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Abstract—Dipole excited integrated horn antennas etched in
Si/GaAs are a very promising class of antennas for millimeter
and submillimeter applications. Areas of application include
imaging and tracking through rain and fog, remote sensing,
radio astronomy, and plasma diagnostics. In this paper (Part I),
the far-field pattern and input impedance of a dipole-fed horn
antenna in a ground plane are calculated using full-wave analy-
sis. The solution is based on the numerical evaluation of the
pertinent Green’s function for the horn structure and the appli-
cation of the method of moments. The convergetice characteris-
tics of the full-wave analysis method are investigated, along with
the resonant properties of the strip-dipole and the corresponding
behavior of the far-field patterns. The theoretical results are
compared in Part II with microwave and millimeter-wave mea-
surements.

1. INTRODUCTION

NTEGRATED horn antennas consist of a dipole-antenna

suspended on a 1 um dielectric membrane inside a pyrami-
dal cavity etched in silicon. The antennas are fully integrated,
free of dielectric and surface-wave losses, and easily repro-
ducible for array applications. Single and dual-polarized
two-dimensional arrays of integrated horn antennas have
been extensively investigated at 94 GHz [1]-[3]. These ar-
rays are used for millimeter-wave imaging and multibeam
communication applications. The horn antennas are typically
between 1 A-square and 1.5 A-square, and show excellent
patterns with a directivity around 10-12 dB. Integrated-horn
antennas are very efficient, with a measured aperture effi-
ciency of 72% for a 1 A-square horn in a two-dimensional
array [4].

The analysis done so far on integrated horn antennas
concentrated on calculating the far-field radiation pattern of a
horn antenna in a two-dimensional infinite array. The pat-
terns were calculated by employing reciprocity and Floquet-
mode representation of the free-space field [1]. However,
since the analysis was performed in the receiving mode, this
method could not be applied to the calculation of the input
impedance and resonant length of the dipole antenna inside
the cavity. Also, there is considerable interest in single-chan-
nel receivers employing a single integrated-horn antenna.
Again, the analysis method described above cannot be used
since the free-space field is not represented anymore by
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Floquet-modes. In this paper, a full-wave analysis of a
dipole-fed horn antenna in a ground plane is presented. The
pertinent Green’s function is obtained by treating the horn as
a multistepped waveguide discontinuity. The transition to
free-space is rigorously modeled by matching to the Fourier
plane wave representation of the free-space field. The calcu-
lated Green’s function is used to set an integral equation for
the strip-dipole current enabling the evaluation of the input
impedance and the resonant properties of the feeding strip.
The aperture field is also found, and the far-field patterns are
calculated from its Fourier transform. The convergence char-
acteristics of the method along with certain properties perti-
nent only to dipole-fed horn antennas are discussed.

II. THEORETICAL FORMULATION

The theoretical study of the integrated horn antenna is
based on a space-domain integral equation approach. This
approach has been previously applied to several planar struc-
tures [5]-[7] and has shown good accuracy and satisfactory
computational efficiency.

A. Integral Equation

Consider the horn shown in Fig. 1. The excitation is
provided through a center-fed strip dipole oriented along the
j-direction. The walls of the pyramidal silicon horn structure
are covered with evaporated gold, and considered perfectly
conducting. The feeding dipole is modeled by an infinitesi-
mally thin and perfectly conducting strip of width w.

The electric field inside the horn may be written in terms
of the electric current on the strip dipole as shown below:

E= | G-Jaxady (1)
sd

where G is the modified ayadic Green’s function for the
structure and Sd is the surface of the strip dipole. Since the
only unknown in (1) is the current in the strip conductor, the
Green’s function has to satisfy all the boundary conditions
except the ones that apply on the dipole surface. Due to the
complicated geometry of the horn, the Green’s function
cannot be expressed in a closed form as is the case with all
previously solved planar structures [S]-[8]. The Green’s
function can only be evaluated numerically and details of its
derivation are presented below.

B. Derivation of the Green’s Function

In order to evaluate the Green’s function, the horh is
approximated by a multistepped discontinuity of waveguide
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Fig. 1. Approximation of the horn geometry by cascaded step
discontinuities.

sections [9], [10] and the aperture of the horn is assumed to
be mounted on an infinite grourid plane. The modified Green's
function is equivalent to the electric field radiated by a
Hertzian dipole inside the muiltistepped horn. The exciting
strip-dipole is directed along the j-axis and assumed to be
narrow. Therefore, only the G,, component of the Green's
function inside the source waveguide section needs to be
evaluated. Consider the ith waveguide-step discontinuity of
Fig. 2. The fields on the left of the step discontinuity are
expanded in a modal series:
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where &, " (x, y) and &}, "M (x, y) are the orthonormalized
modal eigenfunctions for the (m, n) transverse electric and
transverse magnetic mode, respectively. Y,5'® and Y™
are the corresponding wave admittances. The step discontinu-
ity is characterized by a scattering matrix which relates the

incident and the reflected modal coefficients. The scattering
matrix is found by mode matching and its explicit form is

given by
S S
§=|°n 12 4
[SZI Sx )
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Fig. 2. A waveguide step discontinuity.

where

Su=(VTv4n (1= vTY)

Sy, = Szj;
S = V(I +Sy,)
Sy =VS,- I

The primitive submatrix ¥ involves reaction integrals be-
tween the modes of the two waveguide sections adjacent to
the step discontinuity (see Appendix). Also / denotes a unit
matrix and ¥ 7 is the transpose of V. It should be noted that
although the above scattering matrix involves modes at cut-
off, it is still symmetric (reciprocal) and therefore the amount
of the computational effort needed for its evaluation can be
significantly reduced. The individual step scattering matrices
at the left and at the right of the source interface are cascaded
together via waveguide sections as shown in Fig. 1. The
result of their merging is a combined scattering matrix S2
which characterizes the structure left of the source, and a
combined scattering matrix S, which characterizes the
structure right of the source. The scattering matrices S** and
S? transfer the aperture and the apex fields to the source
interface, respectively. The combination of the cascaded
individual scattering matrices was done using a direct scheme
as described in [11]. Although this procedure is quite com-
plex, it guarantees numerical stability since it involves only
exponentials of negative argument. The matrices S and S8
are explicitly defined below (see Fig. 1):

o] _[sh salfo][s7] [st sa][a s

b! Sy SE|la || bY S5 Sy |jaV
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Indexes O, I, II, N in (5) denote the apex, source (left),
source (right), and aperture waveguide section, respectively.
It is assumed that there are no reflections from the apex
section since the fields in this section are strongly evanscent.
An additional relation between the waves a”, b™ of the
aperture section is obtained by matching the field on the
aperture waveguide section to free space. The free-space
field is represented by a plane wave Fourier expansion. From
the continuity of the electric and magnetic fields over the
aperture of the horn we obtain (6) and (7), respectively:

« ZzN,TE
Ee (x y) (agTE+bNTE)
7YY
o gN.T™M
(x y) NTM+bNTM)

+EW(%
27r/ ] g,
ZeNTE xy)\/m bNTE

+ZeNTM (X y) /YNTM (bg'TM—ag‘TM)

T A

X (k x g)e e~k gk dk .

Je~iksxe= ik gk dk, (6)

N TE)

™
The plane wave spectrum of the free-space field g(k,, k) is
eliminated between the two equations by Fourier transform-
ing the first equation and substituting in the second equation.
This provides the required relation among the coefficients of
the aperture section:

nonlEE

The block matrices F,; and F,, contain spectral integrals
between the modes of the aperture section. To avoid numeri-
cal integrations having infinite limits, the integrals were
transformed into the space-domain using Parseval’s theorem
(see Appendix). The aperture and apex fields are transferred
to the source section using (5) and (8). This reduces the
problem to finding the fields in a waveguide section which is
excited by a Hertzian dipole and terminated by two multi-
mode loads (see Fig. 3):

)
(10)

scattering matrix of load Z,,: b’ = S§a’

Qall

scattering matrix of load Z,,: b" =
where

Q=S1/11 lezsf:- (”)

The multimode loads Z,,, Z,, are explicitly known, and the
fields in the source waveguide section can be completely
determined by matching over the source interface. The
matching procedure yields

aI — bII —_ é(x’, y/)

- SS(F“ + F225£)7

(12)
(13)

bI — aII + é(xl’ yl)
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Fig. 3. The reduced problem in which a Hertzian dipole excites the source
waveguide section which is terminated by two multimode loads.

where
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and (x’, »") is the location of the Hertzian dipole on the
source plane. Using (12) and (13) along with the scattering
matrices of loads Z,, and Z,, defined in (9) and (10), the
wave amplitudes a’/ and b'' are evaluated by
= Pe(x’, y')
m_ QPé(X', y;)

(15)
(16)
where

P=(sto-1)" (17)

The transverse electric field on the source interface is trans-
formed from its summation form of (2) into the matrix form:

(SE+1).

E —ll TE (x y) é’]"I’,'TM (X, y)
-
NN

a]l TE + bII TE 18
aII ™ + bII ™ ( )

mn
In (18) the dependance of the field on the Hertzian dipole
source is implicitly included in the wave coefficients @/, and
bll.. Therefore, the transverse component of the Green’s
function inside the source waveguide section is obtained by
substituting (15)-(17) into (18):
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The required Green’s function is in a quadratic form which
is also symmetric (complying with reciprocity requirements).
The kernel of the quadratic form is not given in a closed
form, and can only be evaluated numerically using (11) and
a7.

C. Evaluation of the Current Distribution

The electric field in the source waveguide section due to a
narrow dipole strip is found by the superposition integral:

E,(x,y) = / Gy, (x, ¥, x', y)YW(x')J,(¥') dx' dy’
sd

(20)
where Sd is the strip-dipole surface. The transverse current
distribution is chosen to satisfy the edge condition [7], [14]:

2

mw

. [2(x—x0)]2

w

W(x) = on the strip surface

(21)
where (x,, y,) are the coordinates of the center of the strip
and w is its width. The longitudinal current distribution is
expanded into a series of subsectional sinusoidal pulses:

() = z L) (22)
where f,. ()

sin[21r(Ay -|ly- )’k|)]
= sin (2wA )

if|y-y|l=ay

0 otherwise.

(23)
Yk is the coordinate of the center of the kth subsection, A y
is the subsectional length (y,,, — y,), and N, is the num-
ber of pulses used. A delta gap generator of magmtude V, is
assumed to be applied at the center of the strip-dipole. The
condition of zero electric field over the surface of the strip
enables the formulation of an integral equation for the un-
known current J (¥ which is solved by Galerkin’s tech-
nique. The computed current distribution yields the input
impedance and the resonance characteristics of the strip. The
input impedance of the strip is found by

Zin = Vg/I(O) (24)

where I(0) is the computed value of the induced current at
the center of the strip. The resonant length of the strip is
defined as the length at which the input impedance has a
vanishing reactive part.

The major difficulty in the above procedure is the numeri-
cal calculation of the Green’s function. To obtain a computa-
tionally affordable scheme, the field in the source section is
considered to be a superposition of a primary incident field
due to the dipole source and a secondary field due to the
reflections from the horn structure. Subsequently, the follow-
ing simplifying assumption is made: it is assumed that higher
order mode reflections from the horn structure on the source
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plane (secondary field) are very small compared to the corre-
sponding incident source field (primary field). Thus, in the
calculation of the Green’s function only a few secondary
modes are retained whereas more primary modes are in-
cluded. The pertinent primary field is the field of an in-
finitesimal dipole exciting an infinite waveguide:

GPrim (X y, x y/) _ éﬁ'ﬁE (x’ y) é;{r’tIM (x, _}’)
Yy ’ ? > /Y,i{;TE /Yri{’,ME
mn (X, ¥)

11, TE
PAVE fud

11, T™™M
eymn

| @
Y”’ ME

In this way, the low-order part of the Green’s function which
contains both primary and secondary field is evaluated nu-
merically using (19). For high-order modes, only the primary
contribution to the Green’s function is taken into considera-
tion according to the closed form expression of (25).

D. Far-Field Patterns

The horn is excited by a center-fed dipole at resonance
which was assumed to be equivalent to a Hertzian dipole
located at the position of the center of the strip. The far-field
patterns are subsequently evaluated from the asymptotic ap-
proximation of the plane-wave spectrum g(k,, k) obtained
from (6), [15].

III. CONVERGENCE CHARACTERISTICS

In this section the convergence characteristics of the strip-
dipole resonant resistance and of the corresponding resonant
length are examined. The validity of the approximations used
in the theoretical model is tested and, at the same time, a
feeling for the range of the various parameters involved in
the analysis is acquired. In what follows, the horn under
examination is assumed to be a typical integrated horn with a
70° flare angle, a square aperture of size 1.35 \ and excited
by a strip dipole at a distance of 0.51 A from the apex.

A. Convergence with Respect to the Number of
Secondary Modes.

This type of convergence examines the validity of the
assumption of small high-order reflections in the source
section. The convergence diagram of the resonant length and
resonant resistance as a function of the secondary modes
retained is shown in Fig. 4. It is clear that at least 50
secondary modes are required in order to achieve results with
acceptable accuracy. For different horn geometries the same
procedure should be repeated in order to calculate the correct
number of secondary modes required for convergence.

B. Convergence with Respect to the Number of
Waveguide Sections

The convergence of the resonant length and the resonant
resistance versus the number of waveguide sections is shown
in Fig. 5. Since the horn under study has a large flare angle,
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which the horn is approximated.

the convergence diagram provides a safe universal estimation
of the number of waveguide sections per wavelength required
for convergence. It is evident that approximately 70 sections
per wavelength are needed for reliable results.

IV. INTERESTING FEATURES OF DrroLe-FEp HORN
ANTENNAS

A. Possibility of No Strip Resonances

The wedge termination of the horn at its apex sets up a
cavity environment for the strip dipole, and the dominant
mode generates a standing wave in the region enclosed
between the dipole and the apex of the horn. Therefore, the
strip-dipole encounters capacitive and inductive regions as it
moves along the axis of the horn. The strip will not resonate
if the limited strip length dictated by the geometry of the horn
is not capable of providing adequate inductance in the capaci-
tive regions. On the other hand, the strip will always resonate
in the inductive regions because strips are very capacitive for
short lengths. The above-mentioned behavior is characterized
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both numerically and experimentally and the results can be
found in the companion paper [3].

B. Real Input Impedance in the Cutoff Region

The cutoff region of the horn is defined as the region in the
neighborhood of the apex where the cross section of the
corresponding waveguide section is less than half a wave-
length. Therefore, for a strip-dipole in the cutoff region all
the waveguide modes around the strip are evanescent. Sur-
prisingly enough, the numerically evaluated strip input
impedance in this region has a small but nonzero real part.
The same behavior is observed also experimentally, and the
explanation lies in the fact that the linear combination of
incident and reflected evanescent modes is capable of carry-
ing real power. Indeed for the (m, n) mode, the real part of
the Poynting vector is given by

1
3 Re[E,, x HY

1 1
= —Re

2 —,—Y (amne"’mn‘ + bm”e7mn:)

mn

"V Yr:n (a:knne_A'm'l: - b:‘:mevmn z)‘{

=1Im|a,,,b},]. (26)

If no reflections are present, then b,,, = 0 and then (m, n)
mode does not carry any real power.

C. Effect of Dipole-Feed Position on the Far-Field Pattern

A centered vertical Hertzian dipole triggers the TE mn(m
=1,3, 5-,n=0,2,4,--+) and the corresponding
™, (m=1,3,5---,n=2, 4,6, *++) modes. This is
exactly the same set of modes which is excited in a conven-
tional waveguide-fed horn [9], [10]. For short distances of
the feeding strip from the apex of the horn, the high-order
modes are attenuated significantly before reaching the horn
aperture and therefore the far-field patterns are similar to
those of a corresponding TE,, waveguide-fed horn. How-

ever, as the dipole approaches the aperture of the horn,
high-order modes can reach the aperture without significant
attenuation, therefore distorting its field. The patterns for a
typical 70° horn with an aperture of 1.35 A and dipole
positions of 0.4 and 0.8 \ are shown in Fig. 6(a). The
distribution of the aperture field for the 0.4 \ position
corresponds to the dominant TE,; mode [Fig. 6(b)].For the
0.8 X position, higher order modes (mainly TE,, /TM,)
disturb significantly the dominant mode distribution [Fig.
6(c)]. This results in an increased phase error and a corre-
sponding spreading of the E-plane pattern.

V. CoNCLUSION

A full-wave analysis of a dipole-fed horn antenna using
mode-matching and plane wave representation of the free-
space field has been presented. Convergence studies on the
full-wave analysis indicate that the horn should be modeled
by approximately 70 sections per wavelength, and at least 50
secondary modes are needed for accurate results. The analy-
sis indicates that the horn radiation pattern and the dipole
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Fig. 6. (a) Far-field patterns for a 70° flare angle horn having a square
aperture of 1.35 X and excited by a dipole at a distance 0.38 X away from the
apex (left) and 0.80 A away from the apex (right). (b) Magnitude of the
aperture E-field for the horn with the exciting dipole at 0.38 A away from its
apex. (c) Same as (b) but with the exciting dipole at 0.80 A away from the
apex.

input impedance are a strong function of the dipole position
inside the cavity, and there is a possibility of no resonance
for certain dipole positions. The experimental verification of
the theory is presented in Part II [3].

VI. APPENDIX

A. Scattering Matrix of a Step Discontinuity

The scattering matrix for the waveguide step discontinuity
of Fig. 2 is being described in (4). The primitive matrix V
appearing in (4) has the following form:

EE EM
V=V V] @)
where
y i+1,TE
Vit = ﬁ &'t &, TR dAT (28)
Y+l TE
VME = \/% / E;(*]TM - EFLTE gl (29)
ki Al
yi+1,™
Vrr?:/lld - % / »é;'(,[TE . E:'"+"1,TM dA! (30)
ki Al
yi+1,T™
Vit = —;kﬁr g™ e, ™dAl (31)

The orthonormalized modal eigenfunctions for section
#(i + 1) of Fig. 2 have the explicit form:

grlTE = AiU gl cos (kit!x) sin (Kin'y)x

—ki*Usin (ki x)cos (KiH'y) v} (32)
gl ™™ = it kit cos (kit!x)sin (kin'y)x

+k5H sin (ki x) cos (kin'y) v} (33)

where

(34)

and A}! is a normalization constant.
B. Matching to Half-Space

The matrix F of (8) has elements which are summations of
three kinds of integrals as described below:

, 2
L e R
27 ~XN" "IN By
'[R?;(x)Rii(y)]} dxdy (35)
ie~ike 32
K+ —
p ay

(R (x)RS(y)] | dxady (36)
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—1 pxv oo {ie” ke 92
s 52
ymeel g —xnd —yy p 0xdy

[US Wi Re (= X) R5( )

+WEUL R (X)RE(- )] } dxdy. (37)
In the above integrals, W and U are normalization coeffi-
cients and R{} denotes the convolution Rj; = cos(k,v) ®
sin(k,;v) over the aperture cross-section (X%, Y). The
convolutions are evaluated analytically and the singularity at
o = 0 is removed by performing the integrations on the polar
plane. Romberg’s method is used to compute numerically the
integrations [13].

1) Indexes p and g take their values in the set {1,2}, 1
denotes a TE mode whereas 2 denotes a TM mode.

2) Indexes i, j and m, n take their values in the set
{0,1,2,---, M} where TE,;,, TM,,,, is the highest
order secondary mode included in the derivation of the
Green’s function.

3)
w

ASP(F) if p = 1(TE)

wp=t (39)
N .
A )(x—-) if p =2 (TM)
T
A‘,j‘”( N) if p = 1(TE)

Uj = (39)

The explicit form of the matrix F defined by (8) can now be

described as follows:
F= [F n F 22]

where the block matrices F,,, F,, are of the form:

fll,+ f12 fll,— f12
Fy = 21 2 Fp= _| (40)
f f » + f21 f22,
and
VY fn = Slin £ 8imb;n Yo if(q = p)
VY5 o = Sh if (¢ # p)
(41)
where
3
S§P4 = —— pq 42
ymn wp.o =1 siymn ( )
and 6, is the Kronecker delta.
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