(0)) @)
given for equations that describe the reflector profile needed to
achieve the desired path length relationships. whered is the angle from the reflector axis to the point of re-

flection on the reflector surface.
Equation (1) would be sufficient if the reflector surface were
A. Surface Geometry of the COBRA Reflector divided into just two sectors. For the caseMfsectors, (1) can

: . . e generalized as
To achieve the proper relationship between the path Iengtﬁs,g

the reflector surface profile can be stepped an amount depending (n—1)A

on the location of the reflection point on the surface. This step n(6) = m @)
creates a fractional wavelength path difference for two paths

starting at the focal point to diametrically opposed points on thehere

reflector surface to the aperture plane. In support of the aboveV = total number of sectors;

discussion, the path length difference betwdea and F'A’ n = specific sector.

should be\/2 for any two diametrically opposed points. Thenl ater, it will be shown that the number of equiangular divisions
with reference to Fig. 2(b), the one-way path length differenceof the reflector affect the properties of the boresight field.
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Fig. 4. There are four quadrants associated with’the= 4 geometry. The

As an example, consider the transformation of a 0.6096_84@:;%3952;@?8%? fzclal gmgt 510 the reflector surface to the aperture plane is

(24 in)-diameter paraboloidal reflector with a 0.375 F/D ratio

into a COBRA reflector withV = 4 equiangular steps. With _ _

an operating frequency of 10 GHz, the step thickness (displa&@'tesian coordinates the componentsBi(g) cos(¢)a. and
ment) as a function of the angieis computed for each sector(#) sin(¢)ay. Thisincidentfield illuminates the stepped main
according to (2) and is shown in Fig. 3. A front-on view of th&eflector, vyh|ch in turn introduces a relative phase shift in the
N = 4 COBRA aperture is shown in Fig. 4. Note that the StePeflectec_i field among theév sectors. Accounting for the path
values are equal th/2 for opposing sectors éit= 0° only. This ength differences of the sectors of the stepped reflector surface,

means that a constant translation in the paraboloidal surfacdt Proiected antenna aperture field can be written as

the individual sectors will not yield the proper surface profile. ) (o

In this example, the focal length is 22.8 cm and the maximum E;! = B(p) cos(¢) (%) )
angle isf,,.,. = 67.5°. Therefore, the maximum step thick-
ness iSrmax = 1.627 cm, which is 7.13% of the focal length.
When the maximum step size becomes a substantial percentage EA = E(p) sin(y) IU(@) (4)
of the focal length of the antenna, defocusing of the radiated Y

beam could result. To reduce this effect, a paraboloidal reflectpie phasey (i) is dependent on the round-trip distance from

with a higher F/D ratio or longer focal length could be used. the feed horn to the reflector surface and back to the antenna
aperture plane; it is a function of the varialge This aperture

B. The Radiated Field and Aperture Directivity of a COBRA field has been approximated with the following assumptions.

The function of the steps in the reflector of the COBRA is 1) The illumination of the reflector is governed by the aper-
to transform an azimuthally symmetric incident field into an _ ture distribution of the feed horn and sdirected.
aperture field that produces a circularly polarized radiated pat-2) Feed horn to reflector surface to antenna aperture path
tern with a boresight peak. It will be shown thait = 1 steps length differences modify the phase only.
is the case of the standard reflectdf; = 2 generates linear ~ 3) Aperture blockage effects are negligible.
polarization on boresight, just three steps are required to pro-4) Diffraction effects are not important.
duce circular polarization, and any number of equiangular stepdNow assume that the reflector has a diaméler 2« and is
greater than three produces circular polarization on boresigstepped inV equal-angle sections. Far(n—1)/N = ¢, <
It will also be shown that the gain of the aperture increases® < ¢» = 2mn/N, the path length differences produced by
an asymptotic limit as the number of steps is increased. In tdi€pping the reflector in the manner dictated by (2) produce a
matter of N > 3, an interesting related phenomenon is dig?hase contribution to the aperture field of
cussed in [9], where itis shown thak symmetry (V-fold rota-
tion axis) does not depolarize axial scattering. Using the expres- P(p) = M

¥ )

sions for the radiated field and the definitions for the normalized N
gain presented here, one can describe the operational charaqtgis corresponds to a counterclockwise increase in the step
istics of a COBRA aperture for an arbitrary number of steps thickness on the reflector. It is later shown that fér > 3,
the main or subreflector. the counterclockwise (positive normal to the reflecting

To begin the analysis, the field distribution assumed incsurface at the apex) step size increase yields right-hand circular
dent on the reflector is a function of the radial varialgi, in-  polarization (RHCP), while a clockwise step size increase
dependent of azimutfy) and is oriented in the, direction yields left-hand circular polarization (LHCP). In spherical
(though the analysis holds fore, field orientation as well). coordinates, the radiated electric field can be expressed in terms
The assumed electric field distribution incident on the main ref the electric vector potential [10] as
flector is then azimuthally symmetric. The excitation field can
be written in cylindrical coordinates &@(p, ¢) = F(p)a,. In E(r) = jwena, x F(r) (6)

forn=1,2,---, N. (5)
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where azimuthal dependence and that depend on the number of steps
cikr p N are
Py = [ 2B ) i et 2) o
wr . .
&(N) = 5 D DM cos(ipn 1) — cos(pn)
Y
k. = k sin(9) cos(y), k, = k sin(?) sin(yp), andn = /u/e n=1
is the intrinsic wave impedance of the medium. The Cartesian (11a)
components of the radiated electric vector potential can be cog?]— d
puted in terms of the aperture distribution as
N
1 . ;
F,=F-a, Ey(N) = — Z & @ =D/N) (gin(,) — sin(pn_1)).
—jkr a TR 2m n=1
/ N jhkextiky ’
= L 20 ) i iy (11b)
— T 27T
= " / / EA, ') ) edke! sin ¥ cosle—¢) Here we have the important result that due to the azimuthal sym-
27r metry of the aperture field, the boresight radiated field factors
P dp do into terms that separate the radial dependence from the number
e ikr 27 () of stepsiV. The dependence a¥ can be factored and evaluated
R y— / / ) sin(¢) e separately, witlf,.,(N) and¢, (V) applying to everyE(p).
oikp sin 9 cos(io—s') o dpl di (8a) . The abov_e expressions for (V) andé,(N) can be simpli-
fied; one writes thein(—) andcos(—) terms as exponentials
and similarly | X
S(N) = — j@2m(n—1)/N)
Fy=rF-a, &(V) 2m nz::l ©
. r 277 on N on N
gk / / COS )CJW(‘{’J) ed¥Pn—1 +e JPn—1 B elPn +e J¥n (12)
277 2 2
Jkp sin ¥ cos ((p—(; ) /
- dp' dy. (8b) substitutes forp,,_; andy,, and groups like terms to obtain
With the expression foy()given above, the components can | X
be expressed as - _ o~ 3@2n/N)
g & =g 3 {(1-7)
emitr X 2(n—1)\ [ [° - . N
F, = i By ( —i4n/N) _ 7](277/1\‘)) a<4wn/z\>} ,
= > e {J i } / /0 (") + (e e e
n=1 Po—1 (13)
Sill((p/) Cjkp sin ¥ cos(p—¢ )p/ dp/ d<,0/ (ga)

The properties of a finite geometric progression [11, p. 10,
eg. 3.1.10] allow reduction to the following forms:

and 0, N=1
i & amnm )Y (e 0 &(N) = § 2/, V=2 (149
Fy=— o ;::1 exp {J ~ } A /0 E(p") £(N)=i7(@=N/2N) N >3
/N ikp’ sin ¥ cos(p—¢’) 1 1 / and
cos(y') e’ =)ol dp’ dy’. (9b) 0 N =1
When evaluated, the above expressions will yield the complete &) = 2’(1\7) e—i(@/N) % i § (14b)

radiated pattern of the COBRA aperture as a function of the
excitation distribution, the number of steps, and the observati@giere the magnitude term is

angle.
1) COBRA Pattern Boresight Propertiegor the case of the E(N) = N sin (1) ) (14c)
boresight directioif¢ = 0°, ¢ = 0°), the above expressions for 27 N
the potentials can be written as Note that one must evaluate explicitly the first two terdvs£ 1
e —jkr and N = 2) using (9). Equations (10) and (14) describe the
F, = 5 feé&:(N) (10a) boresight radiated field for the case in which the reflector step
and thickness increases in the counterclockwise direction. By con-
o—ikr verting to the time domain, one can show this to be RHCP for
Fy=- Y- feé&y(N) (10b) all cases wheréV > 3. Note that theV = 1 case represents an
ordinary reflector and produces a null on boresight, while the
where fg = 27 foa E(p")p' dp’ contains the radial depen-N = 2 case produces a pattern peak with linear polarization on

dence of the aperture excitation. The terms which contain theresight.
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To achieve LHCP, one would adjust the reflector surface step TABLE |
distribution such that NORMALIZED BORESIGHTDIRECTIVITY OF A REFLECTORDRIVEN BY A
UNIFORM AZIMUTHALLY SYMMETRIC MODE AS A FUNCTION OF
THE NUMBER OF STEPS NV

() = 2m(1 — m) /N

N d,(N)in dB d.(N)in dB Comment

- Standard refl i
for 1 - ® e
2 -3.92 -3.92 One step gives linear

polarization

Fi f circull
2r(1—=n)/N = 1 < ¢ < @ = (=27n/N). 3 -7.67 -4.66 e of el
4 -6.93 -3.92 Circular polarization
. . . ) A A i 8 -6.25 .3.23 Circular polarization
This would give a discrete clockwise increase in the step thic g 6.08 307 Citcular polarization
ness. For this case, it can be shown that 32 5.03 3.02 ChrouTar polarization
© -6.02 -3.01 Asympotic directivity

0, N=1 ‘
&EHP(N) = 2/, N=2  (15a)

metric aperture distribution. The next sections consider the re-
sulting radiated field of a COBRA for specific aperture distri-
butions.

and 2) COBRA Pattern Properties of a Uniformly Filled Aper-
ture: If we assume that the aperture is uniformly illuminated,

EN) BN, N 2y

O7 N — 1 _ . . i

erner oy — | g N_o (15) E(p, ©) = Epa,, then the abpve expressions can t_Je simpli
y ’ (- N/N) fied considerably and properties of the boresight gain and po-
§(N)e » N =23 larization of the COBRA can be determined as a function of the

number of step®V. For that case, the integrals are easily evalu-
As before, it is observed that fa¥ > 3 the components are ated and the potential components written as
equal in magnitude and in phase quadrature.
These results can now be used to compute the boresight ra- £, = fx
diated field characteristics of a COBRA geometry as a function
of the number of stepd’. For N = 4, the far-zone componentsand
of the electric vector potential on boresight are e—Ikr e—Ikr

e—jkr e—jkr

&(N) = (ma®)Eo

&(N)  (182)

2nr 2nr

_ _ 2
Fy=—-fgr 5 &y(N) = —(ma™)Ey S &(N). (18b)
PN —4) — e dkr 4 Drawing on the definitions given in the Appendix, the normal-
2(N =4)=fp o2y §2(4) ized linear directivity (ratio of the directivity of the boresight

power density in a single polarization to that of a uniformly
filled linearly polarized aperture) of the four-step reflector is

eIk :
=fr L«l—e”“”b} (16a)

2rr |7
dr(N = 4) = £2(4) = 0.203, which, in decibels, isl (N =
and 4) = —6.93 dB. The circularly polarized directivity (ratio of
the total boresight radiated power density directivity of the aper-
o—ikr ture to that of a uniformly filled linearly polarized aperture) is
Fy(N=4)=~fr 5 §y(4) de(4) = 26%(4) = 0.405 or d(4) = —3.922 dB.

— e

e—ikr [ 1 The normalized directivity for a uniformly filled azimuthally
2mr {

—(1- e‘j(’f/Q))} (16b) symmetric aperture distribution can also be computed for an
7 arbitrary number of reflector steps. Table | gives the boresight

_ _ _normalized linear and circular directivities for several values of
wherea = D/2 is the radius of the aperture. The boresighty

radiated field then is The caseN = 1 is that of the standard reflector (with no
steps), and the indicated directivity means it radiates a boresight
E(r) = — jwenF(r) x a. = —jwen[a,(F,) — a,(F,)] null. For N = 2, the aperture radiates linear polarization with
=ik (1 _ o—i(x/2) a boresight directivity ofl;, = —3.92 dB. The first incidence
= — jwenfg - < - ) of circular polarization occurs faV = 3 and the aperture pro-
duces circular polarization for alV > 3. The circular direc-
[ax <1) + ay(l)} tivity (d¢) is always 3 dB higher than the linear directivity and
J means that the total power density in the circularly polarized
V2, eIt/ D) . wave is twice that of each linear polarization. As— oo (the
I Te Ar [ + jay ) 17 case of a smoothly varying reflector surface profile with a single

discontinuity) the normalized directivities approach asymptotic
Equation (17) describes a circularly polarized field [7] and i&mits of d — —3.01 dB as/N — «o andd; — —6.021 dB as
characteristic of the boresight field for any azimuthally sym¥ — co.
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Fig. 5. The computed far-field patterns of three uniformly filled circulaFig. 6. The computed far-field pattern of &h = 4 COBRA circular aperture
apertures are shown. The nonzero radiated fields are shown for the case wfikge with the TMo; circular waveguide mode is shown. The patterns forsthe
the aperture polarization is lineag-flirected), the aperture polarization isand¢ polarizations forp = 0° are shown plotted against45° < 6 < 0°,
azimuthally symmetricE(p, ) = Ega,), and the aperture is filled with and for¢ = 45° are shown plotted againgt < 6 < 45° (aperture diameter
an azimuthally symmetric distribution—but modified by &h = 4 COBRA = 1 m, frequency= 1 GHz).

aperture (aperture diameter1 m, frequency= 1 GHz).

) . , . where
The computed far-field patterns of three uniformly filled cir- J1(-) Bessel function of the first kind of order 1

cular apertures are shown in Fig. 5 fed5° < 6 < 45°. The
nonzero radiated fields are shown for the case where the apers  radius of the main reflector;
ture polarizatipn_is azirr_1uthally s_ymmetriE(p, ©) :.EOC.L/’)’. 2oy 2.405.
the aperture is filled with an azimuthally symmetric distribu- ) )
tion but modified by anV = 4 COBRA aperture, and the case! "€ computed far-field pattern of aW = 4 COBRA circular
where the aperture is filled with a linear-glirected) polariza- aperture filled with the TN, circular waveguide mode is shown
tion. The characteristic boresigttt & 0°) null is apparent for " Fig. 6. The patterns for trfand¢ pcllanzatlons for¢ro: 0°
the azimuthally symmetric aperture field, but the null is tran&"® Shown plotted against5 Srf < 0° and forg = 45° are
formed into a boresight peak (with circular polarization) fophown plotted againgf < ¢ < 45° (aperture diameter 1 m,
the azimuthally symmetric aperture distribution modified by §equency= 1 GHz). _ _ _
N = 4 COBRA geometry. The pattern for a uniformly filled, The plots reveal several interesting aspects of the radiated
z-polarized, circular aperture is also shown in the graph. Ndigld of the COBRA. First, as predicted each component of the
that, as predicted, the peak pattern gain of the linearly poldiMo1mode-illuminated COBRA aperture is equal in amplitude
ized pattern is slightly more than 6 dB above each componétit Poresight and it can be shown that the phase difference be-
of the circularly polarized components of the COBRA modifie§fveen the orthogonal components is 9bhere are differences
aperture. The computations were made for the case where fh&1® main beam and sidelobe characteristics of the two po-
aperture diametet 1 m and the frequency: 1 GHz. larizations. Along thep = 0° cut, the¢-component of the far

Though the above results were derived for a uniformly fillefi!d has a narrow main beam with a high sidelobe level relative
aperture, the predicted polarization and gain dependence on'th&e </>—componentr.oThese relations are reversed for the pat-
number of steps is applicable to the case of a general azimutha§n along thep = 45° as shown in the figure. Additionally, it
symmetric excitation. can be shown that the T¢dl mode-illuminated COBRA aper-

3) COBRA Pattern Properties of an Aperture Excited witfi'® With V. = 4 exhibits a boresight gain thatis 1.19 dB below
the TMp1 Circular Waveguide ModeLet the excitation be sup- that of a uniformly illuminated, azimuthally symmetri¥, = 4
plied by the TMy; circular waveguide mode, then the apertur@OBRA aperture. To compute the pattern for other azimuthally
field is proportional toE(p, ¢) = EoJi(x01p/a)a,, and the symmetric excitations (the TEM coaxial or conical transmission

resulting vector potentials are given by Iine _moqles,_for example) one substitutes the form qf the mode
distribution in (9a) and (9b) and computes the resulting expres-
—jkr N e a sions as a function of the angular dependence.
Fo=E S} ern-/m) / / sin(¢)
2mr n=1 $n—1 Y0
Jp <$0_1p/> Ik’ sin 0 coste=¢") ot g/ g (19a) [ll. M ECHANICAL CHARACTERISTICS AND MEASURED
a PERFORMANCE OF ACOBRA PROTOTYPE
and A COBRA prototype was built to verify the radiated char-
=it N n @ acteristics predicted by the analysis. This section describes its
Fy = Fo— D G / / cos(') physical and mechanical characteristics. Also, the measured an-
wr w1 JO

n=1 tenna performance of the prototype in terms of the absolute pat-
tern gain are presented for a several value¥§ ¢the number of

/
To1p jkp' sin ¥ COS(@*‘P’) / / /
Ji <—> ¢ pdp dy (19b) sectors of the main reflector).

a
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Fig. 8. Input VSWR (as a function of frequency) of the COBRA prototype
feed horn. The feed horn was tuned nominally to 10 GHz.

The feed horn is held in place by a Plexiglas housing that per-
mits in /out adjustment. This provides a way to match the horn’s
phase center to the reflector’s focal point. The Plexiglas housing
is bolted to a pair of thin fiberglass cross members. These cross
members are slotted at the ends and attached to the Unistrut
frame. The slots permit/y adjustment of the location of the
feed horn. A mode filter is resident in the circular waveguide
and helps prevent propagation to the feed horn aperture of un-
wanted modes that are not azimuthally symmetric. Each of the
four surface quadrants seen in Fig. 7 are positioned in a manner
dictated by (2). Because the prototype was built with four in-
Fig. 7. Photograph of the COBRA prototype is shown. The surface is dividelependently adjustable surfaces, it can be configured first as an
into four equiangular sectors, each with independent translation and rotatiorN = 1 (nominal configuration) antenna and thenés= 2 and

N = 4 COBRA configurations.

A. Physical Characteristics of the COBRA Prototype ]
B. Measured Antenna Properties of the COBRA Prototype

A prototype antenna was fabricated to demonstrate the prop

. . . : . "The antenna radiation characteristics of the COBRA proto-
erties of the COBRA design and the design equations. Fig. 71' e were measured with an HP 8510C Vector Network Ana-

a front-perspective photograp.h of the COBR.A prototype. It Yo 7er-based system that was paired with a custeparameter

an.v = 4 sector des_lgn, meaning that the main paraboloidal r st set. The system measures the absolute gain of an antenna
flector has been cutinto four equal-angle sectors. The sectors le. | test (AUT) using the comparison method [12]. The next
adilusAtable SUCT t(l;at thebalnt%nrlla ?angurgtlonei;aglgjglé % section reports the measured operating characteristics of the
or4. /A segmented paraboloidal retiec or (diam ' M feed horn (input impedance and gain pattern), and the COBRA
= 24in), with an F/d ratio of 0.375 (focal length 22.8cm=9 prototype for the cased = 1, N' = 2, andN = 4 (gain pat-

in) comprises the main reflector of the COBRA proltotype..Thf-*ém and boresight phase relationships). Pattern measurements
base of the supporting infrastructure is made of 1/4-in aIummL{I%re made by sweeping tieplane (¢ = 0 and¢ = 7/2)
(Al) stock sheet, to which Unistrut elements are attached. Th out boresight (collinear with theaxis). For these scan ori-

hold and support the antenna’s individual quadrants. Two ad Htations, the vertical polarization is thecomponent on bore-

tional Al plates (3/8-in stock) are used for mounting, transl%:%‘ht’ and the horizontal polarization.iscomponent on bore-

tional adjustment, and alignment. Three pins (1/2-in diametesr- t (see the coordinate system of Fig. 1)
per quadrant are pressed into the lower Al plate, then passe ) Circular Waveguide Feed Propertiesthe circular wave-

fchrough bushings in the upper _plate. A _7/8-in stud i_s Screw glide feed horn was excited through a coaxial-togivhode
into the bottom plate and provides vertical (translational) a uncher. In order to determine the absolute gain of the system

justtment of ';he qtl;]adratr::]s pome(zn \,N'th t?e plcn)s.t':']he four qual %?oring ohmic losses) the input impedance or VSWR and the
rants come together at th€ refiectors vertex. On the reverse Siig ¢ of power loss due to impedance mismatch must be de-

a tongue-in-groove geometry mates with an assembly bo!te é?mined. The power loss due to impedance mismatch is given
each quadrant. Turnbuckles, two per quadrant, then permitr 2

tional adjustment. Each turnbuckle has both left- and right-han

thread so rotation in one direction expands the turnbuckle and loss = 10 log(1 — |s11]?). (20)

rotation in the other direction draws it in. The COBRA proto-

type weighs an estimated 100 kg, and occupies a rectangullae input VSWR of the feed horn was measured and the values

volume of approximately 94 crm 94 cmx 76 cm (0.673 18).  as a function of frequency are shown in Fig. 8. The impedance
The feed horn is also visible in Fig. 7. It is simply a circulamatch is seen to be nominally acceptable at the center frequency

waveguide (copper pipe, approx. 2.7-cm ID) driven from ond0 GHz), where VSWR= 2: 1, and the associated mismatch

end by a coaxial-to-Tlgp mode launcher, and open at the othepower loss is—0.5587 dB. However, the match is much worse
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TABLE 1l 30 T T T T T T T T T
SUMMARY OF THE POWER LOSSVALUES OF THECOBRA RROTOTYPEFEED 20 E
HORN DUE TO MISMATCH AS A FUNCTION OF FREQUENCY o~
Q| 10
=i
frequency ( GHz ) Loss (dB) ,'z 0
9 6.67 B 10
9.5 -3.75 20 E
10 -0.5587 30 EL 1 ! 1 1 IV I I B N
45 230 <15 0 15 30 45 60 75 90
10.5 -1.141
angle - degrees
11 -0.025
Fig. 10. Measured patterr-(r/4 < ¢ < «/2 andg = 0) of the horizontally
polarized field of theV = 1 COBRA prototype at 10 GHz.
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Fig. 9. Measured radiated pattern of the COBRA prototype feed horn for azimuth angle - degrees
—7/4 < 8 < 7/2 and¢ = 0. Both the horizontally and vertically polarized
patterns are shown. The pattern was measured at 10 GHz. Fig. 11. Measured pattera¢r/4 < 6 < 7/2 andé = 0) of the horizontally

and vertically polarized radiated field of thé = 2 COBRA prototype at 10

at the low end of the frequency band, where the VSWR0:1 GHz.
at 9 GHz, and the power loss due to impedance mismatch is
—6.67 dB. The power loss due to impedance mismatch mustdoed the null beam width is about.4rhe first sidelobes come in
accounted for in the gain calculations of the COBRA prototypat about 7—-10 dBi.
Table Il presents a summary of the power loss due to mismatci8) N = 2 COBRA MeasurementsThe surface contour of
in the feed horn for selected frequencies across the band oftime reflector was next adjusted, according to (2), to realize an
terest. These values are used to compensate the measured vafues 2 configuration. In this configuration, sectors | and Il
of gain for the mismatch loss. stayed at their nominal positions (no movement), while sectors

The feed horn was removed from its mount at the focal poifit and IV were displaced equally. With the reflector sectors
of the reflector and its pattern was measured-far/4 < 8 < now offset from one another, there is no fixed vertex and the
7/2 and¢ = 0. The measured patterns of the far-field compdadistance from the original vertex to the feed horn aperture was
nents are shown in Fig. 9. The boresight null associated with thixed as follows. The mean displacement of each vertek-s
horizontal polarization, due to azimuthally symmetric pattern ¢f 4+ 0.75)/2 = 0.375 cm. The original focal length then was
the TMp; aperture mode of the feed horn, is clearly indicate@dded to this value, and the feed horn aperture was placed this
The gain of the sidelobes is approximately 3 dBig@in rela- distance from the vertex farthest from the feed horn. For the
tive to isotropic), and the null beam width (angular separatiod = 2 case, the feed horn was locatgid1 + 0.375 = 25.475
between the-3 dB points of the peaks) is approximately’50 cm from the vertex of sector I.
The ripples in the pattern can be attributed to diffraction off of According to the theory described earlier for &n= 2 con-
the horn rim (noticeable since the horn is small electrically aridjuration, a boresight peak will be achieved for one of the linear
its gain is moderate) and unwanted scattering and chamberpelarizations, while the second polarization will continue to ex-
flections. The pattern of the vertically polarized component tsbit a boresight null. The measured patterns at 10 GHz for
also shown in Fig. 9. Due to the symmetry of the field in ther/4 < 6 < 7/2 and¢ = 0 for the vertical and horizontal
aperture, this polarization should be a null across the rangepailarizations are shown in Fig. 11. The doughnut pattern, with
the scan. a boresight null and maximum pattern gain of 16.5 dBi, is ap-

2) N = 1 COBRA MeasurementsThe feed horn was re- parent for the horizontally polarized component. The vertical
mounted at the COBRA prototype’s focal point and the reflectpolarization exhibits a boresight peak with a maximum gain of
surface was adjusted to &h = 1 configuration (no offset given 27 dBi..
to any sector). The horizontally polarized component of the ra- A second pattern of th& = 2 configuration was measured in
diated field was measured at 10 GHz forr /4 < 6 < w/2and the elevation plané-= /12 < 6 < w/12and¢ = /2). Fig. 12
¢ = 0, with 1° steps. The pattern is shown in Fig. 10. The chashows the measured pattern of the vertical component. The max-
acteristic doughnut pattern and boresight null are clearly indinum pattern gain is 26.2 dBi, but the pattern now exhibits large
cated. The peak pattern gain is seen to be approximately 25 disilelobe levels that were not observed in the pattern of Fig. 11.
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Fig. 12. Measured pattern-r/12 < ¢ < =/12 and¢ = =/2) of the Fig. 14. Relative phase of the two orthogonal components of the boresight
vertically polarized radiated field of th& = 2 COBRA prototype in the field of theN_ = 4 COBRA as a function of frequency. The phase difference is
elevation plane. The measurement frequency was 10 GHz. also shown in the graph.
30:l"l"r"ﬁ"l"l"‘r'v—r'rl-'l'

served. The peak-to-sidelobe ratios are approximately 5 and 20
dB (the same as observed for te= 2 case).
3 5) N = 4 Boresight Phase Relationdvleasurements of the
E patterns of both polarizations for thé = 4 configuration have

T3 shown that their peak boresight gains are approximately equal.
1 This is consistent with the predicted circularly polarized nature
of the boresight field of thévV = 4 configuration; however, it
is not a sufficient condition for circular polarization. Depending
on the reference, the phase relationship between the two polar-
izations should b&-90°. One polarization should lead or lag the
Fig. 13. Measured pattera-¢r/4 < 8 < x/2 andé = 0) of the horizontally Other polarization by 90(to yield right- or left-handed circular
and vertically polarized radiated field of thé = 4 COBRA prototype are polarization). Fig. 14 gives the measured phase (relative) varia-
shown. The measurement frequency was 10 GHz. tion as a function of frequency of the vertical and horizontal po-

) ] . larization components of the boresight field. The absolute phase

Here, the sidelobe levels are about 19 and 21 dBi—much highfarence between the two polarizations is simply the differ-
than observed in the other principal plane (6 dBi). This increaggce petween the two relative measurements at a particular fre-
in the sidelobe levels from one principal plane to the other—thgyency The phase difference between the two polarizations is
peak-to-sidelobe level ratio is just 5 dB—was also observed i, shown in Fig. 14. One notes that the phase difference at the

the NV = 4 measurements. This pattern characteristic was pi&snier frequency (10 GHz) is about’d@xactly 95.17).
dicted by the analysis of Section I, and it can be shown that the

radiated component in the direction that crosses the major dis-
continuity in the aperture surface will exhibit the high sidelobe
level. This paper has presented the fundamental concepts of an an-
4) N = 4 COBRA MeasurementsThe surface contour of tenna we call the coaxial beam-rotating antenna, or COBRA, be-
the reflector of the prototype was adjusted according to (2) tause it produces a radiated field that exhibits a boresight peak
realize anN = 4 configuration with a 10 GHz center fre-with circular polarization when illuminated by an azimuthally
quency. The distance from the feed horn aperture to the maymmetric incident field. Governing design and performance
reflector’s vertex was fixed as follows: the mean displacemeetjuations were derived, and the physical and mechanical aspects
of each vertex (of each sector) was determined as before, in thisan X -band prototype were described. An extensive data set
cased = (0 + 0.375 + 0.750 + 1.124)/4 = 0.562 cm. The of measurements of the radiated field of the prototype COBRA
nominal focal length then was added to this value, and the fewdre also presented. The measured data, indicative of the na-
horn aperture was placed this distance from the vertex of thee of the radiated field for several configurations, supports the
paraboloidal sector that remained fixed (at its nomiNal= 1 analysis and discussion given.
position). A number of other types of geometries are under investiga-
The theory described earlier predicts that circular polarizatidion. These include: 1) COBRA geometries that utilize sub-
on boresight is achieved fa¥ = 3 and all higherN-values. reflectors in Cassegrain and Gregorian configurations [13]; 2)
Then the patterns for both polarizations (horizontal and vesubreflectors driven with the bare or dielectric-coated center
tical) should exhibit boresight peaks with the same peak valumnductor of a coaxial transmission line [14]; 3) the use of di-
The patterns of the horizontally polarized and vertically polaelectric-coated reflectors to create the desired path length profile
ized patterns for thé&v = 4 configuration are shown in Fig. 13. without physically cutting the reflector; and 4) the use of dielec-
The pattern peaks (23.5 and 23.1 dBi) for both polarizations ari lenses to condition the azimuthally symmetric field of a horn
achieved on boresight, but are down from tNe= 2 pattern antenna to radiate circular polarization directly. More complete
peak (26.8 dBi). Both are predicted in the theory, but note thdiscussions of the theoretical development [15] and the proto-
again large sidelobe levels for one of the polarizations are digpe measurements [16] are available.

vertical polarization 3

20 F .
F Vo memee horizontal polarization

Antenna Gain - dBi
[=—3

45 30 15 0 15 30 45 60 75 90
angle - degrees

IV. CONCLUSION



308 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 48, NO. 2, FEBRUARY 2000

APPENDIX for N > 3 on boresight. The last relations are found simply by
DIRECTIVITY OF LINEARLY AND CIRCULARLY POLARIZED forming the ratios indicated, then substitution and reduction to
APERTURES simplest form.

This appendix provides several useful directivity definitions
used to measure the performance of the COBRA as a function
of the number of steps in the main reflector and to compare thdll R. '-em'_‘e'”S- _Ca”lcof ;‘”d M. Clark, "'Ir.“’eS‘iga.tliIO” of (iﬂ:‘iao‘;é"gged'

- . . magnetically insulated transmission line oscillator
ability of the COBRA to projecta total power densny (th-e scalf’alr Trans. Plasma Scivol. 25, pp. 364-374, Apr. 1997.
sum of the power density in each orthogonal polarization) with [2] K. J. Hendrickset al, “Increasing the RF energy per pulse of an RKO,”

that of a |inear|y po'arized aperture_ |IEEE Trans. Plasma Sgivol. 26, pp. 320325, June 1998.

. . - . . . [38] R.A.Koslover, C.D. Cremer, W. P. Geren, D. E. Voss, and L. M. Miner,
The radiated far field of a linearly polarized, uniformly filled “Compact, broadband, high power circular TMO1 to TE11 mode con-

aperture is chosen as the standard by which the COBRA aper- verter,” U.S. Patent 4999 591.
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