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The Diagonal Horn as a Sub-Millimeter

~ Wave Antegha
Joakim F. Johansson, Member, IEEE, and, Nicholas D. Whyborn

Abstract—The far-field radiation pattern of a diagonal horn
has been calculated by apertnre integration. The radiation pat-

terns for a 4 x 4 diagonal horn array, measured at 100 GHz,

agree very well with the theoretical predictions. The aperture

electric field was also expanded into Gauss-Hermite modes. The
results ind]cate that the fraction of the power radiated into the
fundamental Gaussian mode is about 84%. Abont 10% of the
power is radiated in the cross-polarized component.

I. INTRODUCTION

c OMMONLY used millimeter wave feed antennas,

e.g., corrugated horns, become very difficult to re-

alize at sub-millimeter wavelengths. Corrugated horns ra-

diate an almost perfect Gaussian beam [1], but the toler-

ances needed are at the limit of what can be achieved using

normal fabrication methods. Some other feed types are

easier to make, but, as always, there is no such thing as

a free lunch. Pyramidal and conical horns exhibit a lack

of symmetry in the cardinal planes of the radiation pattern

which makes them less suitable for launching Gaussian

beams. The pyramidal horn has the added inconvenience

of astigmatism, i.e., the phase centers for the E- and

H-planes do not generally coincide (cf. [2]). The need for

an alternative to these horns at sub-millimeter wave-

lengths is evident.

We have investigated the so-called diagonal horn (cf.

[2]-[4]), and it seems to be an interesting candidate for

sub-millimeter feeds. The diagonal horn antenna is shown

in the following sections to be quite an efficient Gaussian

beam launcher. One marked advantage with this horn type

is the ease with which “it can be machined. When using

waveguide technology at millimeter and sub-millimeter

wavelengths it is quite common that the mixer is made

using a split-block technique, The block is machined in

two pieces, and the waveguide is formed by milling a

square cross-section channel in both halves. The losses

are small for the TEIO mode since the split occurs along

the center of the broad walls of the waveguide. The di-

agonal horn inherently lends itself to the split-block tech-

nique (see Fig. 1).
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Fig. 1. A diagonal horn made in the split-block technique.

Another way to manufacture the diagonal horn would

be to t.tse the etched silicon techniques pioneered by Re-

beiz et al, [5]. The diagonal horn could then be utilized

far into the THz regime.

In addition to the above-mentioned fabrication incen-

tives, the high packing density (while maintaining a high

coupling efficiency to a Gaussian beam), and the low. in-

teraction between the horns in an array, make the diagonal

horn especially attractive for focal plane imaging appli-

cations.

II. THE DIAGONAL HORN

The diagonal horn has the following electric field dis-

tribution in the aperture [2]-[4] (see Fig. 2 for reference):

‘[ 1“Eap =EO 9 cos ~ -t- j cos ~ e]ka

(1)

This means that the field consists of two orthogonal TEIo
modes, having power equally distributed between them.
This set of modes must somehow be excited. Love [3]

used a circular transition from TEIO, but the transition

seems rather uncritical, and we have found that a ‘direct’

transition from rectangular waveguide works well enough

for most purposes (see Fig. 3).

The aperture equi-phase surface can be assumed to be

a sphere centered at the horn apex, and is here approxi-

mated by, a paraboloid. These assumptions are probably

reasonable, at least for long horns.

The aperture field is seen to have the desired symmetry

properties by introducing a coordinate system rotated by

450, as the &q system in Fig. 2, and the corresponding

field components can be written as
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Fig. 2. The geomet~ of the diagonal horn
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Fig. 3. The transition from rectangular waveguide to the diagonal horn.

The diagram shows cross-sections through the block at various points along
the transition.

The co-polarized aperture field (q-directed) is sym-

metric with respect to the ~q coordinate system. The

cross-polarized aperture field component (~-directed) is

anti-symmetric, and the feed thus has no boresight cross-

polarization (note that we here use the so-called Ludwig’s
1st definition [6] for the polarization, as it is more appro-

priate for source fields). The aperture field components

are shown in Fig. 4,. The fraction of the power which is

radiated into the cross-polarized part can be calculated by

integrating the power in the fields in (2) over the aperture,

and the result is

l–~
P,, lr2

Pco + Pcr = 2
= 0.0947153. (3)

The cross-polarized part is thus quite large (= 10%),

which might be excessive for some applications. How-

ever, in many cases, this cross-polarized component could

be dumped in a termination through the use of a polarizing

grid. The loss incurred by absorbing the cross-polarized

component is then = 0.43 dB.

Fig. 4. The magnitude of the co- (left) and cross-polarized (right) electric
field at the aperture of the horn.

III. THE RADIATION PATTERN

The radiation pattern for the diagonal horn can be found

by solving the aperture integral for the equivalent electric

and magnetic source distribution (cf. [4], [7]). The radia-

tion patterns for the co- and cross-polarized components

(according to Ludwig’s 3rd definition [6]) are given by

1+ COS6
Fco(o, c)) = c z

[+(P13, rp–
L

1+ COS19
Fcr(o, ~) = c z

r

:[ 1&e,@+;

T

z11
“[ 1(PIN+:
--

— (qe,r)-: I

N(PIO, @] =3C[M, usin@] X kf,ucos~+~ 1
[

+X M,ucosq P;
11

(4)

where the parameters u and M and the auxiliary function

X are given by

u=2~Esin0
A

(5a)

M=
xa 2

AL
(5b)

!
+1

x [Cl, 6] =
e +jPte-jrYt 2 ~t. (5C)

–1

The integral in (5c) can be expressed in the well-known

Fresnel integrals, or alternatively, the complex error

function (cf. [8]).

A normalized graph for the E/H-plane radiation pat-

tern versus the aperture phase error parameter M is shown

in Fig. 5.

IV. MEASUREMENTS

In order to test the theoretical predictions, an array of

diagonal horns was manufactured and the radiation pat-

terns were measured. The array is shown in Fig. 6. The

horns in the array had the following dimensions (see Fig.

2): 2a = 14.0 mm and L = 55.0 mm.

The respective horns are fed by standard waveguide

(IEC R-900) and the back side hole patterns match
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Fig. 5. Normalized radiation patterns for the E/fI-planes of a diagonal
horn. The curves represent M = O (solid), 7r/4 (dotted), and 7/2 (dashed).
The “obliquityf actor” (1 + cos O) is omitted.

Fig. 6. Front (left) and back (right),view of thediagonal hom amay.
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Fig. 7. The enumeration of the array elements andthe plane definitions.

The measured horns are shaded.

“standard” flanges. A waveguide detector is bolted to one

of the ports on the back side, with the remaining fifteen

ports left open. .The patterns were measured in an ane-

choic chamber using a computerized antenna measure-’

ment system.

The E-, D- (450,, and H-plane co-pol patterns, as well

as the D-plane cross-pol patterns were measured for four

of the sixteen horns in the array (see Fig. 7 for reference)

at a frequency of 99 GHz (X = 3.03 mm). The patterns

for element #33 are shown, in Fig. 8(a)-(d). The figures

show an excellent agreement between the measured and

the theoretical radiation patterns. The measurement noise

floor is about – 30 dB.

The D-plane cross-pol component in Fig. 8(d) is a little

bit asymmetrical, and shows on-axis cross-polarization.

The origins of these non-idealities are probably to be

found in the difficulty to accurately set up the antennas at

100 GHz and polarization impurities in the transmitting

horn. Fig. 8(d) shows that the peak cross-polarized level

is predicted to within half a dB.

The horns do not seem to be especially influenced by

being embedded in an array. Fig. 9 shows a compa~son
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Fig. 8. (a) Comparison between the measured (dotted) and theoretical

(solid) co-pol H-plane radiation patterns. (b) Comparison between the
measured (dotted) and theoretical (solid) co-pol E-plane radiation patterns.

(c) Comparison between the measured (dotted) and theoretical (solid) co-
pol D-plane radiation patterns. (d) Comparison between the measured (dot-

ted) and theoretical (solid) cross-pol D-plane radiation patterns.
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Fig. 9. Comparison between the measured co-pol H-plane radiation pat-
terns for four different diagonal horn array elements (#1 1, #33, #43, and
#44 in Fig. 7).
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between four H-plane element patterns. Theuniformityis

excellent, and one can thus safely use the horns in such

an array without deteriorating the radiation patterns.

V. A GAUSSIAN MODE MODEL

A powerful technique to study the radiation pattern of

an aperture antenna is to expand the aperture field into

Gauss-Hermite or Gauss-Laguerre functions (cf. [1], [9],

[10]).

The electric field for a well-collimated beam radiating

along the z axis can be written as

E(x> y, Z) = ‘exp {–jk[z – z~]}
w (z)

“ exp {j[@(z) – @~]}

. exp {–jk[x2 + y2]/2R(z)}

“kfhcmn
m.—can.-m

“ exp {j(rn + n)[@(z) – *A]}

where a modified Hermite function, defined by

~ &/2)

‘m “) “ m ‘“ ‘x)

(6)

(7)

is used to obtain a compact notation. The beam parame-

ters in (6) are given by (cf. [10]):

w(z) = WOJ1 + [2/2.]2

R(Z) = 2[i + kc/z] 2], Zc = +

@(z) = arctan z (8)
z~

where w denotes the beam waist radius, R the phase radius

of curvature, ZCthe confocal distance, and @ the so-called

phase slip. Note that whereas w and R are common to all

modes, the phase slip @ is progressively multiplied for

higher order modes (cf. (6)).

If one now has an aperture field E~ where most of the

phase variation can be contained in a spherical phase fac-

tor, viz.:

EA(x, y) = E(x, y, Z..I)

= g(x, y) exp {–jk[x2 + y2]/2Z?~} (9)

then (6) collapses into a very convenient form. Using the

orthogonality properties of Hermite polynomials [8], “and

some algebraic manipulation, the coefficients 3C~~ are
found to be

ON MICROWAVE THEORY AND

2
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co

!! At
[1

g(.x, y) H. —
WA

.H:iy~dy
nk]WA

(lo)

If now the g (x, y) function is real-valued, one avoids

all the numerical problems due to rapid phase variations

in the integrand. The diagonal horn has no phase variation

over the aperture except for the spherical part. It thus lends

itself to this Gauss–Hermite analysis. The g (x, y) func-

tions for the co- and cross-pol parts are given by Ev and

Eg in (2).

The mode fractional power content is given by

P ‘lrW;mn = 13cmn12

P 2m
(11)

tot

H
Ig(x> Y)12 dX dy

—’x

and the results for the diagonal horn are the following

expressions:

“4$w:”ldudu2
even m, n (12a)

H
~cr 64 U2 I 1-U ~u

mn _

P –Irw: O(J
sin _ sin T!

tot 22

v1du

2

du

odd m, n, (12b]

The choice of the ratio WA/a is in principle arbitrary,

but a logical choice is to maximize the fundamental mode

coupling, i.e.:

aTGauss P:
— = 0, qGaLIss = ~ .

a% tot

(13)

a

The maximum coupling, ~&u,, = 0.843025, is achieved

for w~/a = 0.863191. The diagonal horn thus has quite

a high fundamental Gaussian mode content. The mode
content for a few higher order co-polar and cross-polar

components is shown in Table 1.

The fundamental Gaussian mode coupling for the con-

ical horn 1s q~~u~~ = 0.8662 for w~/a = 0.768 [11],

where a denotes the aperture radius. The diagonal horn

achieves almost the same coupling, but to a larger waist
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TABLE 1
THE FRACTIONAL hfODEPOWER CONTENT IN THEirzizth MODE

Order

[inn]

00
02 (= 20)
04 (= 40)
22
24 (= 42)
44

CO-PO1 Order Cross-Pol

Mode Power [inn] Mode Power

0.8430 Ii 0.04848

3.655 0 10-’s 13 (= 31) 0.007725

0.005405 15(=51) 0.0004141
0.01620 33 6.037 .. 10-s
0.003339 35 (= 53) 0.001545

1.562. 10-5 55 0.002060

Thepower fraction fortheremaining higher order modes is 2.86% and
2.47% fortheco- andthecross-polarized components, respectively.

radius, and hence can achieve a higher packing density

than the conical horn. The corrugated horn has a coupling

of ~@u~~ = 0,9,792 for w~/a = 0,6435 [1], and it is ev-

ident that high coupling efficiency is achieved at the cost

of increased aperture size (cf. [13], [14]).

Once the optimum waist radius is known, it is easy to

find the equivalent Gaussian beam parameters, If one as-

sumes the following (see Fig. 10 for reference):

2

wO/l + [Z~/.ZC]2= ~a,
Tw ~

z.=—
h

.U[l + [zc/z~]2] = L

xa
2

arctan % = arctan K 2A4, M = —
AL

(14)
2.

then some algebraic manipulations will yield the results

Ka L
W. = zA =

1 + cos2 +A “
(15)

J1 + tan2 *A

Table I showed that there are just a few terms that con-

tain a significant part of the power, namely the 00, 11,

and 22 terms (contain a total of 90.8% of the power). It

is hence possible to devise a simple model for the radia-

tion pattern of the diagonal horn, using these three modes.

The far-field radiation pattern is then given by (except for

an unimportant constant):

F’CO(O,p) = e ‘2P’I gCm + ~~22 e-j4*A

. [4p2 cos2 p - l][4p2 sin2 p - 1]12

Fc, (tl, p) = e ‘20z13C114p2 sin q cos ff12

7rwo
p= — tan 0

A
(16)

where the mode coefficients are given by

3C,, 3C2* ~
— = 0.239816, —
3CM 3c~

–0.138628. (17)

Fig. 11 shows a comparison between the simplified

Gaussian model and the “exact” model from Section III.

.dfl
F’““+ ‘ %) , W(%)

-k
2A --4

Fig. 10. The geometry of the equivalent Gaussian beam.

-3a

o

Iri‘...,,.,,
Fig. 11. A comparison between the radiation patterns for the aperture in-

tegration method (solid) and the Gaussian beam model (dotted) for M =
lr/4 (@ = 300). The panels show the normalized co-pol E/H-plane (left),
co-pol D-plane (center), and cross-pol D-plane (right) patterns.

The agreement is good in the main lobe for levels down

to about – 25 dB in the E- and H-planes and fair above

about – 15 dB in the D-plane. The simplified Gaussian

model fails to predict the shoulders in the D-plane, but

can still be used for preliminary quasi-optical design work.

For a more detailed analysis one would have to use many

modes to correctly predict the aperture efficiency when

feeding, for example, a Cassegrainian (cf. [12]).

VI. CONCLUSION

The diagonal horn antenna has been theoretically in-

vestigated. The model using aperture integration yields an

excellent agreement with measured data. The horn has a

high fundamental Gaussian mode content (= 84%). The

design lends itself to conventional millimeter and sub-

millimeter construction methods, such as the split-block

technique.

The very weak interactions that were seen in the array

measurements indicate that the diagonal horn antenna is a

strong candidate for focal plane imaging arrays.
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