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A generalized procedure in the form of an analytical formulation for the determination of radiation pattern of an antenna at any
arbitrary distance which covers the near field as well as far field is presented in this paper. With the prior knowledge of either the
current or field distribution on the radiating aperture, the proposed near field analysis is generic and can be applied for wide variety
of antenna elements. The underlying principle of the generalized procedure is tantamount to considering the radiating aperture as
an array of point electric and magnetic dipoles. The validity and novelty of the proposed new approach have been substantiated
considering an open ended circular cylindrical waveguide and a conical horn as case studies and treating the far field as a special
case of near field with pertinent distance criterion. The effect of change in the distance of observation ranging from reactive near
field to far field on the radiation patterns of these antennas has also been discussed. The simulation studies reveal that the depicted
normalized phase patterns of both the circular waveguide and conical horn follow the changes in the profile of the corresponding

amplitude patterns.

1. Introduction

Determination of the near field radiation patterns of antenna
elements becomes an important step in the near field beam-
forming techniques. In open literature, there is an abundance
of information on research pertaining to various analytical
techniques for the analysis of far field radiation pattern of
antennas. The techniques of Method of Moment (MOM),
Uniform Geometrical Theory of Diffraction (UGTD), Phys-
ical Optics (PO), and Geometrical Optics (GO) are just a
few to mention the more commonly and routinely used
methods for the determination of far field of antenna. In
addition, analytical expressions in closed form are available
for certain configurations of antenna elements such as open
ended rectangular and circular cylindrical waveguides in
[1]. On a relative measure, the literature on techniques
for the determination of near field patterns of antennas is
rather limited. This can partly be attributed to the spherical
wavefront of electromagnetic radiation impinging on the
aperture of the antenna under test in the receive mode or the
spherical wavefront of the field radiated by the antenna under

test in transmit mode. In the past, development of analytical
formulation for the near field radiation pattern analysis has
been a topic of research and invariably, the emphasis of
various research publications is on very specific geometrical
configurations of antennas. The near field radiation pattern
of conical horn is addressed in [2, 3]. An analysis of near
field of point dipoles required for near field array synthesis is
given in [4]. The Cartesian components of near field radiation
pattern of a point dipole are presented in [5, 6]. From the
above succinct citation of various analytical formulations for
the analysis of near field radiation pattern of antenna, it is
obvious that each of the analytical formulations had been
specifically developed keeping the geometric configuration
of the antenna and they cannot be extended directly to
treat near field analysis of other configurations of antennas
implying the lack of generality in the derived analytical
formulations. A generalized procedure in the form of a
detailed analytical formulation which would facilitate the
determination of near field radiation pattern of an antenna
of given geometrical configuration including aperture and
planar profiles constitutes the primary focus of this paper.
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FI1GURE 1: Coordinate system for near field analysis of circular waveguide.

In addition, unlike some of the cited literature above, the
proposed near field analysis is valid for the computation of
near field radiation pattern in any arbitrarily defined plane of
observation leading to the determination of 3D or volumetric
radiation pattern which is a requirement in many applications
involving antenna engineering [7, 8]. Particularly, for near
field beam steering or beamforming scenario covering both
azimuthal and elevation angles [7, 8], one needs the near field
radiation patterns of antennas in arbitrarily defined planes
of observation. The near field beamforming is of potential
utility in Through Wall Imaging (TWI) applications. In the
proposed analysis, the aperture of the antenna is replaced by
an array of point electric and magnetic dipoles. As a conse-
quence, application of this method requires the knowledge of
either the current or the field distribution over the radiating
aperture of the antenna which for all practical purposes
can be obtained with reasonable degree of accuracy and
certainty.

2. Generalized Analytical Formulation for
Near Field Radiation Pattern of Antenna

This section presents a generalized procedure for the com-
putation of near field radiation pattern of an antenna. The
method of determination of near field radiation pattern
invokes the concepts of equivalent electric current “J
equivalent magnetic current “M,” and the field radiated by
the point electric and magnetic dipoles. In the proposed
method, the radiating aperture of the antenna is assumed to
be replaced by an array of point dipoles (electric/magnetic)
whose current strength is determined by the field distribution
(magnetic/electric) at the respective locations of dipole.
The proposed method is versatile and generic enough to
be applicable to any geometric configuration provided that
either the field distribution or the current distribution of the
antenna is known. For the purpose of illustration, a circular
waveguide designed and excited in dominant TE,; mode is
considered for the analysis.

A conventional circular waveguide with the associated
coordinate system for analysis of near field radiation pattern
is shown in Figure 1(a). The radiating aperture of the circular
waveguide is assumed to coincide with Z = 0 plane or XY
plane. Observation or field point of interest P is in the near
field range of the antenna.

Referring to Figure 1(a), the far field distance criterion for
an antenna with aperture of diameter D = 2a is defined as

r > 2D?/A where A is the operating wavelength. The
computation or measurement of radiation pattern carried
out with point of observation such that r < 2D?*/A is
usually termed as near field radiation pattern. Reactive field

is a specific case of near field with r < 0.62y/D3/A. This
paper proposes a generalized formulation which is valid to
compute radiation patterns of antennas with observation
points located in reactive field, near field, and far field of
antennas.

The electrical field distribution of the dominant TE,;
mode of a circular cylindrical wave guide over its aperture
is given by [9]

!
EZmTE (p’, (/5’) = g]m (%p’) e_jkp’ sin (m(/)') >
)

! !
E:;mTE (p’, ¢,) _ xm;,m 7, <%p’) e cos (m¢') -

In (1), indices m = n = 1 denote the dominant TE,
mode of propagation. The radial distance p’ and angle ¢’ on
the aperture of the waveguide are shown in Figure 1(b). The
radius of the circular cylindrical waveguide is denoted by “a”
Further x:nn = 1.841 for m = n = 1. While J,, denotes
the cylindrical Bessel function of order m, ];4 refers to the
derivative of the Bessel function J,,.

The corresponding aperture magnetic field distribution of
the circular waveguide with TE;; dominant mode propaga-
tion is represented as in [9]

EmnTE (P,, ¢I)

HP ( pr, (/),) _ pwy/KgE , (2)
L EmnTE (pl’(l)!)
KT _ ke (xi)z @
zZ - a .

With the unit normal of the radiating aperture directed
along the z-axis (Figure1l(a)), the equivalent electric “J”
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and magnetic “M” currents on the aperture of the circular
waveguide are computed from

I (¢'9") ==Hy (p'9'),
Jo (P 9") = Hy ('),

M, (¢'.9") = B4 (p'.9')

M, (p'¢') = -E, (p'¢').

The Cartesian components of the equivalent currents on
the aperture of the waveguide can be written as

I (x',y') =], (p',cp') cosg' — Jo (p',go') sing’,

1, (x5') =T, (P ¢")sing + 1y (¢',0") cos g,
(6)
M, (x’, y’) =M, (p’, (p') cos (p’ - M, (p’, (p') sin (p',

I, (x',y') =M, (p',go’) sin (p’ + M, (p’,go') cos go’.

In (6), x' and y' denote a point on the aperture of the
waveguide (Figure 1(b)). The electric field and magnetic fields
radiated by point electric dipole evaluated at an arbitrary field
point P are dealt with in [5, 6]. For a point electric dipole
with x-directed current (x-directed dipole), the co- and cross
polar components of the E- and H-fields at any arbitrary
radial distance of observation are given by

EiD (x, y,2,1)

X

2 2
fa-r22)
r2 1,.2

7)
ED (3 .(wu 3n\] yxe jkr
Erran={ (T -g ) s @
3  (wu 37\ zxe
ETN DS Eoea
zx (x Yz ) rz +J r krz T'2 477
H, (x,y,2,7) =0, (10)
D 0 (Z2) (1)
H, (x, y,2,7) = (1 + jk) (r_2> e
ED y\e
H (x, y.2,7) = (1 + jk) (—2) W
r n

where 77 = impedance of medium = 1207 (free-space),

x=xf—x', y=yf—y’,
z=zf—z', r=1x*+y*+ 2%

x;=rsinfcosg, ys =rsin0Osing,

zy =rcos 0,
(13)

and (x', y', z') and (xf, Vi zf) denote the coordinates of the
source point and the observation point, respectively.

In expressions (7) to (12), superscript ED stands for
electric dipole. The alphabets in the subscript of expressions
(7) to (12) are meant to identify or distinguish between the
copolar and cross polar components of the field radiated
by the point dipole associated with a designated direction
of current. For example, Eil? denotes the y-component of
electric field due the x-directed current in an electric dipole.
The concept of duality between J and M, E and H, and H
and E, 7 [10] can be invoked to derive the near fields radiated
by magnetic dipole from the knowledge of the fields radiated
by corresponding electric dipole. Accordingly, for a point
magnetic dipole (MD) with x-directed magnetic current, the
fields radiated by x-directed magnetic dipole are given by

ENP (x,9,2,7) = 0,

E}I\,ECD (x,y,2,r) == (1+ jk)

—jkr
B (e przr) == (L4 k) (5) S

1 (x, . 2,7)
2. 2
)
nr r
_j wu yz+z2 + 1 2_3)/2+Z2
r r? nkr3 r?

e—jkr
X >
4
3 [(wu 3 yx ek
HMD T - {_ <_ - >} = '
yx (x.3.2.7) nr? I T nkr? )} r? 4n
(14)

Similarly electric and magnetic fields for y-directed
electric dipole are given as follows:

ED
E,, (x, y,2,71)
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The electric and magnetic fields radiated by y-directed
magnetic dipole are given by

MD _
E) (% y,21)=0,
MD . —x e—]kr
B (eyzr) == (140 () S
‘ z e—]kr
o) -0 (5) 2
MD
H,, (x,y,2,7)

1 2 2
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(21)

One of the novelties of the formulation presented in this
paper for the computation of radiation patterns of electric and
magnetic dipoles is that the equations are valid for both near
field and far field observation points. The detailed analysis
and the results presented in the Appendix conclusively proves
that the derived generic near field equations for radiation
patterns of point dipoles reduce (or converge) to conventional
far field equations for radiation patterns of point dipoles [11].

For circular waveguide of Figure 1(a), since there is no
equivalent electric or magnetic current directed along Z
direction, the expressions for field radiated by z-directed
electric and magnetic dipoles are not discussed.

At a given observation or field point P(x, y5,z¢), the
cartesian components of the electric and magnetic fields due
to electric and magnetic dipoles located at a point (x', y', ")
on the radiating aperture of the waveguide can be written as

EP 4 ], (x’, y') Eﬁf

( y) MD

Egq(xyzr) =] (%))

+ M, (x',y') EMP 4
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o)~ 2, (4 5

+ M, (<) BN+ M () B,
Eq(xy.27) =T, (x,y ) E + T, (x,y') EL)

M (5 ) EZ + M, (X y') ELY,
Hyp (%, y,2,7) = T (¥ ') Hey + 1, (5, y') Hy

+ M, (Y VHYD + M, (x, ') HY,
Hyr (3, y027) = I, (' y' ) HE Y)Hy

+ M, (x y) MD+M (x’,y’)HMD,
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»y
Hyr (% y2.r) = o () ) HE + 1, (+, ') HEY
+M(x y) DM (x y) HMP,
(22)

The Cartesian components of the radiation pattern of
the waveguide at a field point P(r,0,¢) are obtained by
integrating (22) over the aperture of the waveguide implying
the vector summation of field radiated by the array of electric
and magnetic dipoles positioned on the radiating aperture of
the waveguide. Consider

EXVG (r', 9,([)) = J-j- E.r (x’ 9,2, 7’) dx,dyl,
A
E}NG (7’, 63 (P) = JJAEyT (X, ¥z, 7') dx’dy’,
E‘ZNG (r, 0, (P) = J-J- E,r (x) ¥, 2, 1‘) dx'dy',
! (23)
HXVG (r,0,9) = ” H(x, v, 2,7)dx'dy’,
A
H;VG (r, 0, (P) = J-JAHyT (x, .2 r) dx'dy',

HY'C (r,0,9) = “AEZT (x, y,2,7)dx'dy’.

Functional relationships between the positional coordi-
nates of field point P(r, 0, ¢, x ¢, y4, z¢), the variables (x, y, z),
and source points of electric and magnetic dipoles on

. ! ! ! ! ! o« ags
waveguide aperture (p,¢',x',y,z ) are explicit in (2) and
Figure 1(b). The spherical components of the near field
radiation pattern of the waveguide at P(r,0, ¢) can now be
written as

WG WG WG .
(r.0,¢) = cosfcos¢ + E, cosOsin
(24)
- E‘ZNG sin 6,
E(pWG (r,0,¢) = —E. Csing + EXVG cos @, (25)
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Hy'¢ (r,0,¢) = H'C cos 0 cos ¢ + H;NG cos Osin ¢

(26)
- HZVG sin 6,

WG _ WG WG
H," (r,0,¢) = -H, " sing + H;" cos p, (27)

where ¢ = 0 — 360° and 0 is —180° < 0" < +180°.

It is pertinent to emphasize that the formulation pre-
sented in this section is valid to other antenna configurations
as well with the corresponding changes in the expressions of
electric field distribution and equivalent currents on aperture

((1) and (5)).

3. Simulation Results

This section discusses simulation results of radiation patterns
of circular cylindrical waveguide and conical horn obtained
through the analysis presented in the earlier section. The
results include the surface contour plots of current distri-
bution over radiating aperture and far field and near field
radiation patterns of both cylindrical waveguide and conical
horn. The discussion in this section also covers the validation
studies to substantiate the applicability and appropriateness
of the proposed near field analysis of antennas.

3.1. Aperture Current Distribution. The field or current dis-
tribution over the aperture of a radiator is a fundamental
parameter that determines the radiation characteristics of
the antenna. The analysis proposed facilitates considering
both the electric current “J” and magnetic current “M” over
the radiating aperture. In this section, the simulated surface
contour plots of both the electric and magnetic currents
over the radiating aperture are discussed. For the simulation,
the operating frequency of 9.375 GHz has been chosen for
the dominant mode of circular waveguide and conical horn
designed for X-band frequencies of 8.2-12.4 GHz. For the
simulation of the current distribution over the radiating
aperture of circular waveguide, (1) to (3) have been invoked.
For the case of conical horn, the aperture field distributions of
a conical horn given by [9] are used and they are represented
by (28) where L is the axial length of the horn. Consider

!
BT () = m (%p/)eﬂc\/ﬁ sin (mg'),

g P

X
EZMTE (pl’(p!) _ ( . )],’n
X (ﬁp'> e VPP o (m(p') .
a

(28)

Figure 2 illustrates a geometrical configuration of a coni-
cal horn. The radius of aperture “a” for circular waveguide is
a = 1.05 cm and for the conical horn is 4.1 cm. The semiflare
angle is o, = 21.09° and the axial length “L” is 10.63 cms. For
the generation of source (excitations) points on the aperture,
the step size along both the radial (p) and azimuthal (¢)

7 Y

FIGURE 2: Conical horn antenna.

directions on the aperture is 36 leading to total number of
(36 x 36) points on the radiating aperture of both the circular
waveguide and conical horn. The distributions of the electric
“J” and magnetic “M” current on the aperture of the circular
waveguide are illustrated in Figure 3 through contour filled
images.

The corresponding results of conical horn are shown in
Figure 4.

3.2. Near Field and Far Field Radiation Patterns. To validate
the proposed formulation for the determination of radiation
pattern of an antenna at an arbitrary distance covering both
the far field and near field, the simulations considered both
circular cylindrical waveguide and conical horn as radiating
elements.

3.2.1. Circular Cylindrical Waveguide. The validation of the
proposed near field radiation was initiated taking the note
that the proposed analysis can treat the conventional far field
radiation pattern as a special case of near field with the radial
distance exceeding or far exceeding the conventional far
field criterion. For an X-band circular waveguide radiating
at a frequency of 9.375GHz, A = 3.2cm, the near field
distance can be below 2D?/A (<2.55 cm). Using the proposed
approach for the determination of near field of an antenna
with = 10004 which clearly falls into far field of an X-band
circular waveguide (of radius rad = 1.05cm) at 9.375 GHz,
the far field radiation patterns (Ey and E4 components) of
circular waveguide are computed with the known aperture
distribution of the cylindrical waveguide and using (28) as
well as the far field analysis given in [12]. The computed
results are shown in Figure 5(a). From the results depicted
in Figure 5(a), it is evident that the results obtained from
the two different formulations show excellent correlation and
thereby substantiating the proposed formulation for near
field radiation pattern. Figure 5(b) shows another validation
for the radiation patterns through far field analysis given
in [1]. From the results of Figures 5(a) and 5(b), it is again
evident that the results on far field radiation patterns of
circular waveguide obtained from the different formulations
are in excellent correlation with the proposed formulation for
near field radiation pattern. It is pertinent to point out that
even though (24) and (25) are specifically meant for the near
field radiation patterns of circular waveguides, they are also
valid for an observation point located in the far field.

After substantiating the validity of the simulated far field
patterns of circular cylindrical waveguide, the computations
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FIGURE 3: Current distribution over aperture of circular waveguide.

of near field radiation (amplitude and phase) patterns of
circular waveguide have been carried out for r = 0.75A at
9.375 GHz and the results are shown in Figures 6(a) and 6(b),
respectively.

The radiation patterns of circular waveguide at a radial
distance = D*/A (D = 2.1 cm) and operating at 9.375 GHz
are depicted in Figure 7.

An illustration of difference in normalized conventional
far field radiation patterns of circular waveguide and the near
field radiation pattern at a distance of D*/A is shown in
Figure 8.

The effect of variation in radial distance on the radiation
pattern of circular cylindrical waveguide is shown in Figure 9.
Figures 9(a) and 9(b) depict the amplitude of radiation
pattern of circular waveguide at r = D?/A and r = 2D?/A,
respectively.

The phase radiation patterns of circular waveguide at r =
D?/)A and r = 2D*/A are shown in Figures 10(a) and 10(b),
respectively.

In the analysis of near field radiation pattern, one of the
interesting and curious aspects of observation is to monitor
the gradual transformation in the profiles of the radiation
pattern with the incremental increase in the radial distance
of observation. Simulations were carried out to obtain near

field patterns of an X-band circular waveguide element at
distances of 0.2A (0.64 cm), 0.3A (0.96 cm), 0.4A (1.28 cm),
0.5A (1.6 cm), and 0.75A (2.4 cm).

Figure 11 depicts the radiation patterns of a circular wave-
guide at a distance (r = 0.2\ or 0.64 cm) which is relatively
very close to the radiating aperture of the waveguide.

A radial distance of r = 0.2 falls within the reactive
field region (r < 0.624/D?*/A = 0.995cm) of waveguide.
The radiation patterns of the waveguide at this radial distance
follow a rather unconventional profile and are drastically
different from the conventional far field radiation patterns of
an X-band waveguide. The simulation results of the near field
radiation patterns of circular waveguide atr = 0.3A (0.96 cm)
are shown in Figure 12. The results of Figure 12 reveal that the
azimuthal component (E,) of the radiation pattern appears
to exhibit the main lobe profile although with a reduced gain
at the bore sight direction. But the Eq component of the
radiation pattern of the waveguide does not exhibit broadside
feature.

When the near field radial distance is increased to r =
0.4, the depicted near field radiation patterns in Figure 13
appear to exhibit the broadside radiating features expected
out of circular waveguide.

Both E, and Ey components of the near field radi-
ation pattern shown in Figure13 exhibit clearly defined
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FIGURE 5: (a) Comparison of far field radiation patterns of circular waveguide obtained from [12] and proposed near field method. (b)
Comparison of far field radiation patterns of circular waveguide obtained from [1] and proposed near field method.
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FIGURE 7: Radiation pattern of circular waveguide at a distance of
D?*/A.

main lobe with Ey component showing some ripples in the
pattern.

At a radial distance of r = 0.5A (1.6 cm), both the
components of the radiation pattern exhibit smooth profiles
of the main lobe and also the ripples in the E; component
vanish (Figure 14).

At a distance r = 0.75A, the radiation pattern and
phase pattern of circular waveguide (Figures 15(a) and 15(b))
show further improvement in the tapering nature of the E,
component. At v = 0.75A, the ratio of radial distance of
observation to aperture diameter (r/D) = 0.571.

Power (dB)

-14 e ——— =
-9 -70 -50 -30 -10 10 30 50 70 90
Angle (deg)
—— E4FF Eq-FF
--- E,NF -~~~ E4NF

FiGure 8: Comparison of far field (FF) and near field (NF) pattern
of circular waveguide at r = D*/A.

3.2.2. Conical Horn. Conical horn has been one of the most
widely radiating elements in antenna engineering. Apart
from the far field analysis, the near field analysis of conical
horn has also been a topic of research. In the earlier attempts
on near field radiation pattern of conical horn, UGTD has
been widely invoked [2, 3]. However, the analyses of the
two cited research are restricted to the principal planes only.
They cannot be applied to arbitrary plane of observation. In
this subsection, the simulation results of near field radiation
pattern of conical horn derived through the proposed gen-
eralized near field analysis are presented. Unlike the above
cited prior research on the near field pattern of conical horn,
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FIGURE 10: (a) Phase radiation pattern of circular waveguide at r = D?/A. (b) Phase radiation pattern of circular waveguide at r = 2D*/A.

the analysis proposed in this paper facilitates the near field
computation of conical horn in any arbitrary plane in 3D
space which is required in beam steering scenario covering
both azimuthal and elevation angles. From the analytical
formulation point of view, the circular cylindrical waveguide
configuration can be considered as a limiting case of a conical
horn of semiflare angle of zero degrees.

The coordinate system for near field radiation pattern
analysis of a conical horn is shown in Figure 2. The analysis
for the determination of near field radiation pattern of
circular cylindrical waveguide is extended to the case of

conical horn without loss of generality. All the equations
developed for the near field radiation pattern analysis of
circular waveguide are identically valid to conical horn. The
distribution of electric field over the radiating aperture of
conical horn is given by (28).

As an initial step, the radiation patterns of conical horn
with semiflare angle oy = 21.09" and radius = 4.1 cm opera-
ting at 9.375 GHz are simulated at radial distance = 1000A.
At this radial distance, the simulation meets and far exceeds
the conventional far field distance criterion. In addition, the
formulation available in [12] which is valid only for the far
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field radiation patterns is also made use of to obtain the far
field radiation patterns of conical horn. The results derived
through the formulation in [12] serve as a reference to validate
the results obtained through the proposed formulation for the
determination of radiation pattern of antenna at any arbitrary
distance. The results depicted in Figure 16 clearly illustrate the
excellent correlation between the results obtained through
the analysis of [12] and the new near field formulation
proposed in this paper. For the simulations, conical horn
of radius = 4.1cm and semiflare angle oy = 21.09° was
considered with an operating frequency at 9.375 GHz.
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FIGURE 13: Radiation pattern of circular waveguide at r = 0.4A
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FIGURE 14: Radiation pattern of circular waveguide at r = 0.54
(1.6 cm).

It is pertinent to point out that the analytical formulation
proposed in this paper is valid for any arbitrary distance
of observation implying that it is applicable equally well
for both near field and far field radiation pattern. The near
field radiation patterns of conical horn of semiflare angle
®, = 21.09° and radius = 4.1 cm at a radial distance of D*/A
operating at 9.375 GHz are shown in Figure 17.

A comparison of radiation patterns of conical horn (semi-
flare angle &, = 21.09") is evaluated at radial distances of r =
D?/A and their far field radiation patterns are illustrated in
Figure 18.
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FIGURE 15: (a) Radiation pattern of circular waveguide at a distance r = 0.75A. (b) Phase pattern of circular waveguide at a distance r = 0.75A.
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FIGURE 16: Comparison of far field radiation patterns of conical horn
antenna obtained from [x] and proposed near field method.

The effect of variation in radial distance of observation on
the radiation pattern of conical horn is illustrated in Figures
19 and 20. The near field radiation patterns of conical horn at
a radial distance of r = D*/) are shown in Figure 19(a). The
corresponding radiation patterns at r = 2D*/A are depicted
in Figure 19(b).

The results of Figures 20(a) and 20(b) illustrate the phase
radiation patterns of the conical horn at radial distances of
r = D*/A and 2D?/), respectively.

On comparing near field and far field magnitude and
phase plots of Figures 19 and 20, a clear indication in change
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=20 A
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—-25
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—35 A

—40 T T T
-100 =50 0 50 100

Angle (deg)

7E¢
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FIGURE 17: Near field radiation pattern of conical horn at r = D*/A.

of phase and beam widths can be noticed when the radial
distance of observation is varied.

The analysis of near field radiation pattern was carried
out for conical horn antenna to observe the gradual trans-
formation in the profiles of the radiation pattern with the
incremental increase in the radial distance of observation.
Simulations were carried out to obtain near field patterns of
an X-band conical horn antenna at radial distances of 11, 21,
31, 41, and 10A.

For a conical horn antenna operating at 9.375 GHz with
a radius of 4.1cm, a radial distance of r = 1A falls within
the reactive field region (r < 0.62yD3/A = 8.1cm).
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FIGURE 19: Comparison of amplitude radiation pattern of conical horn: (a) r = D*/A, (b) r = 2D*/A.

The simulation results of the near field amplitude and phase
radiation patterns of the conical horn with semiflare angle
a, = 21.09° and radius = 4.1cm at r = 1A are shown in
Figures 21(a) and 21(b). The radiation patterns of the conical
horn antenna at this radial distance are drastically different
from its conventional far field radiation patterns. The results
of Figure 21 reveal that both the azimuthal (Eq)) and elevation
(Eg) components of the radiation patterns do not exhibit
broadside feature of a conical horn.

When the near field radial distance is increased to r =
2A, the near field radiation patterns appear to exhibit the
broadside radiating features expected out of conical horn

antenna. Both the E;, and Eq components of the near field
amplitude and phase radiation patterns shown in Figures
22(a) and 22(b) exhibit clearly defined main lobe with Eg
component showing some ripples in its pattern. At r = 24,
the ratio of radial distance of measurement to diameter of
radiating aperture (r/D) = 0.781.

At a radial distance of r = 3, both the components of
the radiation pattern exhibit smooth profiles of the main lobe
and also the ripples in the E; component vanish (Figure 23).

At a distance r = 104, the amplitude and phase patterns
of conical horn (Figure 24) show further improvement in the
drooping (tapering) nature in the E, component.
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FIGURE 21: (a) Near field radiation pattern of conical horn at a distance r = 1A (3.2cm). (b) Near field phase pattern of conical horn at a

distance r = 1A (3.2 cm).

For a conical horn with a radius of aperture of 4.1cm
operating at 9.375 GHz, the radial distance of measurement
of r = 104 still corresponds to near field distance of obse-
rvation.

4. Conclusion

This section summarizes the conclusions that can be derived
out of the analysis and simulation results presented in this
paper.

A generalized procedure in the form of an analytical
formulation for the determination of radiation pattern of an

antenna at any arbitrary distance which covers the near field
as well as far field is presented in this paper. With the prior
knowledge of either the current or field distribution on the
radiating aperture, the proposed near field analysis is generic
and can be applied for wide variety of antenna elements.
The underlying principle of the generalized procedure is
tantamount to considering the radiating aperture as an array
of point electric and magnetic dipoles. The radiation pattern
of the antenna at any arbitrary point of observation (valid
for both near field and far field) is obtained by the vector
summation of the fields radiated by the array of both electric
and magnetic dipoles located on the aperture of the antenna.
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FIGURE 23: (a) Near field radiation pattern of conical horn at a distance r = 31 (9.6 cm). (b) Near field phase pattern of conical horn at a

distance r = 3\ (9.6 cm).

The significance of the proposed analysis lies in the
derivation of explicit expressions for the copolar and cross
polar components of the radiation pattern of both electric
and magnetic dipoles. In addition, in the analysis both
the Cartesian and spherical polar components of the near
field radiation patterns are emphasized. The spherical polar
representation is of direct relevance to conventional antenna
engineering analysis of individual radiators and beam form-
ing analysis. The Cartesian representation of the proposed
near field analysis is tailor made for initial computations in
TWI. With the circular cylindrical waveguide and conical
horn as radiating elements, this paper has established and

substantiated the generic and versatile features of proposed
novel approach for the determination of near field radiation
pattern of these antennas.

To take advantage of the available results through the
well-established analytical formulations which are valid
exclusively for the far field radiation patterns of anten-
nas, initial simulations of the proposed near field analysis
have been carried out with radial distance of observation
satistying the criterion of far field. The simulation results
of the proposed near field analysis with the radial dis-
tance of observation of 100014 show excellent correlation
with the results derived through analytical formulations
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FIGURE 24: (a) Radiation pattern of conical horn at » = 10A (32 cm). (b) Phase pattern of conical horn at » = 10A (32 cm).

of [1, 12] which are exclusively valid only for the far
field.

After substantiating the validity of the proposed analysis
for the special case of far field, numerous simulations have
been performed to study and analyze the radiation patterns
of circular waveguide and conical horn at radial distances of
observation lying very close to the radiating aperture.

At a distance of 0.2A from the aperture, the radiation
patterns of circular waveguide are vastly/drastically different
from the corresponding conventional far field patterns. The
broadside radiating feature of the circular waveguide is also
absent. As is expected, with the gradual increase in the radial
distance of observation, one notices the increasing trend
in the radiation patterns of circular waveguides to broadly
conform to the profile of conventional far field patterns.
The radiation patterns nearly resemble the corresponding
conventional far field patterns at r = 0.75A for circular
waveguide and correspond to (r/D) = 0.571. For a conical
horn with a radius of 4.1 cm, the radiation patterns at » = 21
show defined main lobe and r = 2 is equivalent to (r/D) =
0.781.

The depicted normalized phase patterns of both the
circular waveguide and conical horn follow the changes in the
profile of the corresponding amplitude patterns.

The successful formulation and validation of the appro-
ach for the determination of near field radiation pattern
of an antenna presented in this paper is an important step
to progress to the next significant analytical formulations
involving a new approach for near field beamforming tech-
nique which is the research topic of interest of the authors.

Appendix

The primary emphasis of this appendix is to establish that the
derived equations for near field radiation patterns of electric
and magnetic dipoles get simplified when observation point

moves to far field and the simplified equations are identical to
the available standard equations far field radiation patterns of
dipole [11, page 155]. In addition, this appendix demonstrates
that the generic formulations of this paper when extended to
far field computations yield the same results as that derived
through conventional far field equations of point dipoles.
This appendix also presents far field equations (for both co-
and cross polar components) of radiation patterns of electric
point dipoles. The concept of duality can then be extended to
derive the corresponding equations of magnetic dipole.

The generalized equations for far field radiation patterns
of a x-directed electric point dipole given in [11, page 155] are

oul '
Ey (r,0,9) = —]Z” l (cos B cos ) e ¥,
r
(A1)
E: (r,0,9) = _Joull (sing) e
AR 47ty L4 ’

The corresponding x component of the far field radiation
pattern of x-directed electric point dipole can be determined
through

E, (r,0,9) = EgcosO cos¢ — E,, sin ¢. (A.2)

Substituting (A.1) in (A.2), the x component of the far
field radiation pattern of a x-directed electric point dipole
simplifies to

joull _;
E,(r,0,¢) = —JZ)—‘ue_’kr (cos29 +sin’g sinze) . (A3)
nr

Analogous far field radiation patterns of a y-directed
electric point dipole [11] are

joull ;
E (r,6,9) = - o (cosBsin @) e 7*,
4rmr
(A4)

joull

o (cos ) e ¥

Yy —
E(p (r’6’§0) -
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The y component of the far field component of a y-
directed electric dipole can be written as

E, = EgcosOsing — E, cos ¢. (A.5)

Upon substitution of (A.4) into (A.5) and further sim-

plification, the y-directed component of far field radiation

pattern of y-directed electric point dipole is determined
through

_ j“’ﬂll —jkr
E,(r,0,9) = ————e¢"’

4mtr (4.6)

(c0s20 + cos’g sinZG) .

Similarly the far field radiation pattern of z-directed
electric point dipole given in [11] is

jwull .
E; (r,0,¢) = - ](:M (sin @) e 7*". (A7)
T

The z-component of the far field radiation pattern of z-
directed electric point dipole can then be written as

E, =Eysin0. (A.8)

On substitution of (A.8) and by simplification, (A.8) can
further be written as

joull

E, (r,0,9) = - 4m (A9)

2 sin%0e”

Equations (A.3), (A.6), and (A.9) are the Cartesian far
field copolar components of x-directed, y-directed, and z-
directed electric point dipoles, respectively.

For the computations of far field radiation patterns, the
expressions for copolar components of near field radiation
patterns of EL- () x-directed, EED () y-directed electric point
dipoles given in (7) and (15) can be simplified to a more

compact form to retain the field variation of the form e /*" /r
in the far field. Consider

2, 2 —jkr
E (x, y,z,r) = {-j [ 22 y*tz e
(%y.27) = <l (r r2 47
2 2 —jkr

ED _ fou [ X +Z e
e {5 (55 ) 5

Similarly, copolar component of the far field radiation
pattern of a z-directed electric point dipole is given by

2 2 —jkr
ED wu (X" +y e
=55 (55 )

where

(A.10)

(A.11)

(A.12)

(A.13)
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For a point dipole located at the origin, x, = y, = z, =
0. Also, the Cartesian coordinates of observation points are
written as

xy =rsinfcosg, ys =rsinBsing,
(A.14)

zZp= rcos 6,

where r is the far field distance of observation from the origin.
Substituting (A.13)-(A.14) in (A.10)-(A.12)

2 2 —jkr
P = doifen (2 +z e Al
e ={( 2 (555 ) s
E22 (r,0,9)
| [ wu (rsin® sing)’ + (r cos0) o ikr
=1-il = —,
(A.16)
B (1 0,q) = @€ (((S°0sin’e) + (cos’0)
¢ J r A4nr r2 ’
(A.17)
2 2 —jkr
ED wu [ x°*+z e
> )% - - - > A.18
E) (% y,21)= 1 (r( o ))} = (A.18)

B (1.6,0) { <wru <(sin29coszz) + (cos6) ))}

e—jkr
X ,
4
(A.19)
0. wu e ¥ [ sin*cos’p + (cos29)
(r, ¢)= _]T 47r r? ’
(A.20)

2 2 — jkr
B (x,y,2,7) = - L4 (222 ¢ (An
vpon o =(Z )2 an

E) (r.60,9)

| wu (sinzecoszgo)+(sinzesin2go) e ikr
Pl

(A.22)

—jkr

wu e
0,¢) = —j— ——sin’6. (A.23)
(r ®)=-j o sin

ZZ

With a dipole current of 11, (A.17) is same as (A.3). This
implies that the Cartesian copolar component E-> (r, 6, @) of
x-directed electric point dipole derived through the far field
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FIGURE 25: (a) Comparison of copolar (E,.,) component of x-directed electric point dipole in ¢ = 0° plane; A = 3.2 cm. (b) Comparison of
copolar (E, ) component of y-directed electric point dipole in ¢ = 90° plane; A = 3.2 cm.

simplification of expression (7) is identically equal to the one
derived through alternate standard expressions of [11, page
155] and (A.17). Similarly, the Cartesian copolar component
E,(r,0, ¢) of y-directed electric point dipole derived through
the far field simplification of expression (15) is identically
equal to the one derived through alternate standard expres-
sion of [11, page 155] and (A.20). The same argument is
valid for the copolar component of z-directed electric point
dipole in view of the identical expressions involved in (A.9)
and (A.23). From the above, it is easy to conclude that
the proposed formulations of this paper for the near field
radiation patterns of x-directed, y-directed, and z-directed
electric point dipoles can be reduced to more compact form
for the far field computations. To keep the paper concise, the
aforementioned discussions have been restricted only to the
Cartesian copolar components of electric point dipoles. To
retain the generality of the presented analysis, expressions
for the far field Cartesian cross polar components of electric
point dipoles are also provided in this appendix. Based on the
far field analysis of electric point dipoles, the far field (both
co- and cross polar) components of magnetic dipoles can be
derived using the well-known concept of duality.

The far field Cartesian components of x-directed electric
point dipole are
e —jkr

wu
Byl (65,2,1) = j—5 yx= —

wou eI
(x, y,2,1) = jsex

ED
E zx

ar’

HY (x,y,2,7) =0, (A.24)
—jkr

ED
H x

—Ze
> V& =(1 k_ >
(0 30227) = (14 ) 22

—jkr

HY (x, 9,2, 1+ jk )
(%, y2,1) = (+])r2 yo

For a y-directed electric point dipole, the far field Carte-
sian components are

e—jkr

ED XY
E,, (%, y,2,7) = jou—s =

jkr

el

EEDx L2, 1 wuy ,
(. yr27) = jou—73——

HED (x, y,2,7) =0,

(A.25)

_xe]kr
1+ jk
(+])r 4’

' z e—jkr
Hff (x, y,2,1r) = (1 + jk) ol

HED (5, 7,7) -

The co- and cross polar components of a z-directed
electric point dipole are
2

2
wu [ x*+y
(x,y,z,r)—{ ( r ( r2 4’

(%, y,2,1) = quﬁe]kr
il P 4n

—jkr

EED

Xz

Ze]kr

EED b bl y_ bl
(%y,2,7) = jou s~ (A.26)

H,, (x,,2,7) =0,

—x e—]kr

2 4m
—jkr

r2 4m

(x, y.zr)=(1+ jk) =

HY (x,y,2,7) = (1 + ]k)

One of the novelties of the formulation presented in this
paper for the computation of radiation patterns of electric and
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magnetic dipoles is that the equations are valid for both near
field and far field observation points. In essence it suffices
to say the equations for the near field radiation patterns of
this paper reduce to the far field equations of dipole derived
through the formulations available in [11]. To demonstrate
this feature, the far field copolar radiation patterns have been
computed for x-directed and y-directed electric point dipoles
with the source located at the origin using the following
formulations:

(1) (A.3) and (A.6) for far field of electric point dipole
derived through standard far field formulations of
(11];

(2) modified equations (A.17) and (A.20) valid only for
the far field;

(3) generic equations (7) and (15) which are uniformly
valid for both near field and far field distances with
r = 10001 to simulate a far field criterion.

As can be seen from the results of Figures 25(a) and
25(b), there is an excellent agreement between the simulation
results derived through the three different formulations. The
established agreement in the results of Figures 25(a) and
25(b) conclusively proves that the derived generic near field
equations for radiation patterns of point dipoles reduce (or
converge) to conventional far field equations for radiation
patterns of point dipoles.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

(1] S. Silver, Microwave Antenna Theory and Design, McGraw Hill
Book, 1Ist edition, 1984.

[2] M.S.Narasimhan and K. S. Rao, “GTB analysis of the near-field
patterns of conical and corrugated horns,” IEEE Transactions on
Antennas and Propagation, vol. 27, no. 5, pp. 705-708, 1979.

[3] M. S. Narasimhan, K. Raghavan, and P. Ramanujam, “A correc-
tion to the available formula for the GTD near field patterns of
conical horns,” IEEE Transactions on Antenna and Propagation,
vol. 30, no. 5, pp. 1042-1043, 1982.

[4] M. S. Narasimhan and B. Philips, “Synthesis of near-field
patterns of arrays,” IEEE Transactions on Antennas and Prop-
agation, vol. 35, no. 2, pp. 212-218, 1987.

[5] M. S. Narasimhan and P. Kumar, “A technique of synthesizing
the excitation currents of planar arrays or apertures,” IEEE
Transactions on Antennas and Propagation, vol. 38, no. 9, pp.
1326-1332, 1990.

[6] M. Karthikeyan and K. R. Govind, Near Field Radiation Patterns
of Point Dipoles, Private Communication, Centre for Systems
and Devices, Indian Institute of Technology, Madras, India,
1985.

[7] R. A. Kennedy, D. B. Ward, and T. D. Abhayapala, “Nearfield
beamforming using radial reciprocity, IEEE Transactions on
Signal Processing, vol. 47, no. 1, pp. 33-40, 1999.

International Journal of Antennas and Propagation

[8] R. A. Kennedy, T. D. Abhayapala, and D. B. Ward, “Broadband
nearfield beamforming using a radial beampattern transforma-
tion,” IEEE Transactions on Signal Processing, vol. 46, no. 8, pp.
2147-2156, 1998.

[9] M. S. Narasimhan and B. V. Rao, “Modes in a conical horn: new
approach,” Proceedings IEE, vol. 118, no. 2, pp. 287-292, 1971.

[10] R. E Harrington, Time-Harmonic Electromagnetic Fields,
McGraw-Hill, New York, NY, USA, 1961.

[11] H. Mott, Polarization in Antennas and Radar, John Wiley &
Sons, Hoboken, NJ, USA, 1996.

[12] C. A. Balanis, Antenna Theory, Analysis and Design, John Wiley
& Sons, New York, NY, USA, 3rd edition, 2005.



The Scientific
World Journal

International Journal of

Rotating
Machinery

Int'ema.tiona\ Journal of
Distributed
Sensor Networks

Advances in
OptoElectronics

International Journal of

Chemical Engineering

5//{/?

and Passive
ronic Components

VLSI Desig

Propagation

-~
-

=3

Hindawi

Submit your manuscripts at
http://www.hindawi.com

International Journal of
Navigation and
Observation

Journal of
Control Science
and Engineering

Advances in
Mechanical
Engineering

Journal of

Sensors

Adv in

Civil Engineering

Journal of

Robatics

Modelling &
Simulation
in Engineering

e

Journal of
Electrical and Computer
Engineering

Shock and Vibration




