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Abstract

This thesis treats the design of an antenna intended for operation at the base station of a broadband
wireless LAN demonstrator. This demonstrator will be developed in the framework of the ACTS
project MEDIAN (Wireless Broadband Customer Premises Network/Local Area Network for Profes-
sional and Residential Multimedia Applications). The applied frequency band is 62-63 GHz.

According to MEDIAN specifications, the antenna has to radiate downwards and it has to provide a
circular footprint at 3 metress below. The diameter of this coverage plane-section should be 8 metress.

Two antenna types have been investigated, viz: the bended biconical-horn antenna and the shaped
reflector antenna.

Analysis of the radiation pattern of the bended biconical-horn antenna yields an unacceptable fluctu-
ation of the fieldstrength in the coverage plane-section of many dB's. Therefore, this option can be
ruled out for our application.

On the contrary, analysis of the shaped reflector antenna on the basis of Geometrical Optics and Uni-
form Theory of Diffraction yields promising results; the reflector with a diameter of only 30 centime-
tres could be shaped so that the spatial fluctuation of the fieldstrength remains below 0.5 dB in the
coverage plane-section whereas outside this coverage plane-section the fieldstrength falls off very
rapidly.
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Acronyms and Symbolsy

Acronyms

ACTS
AGV
EEC
GTD
IMST
ISB
LAN
MSS
MPS
RSB
UTD

Symbols

A

Ao
A(s!,s™)
a

b

Cx), S(x)

Advanced Communications Technologies and Services
Autonomous Guided Vehicles

Equivalent Edge Current Calculation

Geometrical Theory of Diffraction

Institut fuer Mobil- und Satellitenfunktechnik

Incident Shadow Boundary

Local Area Network

Median Server Station

Median Portable Station

Reflection Shadow Boundary

Uniform Geometrical Theory of Diffraction

Width of the horn aperture of the biconical-horn antenna [m]

Constant for the far-field of a Huygens feed [V]

Caustic divergence factor

Spacing distance between upper and lower part of the biconical-horn antenna [m]
Diameter of the radial section of the biconical and bended biconical-horn antenna [m)]
Fresnel integrals

Diameter of the shaped reflector [m]

Diameter of the coverage plane-section [m]

Dyadic diffraction coefficient

Scalar diffraction coefficient for the hard boundary condition

Scalar diffraction coefficient for the soft boundary condition

Directivity of the biconical-horn antenna

Directivity of the bended biconical-horn antenna

Distance from the central point to another point of the coverage plane-section [m]
Interior diameter of the circular waveguide of the biconical-horn antenna [m]

Electric field on the coverage plane-section [V/m]



Acronyms and Symbols

Eg Electric field on coverage plane-section relative to power radiated by the feed [dB]
E cipple Deviation (ripple) in the electric field on the coverage plane-section [%]
EV(x,) Diffracted field on the coverage plane-section at x. from the upper point [V/m]
E%(x,) Diffracted field on the coverage plane-section at x, from the lower point [V/m]
E(x0) Reflected field on the coverage plane-section at x, [V/m]

Eo(xc) Total electric field on the coverage plane-section at x. [V/m]

E' (9, Incident electric field at point Q; [V/m]

E‘P) Diffracted field due to the diffraction point Q; [V/m]

E, Total electric field in 8-direction [V/m]

E: Diffraction field from diffraction point Q; in ¢-direction [V/m]

E: Diffraction field from diffraction point Q; in 8-direction [V/m]

E g ; Diffracted field parallel to the plane of diffraction [V/m]

E:D Diffracted field perpendicular to the plane of diffraction [V/m]

Eéo Incident field parallel to the plane of incidence [V/m]

Eq';o Incident field perpendicular to the plane of incidence [V/m]

E}q, Incident field from the feed in ¢-direction [V/m]

E_;B Incident field from the feed in 0-direction [V/m]

F Distance between the feed and the origin of (x,,y;) coordinate system [m]

F(z) Modified Fresnel Transition function

F(8,s) Structure function of the gain for the biconical-horn antenna

F(6',s) Structure function of the gain for the bended biconical-horn antenna

G.(6) Gain function of the biconical-horn antenna

G(vy) Gain function of the feed

H(r) Illumination function of the coverage plane-section [W/m?]

k Wave number [m'l]

L Length of the horn of the biconical and bended biconical-horn antenna [m]

L, Antenna loss [dB]

Ly Antenna loss due to impedance mismatch [dB]

L Distance parameters for the modified Fresnel Transition function [m]

14 Propagation path in the horn of the biconical and bended biconical-horn antenna [m]
n Positive real in the power of the cosine of the gain function of the feed

n Unit vector normal to the edge at Q; and directed away from the centre of curvature
r‘z,eﬂ Normal unit vector to the reflector surface at Q;

D1 Relative power on coverage plane-section



Acronyms and Symbols 3

P2

Peenter
Peqge

P

P(r, 0,5)
P(r, 0°,8)
P

Q

r

r, r;

V(xc)

(XesYe)
(Xeyn)
(Xs,s)

2 = y, & ™ 2 N
Oy Ow

Relative power radiated by the feed

Power at the centre of the reflector [W]

Power at the edge of the reflector [W]

Power radiated by the feed [W]

Power received by the MPS antenna (transmitted by the biconical-horn) [W]

Power received by the MPS antenna (transmitted by the bended biconical-horn) [W]
Total power radiated by the MSS antenna or the feed [W]

Diffraction points (i=1, 2)

Distance from the antenna to the observation point [m]

Boundaries of the Fresnel integrals for the biconical and bended biconical-horn an-
tenna

Angle between the diffraction ray and reflector surface tangent, which is perpendicu-
lar to the plane of diffraction [degrees]

Angle between the incident ray and reflector surface tangent, which is perpendicular
to the plane of incidence [degrees]

Phase error on the aperture of the biconical and bended biconical-horn antenna
Powerflux flowing through a surface
Unit vector in the direction of the incident ray

Unit vector in the direction of the diffracted ray

Distance from the upper diffraction point to the observation point [m]
Distance from the lower diffraction point to the observation point [m]

Unit vector tangent to the edge at Q

Constant for the far-field of a Huygens feed

Voltage at the terminals of the isotropic antenna in the observation point
A coordinate point of the coverage plane-section

A coordinate point of the reflector

Intersection point of the reflected ray through the edge with the reflected ray that lies
very close to it

Intrinsic impedance of free space [2]

Maximum angle between the horizontal axis and the ray from the feed [degrees]
Angle of bending of the bended biconical-horn antenna [degrees]

Angle between E,.i and the tangent T to the edge at the point of diffraction [degrees]
Unit vector parallel to the incident plane

Unit vector parallel to the diffraction plane

Height of the MSS antenna [m]



Acronyms and Symbols

Pl P,
N
Pe

Po

T

r
P max

Angle between the tangent in Q, along the reflector surface and the unit vector normal
to the edge at Q; [degrees]

Relative error between the power radiated by the feed and the power on the coverage
plane-section

Coverage angle from the MSS antenna [degrees]

Unit vector perpendicular to the incident plane

Unit vector perpendicular to the diffraction plane

Wavelength [m]

Angle between the horizontal plane and the diffracted rays (i=1,2) [degrees]
Angle between the horizontal plane and the reflected ray [degrees]
Elevation angle [degrees]

Real elevation angle of bended biconical-horn antenna [degrees]

Principal radii of curvature of the incident wavefront at Q; [m]

Principal radii of curvature of the reflected wavefront at Q; [m]

Distance between the caustic at the edge and the second caustic of diffracted rays [m]
Ray length from the feed to the reflector [m]

Maximum ray length from the feed to the reflector [m]

Length of the reflected ray [m]

Maximum length of the reflected ray [m]

Radius of the curvature of the edge at the diffraction point [m]

Radius of curvature of the incident wavefront at the edge, fixed plane of incidence
which contains the unit vectors Ef and the unit vector T tangent to the edge at Q; [m]

Angle between the horizontal axis and the ray from the feed [degrees]
Angle between the horizontal axis and the reflected ray [degrees]

Maximum angle between the horizontal axis and the reflected ray [degrees]



1. General introduction

1.1 Introduction

Indoor radio LANs operating in the millimetre (mm) frequency range may offer a large information
transport capacity and sharply defined cell boundaries [1]. The use of mm-wave frequencies enables
the creation of high traffic/user density cells, in case the boundaries of an indoor pico-cell (cell radius
< 100 m) are formed by walls and floors consisting of ‘hard’ materials, like concrete and steel through
which mm-waves cannot propagate. Radio coverage within a pico-cell can be controlled and opti-
mized by appropriately dimensioning the applied antennas.

From 1995, the Telecommunications Division of the Eindhoven University of Technology participates
in the ACTS project MEDIAN (Wireless Broadband Customer Premises Network/Local Area Net-
work for Professional and Residential Multimedia Applications) initiated and managed by IMST'.
One of the objectives of this project is to evaluate and optimize the performance of a wireless LAN,
suitable for multimedia applications. Furthermore, a demonstrator system should be implemented for
examination and demonstration of the concept. This system will consist of one base station and two
(wireless) portable stations. The transmission of information between the portable stations will take
place via the base station. The system will be tested in various user environments. Characteristics that
distinguish the MEDIAN concept from conventional wireless LAN’s are the unprecedented aggregate
transport capacity (totally up to 150 Mbits/s) and the applied frequency band (62-63) GHz.

Typical applications are broadband cableless LAN’s in which the portable stations are essentially
fixed during operation but also broadband vehicular applications like cableless cameras in TV-studios
and Autonomous Guided Vehicles (AGV) in factories.

The Telecommunications Division is responsible for the design and manufacturing of the antennas to
be used in the MEDIAN demonstrator system. This graduation thesis treats the design of the base
station

antenna as well as the portable station antennas. The objective is to achieve a more-or-less uniform
coverage in a pre-defined coverage area.

This report contains six chapters. In this chapter some requirements of the Median demonstrator are
given. Chapter 2 contains a short description of the standard biconical horn antenna. This description
serves as a starting point from which the design of a more sophisticated horn antenna, namely the
bended biconical horn antenna, can be derived. In Chapter 3, the bended biconical horn antenna is
treated. A design of a reflector antenna is described in Chapter 4. Chapter 5 deals with the calculation
of the electric field on the coverage area. Chapter 6 deals with the design of a shaped reflector di-
mensioned on an extended coverage area and the calculation of its shape and the realized field distri-
bution over the coverage area.

! Institut fuer Mobil- und Satellitenfunktechnik, Kamp Lintfort, Germany



General introduction

1.2 Demands of the Median demonstrator scenario

The MEDIAN demonstrator has to cope with a very stringent linkbudget. Therefore, it is likely that
the coverage area will be limited to dimensions in the order of a few metress at maximum. Conse-
quently, antennas must be designed for the MSS (Median Server Station) that uniformly illuminate the
plane-section of the coverage area in which each MPS (Median Portable Station) antenna is supposed
to be present.

According to proposed Median scenarios the antenna of the base station is fixed on a height of 3 me-
tre from the coverage plane-section whereas the coverage is more or less constant within a circular
surface plane-section with a diameter of 8 metre and outside there is no coverage. A sketch of this is
depicted in Fig. 1.1. The antennas of the portable stations in the coverage plane-section will now
considered to be isotropic antennas and the carrier frequency is f= 60 GHz.

MSS-antenna

Coverage
5 plane-section

Fig. 1.1: Coverage area within a circle with a diameter of 8 meter

The maximum coverage angle “y* is: Y= 2.arctan(4/3) = 106 °

This coverage may be achieved in several ways. Three types of aperture antennas will be investigated
for possible application as the MSS antenna, viz:

1. Tilted-beam biconical-horn antenna for a ring-shaped coverage
2. Reflector antenna for uniform coverage
3. Corrugated-horn antenna for uniform coverage

In the next sections the tilted-beam biconical-horn antenna and the reflector antenna are discussed.



2. Uniform coverage with biconical-
horn antenna

2.1 Introduction

Uniform coverage in an indoor pico-cell can be obtained by compensating path loss by antenna gain.
The principle is illustrated, schematically in Figure 2.1[1]. This figure shows a typical layout of an
indoor radio network consisting of a Median Server Station (MSS) with its antenna located in the
middle of the indoor area and two Median Portable Stations (MPS1 and MPS2). All antennas exhibit
an omnidirectional pattern in the azimuth plane and an approximately figure-eight-shaped beam in the
elevation plane.

MSS-antenna

Reflective Reflective
Wall (=K Wall
< |x
r,// \‘\\r
,/ Ah \\
SN :
Ve 2 \/ /N A Coverage
—— d \ plane-section
MPS2 [ 1 [ | MPSI

Fig. 2.1: Layout of indoor radio network

If a portable station is located in the vicinity of the MSS-antenna such as MPS1, then the direct ray
will not only experience a low path loss, but also a small antenna gain. If a portable station is located
at a relatively large distance from the MSS-antenna like MPS2, then the direct ray suffers a relatively
high path loss, but both antennas exhibit a higher antenna gain. This indicates that path loss and an-
tenna gain may compensate each other to some degree resulting in a more-or-less uniform coverage.
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2.2 Biconical-horn antenna

Figure 2.2 shows [3] a cross-section of a biconical horn antenna. The antenna consists of a radial sec-
tion, i.e., the spacing between the lower antenna part and upper antenna part with spacing distance a
and diameter b, a circular waveguide with interior diameter d; and a biconical horn. The horn has an
aperture width A and a length L which is measured from the (virtual) horn apex in the radial section to
the centre of the aperture. The taper transforms the incoming linear TEy; mode into TE;; mode. The
circular waveguide contains a polarizer which transforms the TE;; mode into two perpendicularly
directed waves which are mutually 90° out of phase, thus resulting in a circularly polarized wave.

_ b matching
screw teflon
a 3o e A
Mar \

wave
guide I

i |

| |

taper
——3
St
d

Fig 2.2: Cross-section of the biconical-horn antenna

Since the radial line is excited with a circularly polarized wave, the biconical horn exhibits an omnidi-
rectional radiation pattern in the azimuth plane. Hence, the antenna gain function solely depends on
the elevation angle 6 (see Fig. 2.1). For a good omnidirectional radiation pattern, the launched wave is
vertically polarized. For this, we have to take a < 2\, otherwise undesirable modes will propagate in
the radial section. The radiation pattern is determined by the horn dimensions A and L. The propaga-
tion path ¢ from the horn apex to the horn aperture increases towards the horn edges, so the aperture
plane is not a equiphase plane. The phase variation in the aperture plane is given by
expl[-j2n(£-L)/A]. This is similar to the aperture phase distribution in the E-plane of an E-plane secto-
rial horn antenna with aperture width A and length L. The radiation pattern in the elevation plane can
therefore be calculated by the method described for sectorial horns with the corresponding mode
which is the TE(; mode in that case.
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2.3 Achievement of near uniform coverage

The normalized magnitude of the electric field in the elevation plane is equal to

A
IE@) 1+cose Ir[cm)— cr)’ +[S(r2)—S(r1>]21|

F@©,s)|= = , 2.1
|F®,s)| [E00) ) l_ 4[C2(2«/§)+S2(2«/§)] J 2.1
where C(x) en S(x) are the Fresnel integrals [3]. These integrals are given as
C(x)= Jcos(%ﬂ )dt , S(x) = Jsin[%ﬁ]dt (2.2a)
0 0

and

r = 2«/?{-1-4%[%_«@ ﬂ : r,= 2«/?[1-i[£sine ]} . (2.2b)

4s\ A

From Fig. 2.1 it follows that

. Ah
sing =—. 2.3)
r

The parameter s represents the phase error on the antenna aperture and is equal to

1{AY 1
s=§x % 24

The directivity D(8,s) of the biconical horn antenna can be obtained by

4r
D@®,s)=75; (2.5)
J T17®©) cose ab do
0 %
The following equation can be written for the antenna gain function G,(0)
G,0)=L,L,D®,s)|F@) . 2.6)

where L, and L,, in (2.6) represent the antenna losses and the impedance mismatches, respectively.

Using the well-known ‘radio equation’ for the direct ray [5], the power received by the remote sta-
tions is equal to
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l 2
P (r,0,s)= GZ(G)[E] F, 2.7

with P, the total power radiated by the MSS antenna.

The gain of the transmit and receive antenna are equal. The received power is equal to

2 TP
P,(r,e,s)ocD2(9,s) |F(9 )|4[4_1tr} . (2.8)

Fig. 2.3 shows curves of relative received power against the product of the antenna-dimension pa-
rameter A/A and antenna-distance/height-difference ratio r/Ah for different values of s relative to the

no phase error case (s=0, the aperture is a equiphase plane). These curves are normalized to the
maximum value for s= 0.5.

Relative received power (dB)

(NANr/AR

Fig. 2.3: Universal coverage curves

The curve with s= 0.32 has the optimum performance because a near uniform coverage is achieved
with only about 3 dB variation [2] in the received power in the region 0.6 < (A/JA)(r/Ah) < 5. Consider-
ing the curve of s= 0.32 (Fig. 2.3), the minimum value is (A/A)(r/Ah)= 0.6 [2]. Hence, r= 10.8 m for
Ah=13 m and A/A= 6. The horizontal distance on the coverage plane-section (see Fig. 2.1) is equal to

d=+r*—(Ah)* =104m.

This means that there is almost no coverage for d < 10.4 m on the coverage plane-section. Actually,
the biconical-horn antenna exhibits a ring-shaped coverage instead of near uniform coverage.
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3. Coverage of bended biconical-horn
antenna

3.1 Bended biconical-horn antenna

The cross-section of the bended biconical-horn antenna is depicted in Fig. 3.1. The bended biconical-
horn antenna is achieved by bending the upper antenna part and the lower antenna part of the biconi-
cal-horn antenna towards the circular waveguide.

¢
b - matching
) ;F screw
L
4

circular
wave guide

Fig. 3.1: Cross-section of the bended biconical-horn antenna

The diameter b of the radial section can be larger than that of standard biconical-horn antenna. The
horn has an aperture width A and a length L. The incoming linear TEq; mode is transformed by the
taper into the TE;; mode. The circular waveguide contains a polarizer which transforms the linear
polarized TE;; mode into two perpendicularly directed waves which are mutually 90° out of phase,
resulting in a circularly polarized wave. Since the radial line is excited with a circularly polarized
wave, the bended biconical-horn antenna exhibits an ¢@-independent ring-shaped radiation pattern
directed to the ground. The spacing distance between the upper and lower antenna part a < '2A is in
this case also valid for a good radiation pattern. The radiation pattern is determined by the horn di-
mensions A, L and the angle of bending ‘B*. The phase variation is given by exp[-j2m(¢-L)/A], with £
being the propagation path in the horn.
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3.2 Achievement of ring-shaped coverage area

The biconical horn antenna shown in Fig. 3.2 must be bent in such a way that the field distribution in
the coverage plane-section within a circle with a diameter of 8 metre is about constant whereas out-
side this area, the field is about zero. To achieve the required coverage, a suitable value for the angle

of bending ‘B * must be chosen.

Bended biconical-

horn antenna
Ceiling

Coverage
plane-section

Fig. 3.2: Geometry of the rays from the bended biconical-horn antenna

In Fig. 3.2, the variable d gives the distance from the central point of the coverage plane-section. It
varies from O to 4 metre.

To determine the required coverage of the bended biconical horn-antenna, ‘B‘ must be introduced into
the formulas. For this it is obvious that cos 6 in equation (2.1) and sin® in equation (2.2) are re-
placed by expression (3.1) and (3.2), respectively.

3.1

1
o=
cos r cosp tan[arcsin()- B ]+ sin B

sin@ = — tan’[ﬂrcsin(%)_ B]

32
r cosf tan [arcsin(%) -B ] +sinP (3.2)

A derivation of expression (3.1) and (3.2) is given in Appendix A. Now for the boundaries of the
Fresnel integrals for the bended biconical-horn antenna, expression (3.3) and (3.4) are valid.
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r an Cln -l
=2 -1- 1A tenarcsin(?)-p] |,

33
4s| & r cos 8 tan[arcsm —B]+sinp )| ¢
I 1
1| A Ak tan|arcsin(4
—ofsl 1 —| 22 [ )-8 | (3.4)
| 4s(A 7 cosP tan[arcsm ~B]+sinB )|
Then, the structure function F(8,s) is equal to
|E(®") 1+cos® |_[C(r2)— cr)l +[5r)- S(rl)]2 2
|F(87,5) = = (3.5)

EO) 2 | 4[c(2Vs)+ s2(2v5)]

where cos0 is replaced by the expression given in equation (3.1).

The parameter s is the same as in (2.4)

_1(5]1 .
s—8 x) o (3.6)

The directivity is now equal to

, 4
D®’,5) =7 : (3.7

")|* cos8’ do "do

0

The power received by the MPS (isotropic) antenna is equal to

2 [Z%} . (3.8)

F (r,6°,5) < D@®’,

This formula for the calculation of the received power, can be expressed as a function of the horizon-
tal distance d as it is shown in Fig. 3.3.

[ 2}” ZT (3.9)
4n ~d” + (Ah)

P.(d,B,s)<D®",s) |FO")

By taking a suitable value for the ratio A/A, the optimum coverage of the bended biconical-horn an-
tenna can be determined. In Fig. 3.3, the coverages for various values of s are shown. These cover-
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ages show the by the isotropic MPS-antennas received power relative to the maximum power against
the horizontal distance d. This has been done for some values of § with the parameters: A = 5 mm,
Ah = 3 m and A/A =6 [1]. The curves are normalized to the maximum value for s= (.5. The value of
A/ has been taken the same as for the untilted biconical-horn antenna. If the beams of the 2 horns
overlap each other, then the formulas described before are not valid anymore. So, the value of B must
be limited to a maximum. The angle of bending [ has been determined by taking equidistant radii d of
circles on the coverage plane-section (see Fig. 3.2). The angle of bending B can be calculated by

d
=90 —. 1
B=90 arctan( ] (3.10)

In table 3.1, the values of d and B are given.

d[m] | P [degrees]

1 71
2 56
3 45

Table 3.1: Angle of bending

Universal coverage curves, lambda=5 mm, Beta=45, A/lambda=6

Relative received power [dB]

S I S S N
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
Horizontal distance, d [m]

Fig. 3.3a: Universal coverage curves for p=45° with s as parameter
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Universal coverage curves, lambda=5 mm, Beta=56, A/lambda=6

T R

Relative received power [dB]

_________ 5=0.7
)| S B R e R E LR SRR SRR R R RS R
5=0.6 W

: : H S 5=0.5
o |
0 05 1 1.5 2 25 3 35 4 4.5 S

Horizontal distance, d {m]

Fig. 3.3b: Universal coverage curves for B=56° with s as parameter

Universal coverage curves, lambda=5 mm, Beta=71, A/lambda=6

7T ! ! ! : T ! !

Relative received power [dB)]

' ; N [ ; A
0 0.5 1 15 2 2.5 3 3.5 4 45 5
Horizontal distance, d [m]

Fig. 3.3c: Universal coverage curves for B=71° with s as parameter
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From all these universal coverage curves we can see that the coverage in the area from d = 0 to
d =4 m is not constant. For B = 56° (see Fig.3.3 b), we can see that the coverages are fluctuating. If
we take for instance the coverage with s = 0.6 (B = 56°), we can observe that it fluctuates within 3 dB
in the area between d =1 tod =3.2 m. From d = 0to d =1 m and from d = 3.2 to d =5 m, it decreases
quickly. Hence, we can conclude that there is a ring-shaped coverage area with a ring width of about
2 m. If P is increasing, then the ring-shaped coverage area becomes narrower and it slides to the cen-
tre. A sketch of the footprint of the ring-shaped coverage area is depicted in Fig.3.4.

The coverage for B = 71° (Fig. 3.3c) is an example where we can see that the beams of the 2 horns
are just overlapping. So, we can conclude that the maximum angle of bending B = 71°.

Ring-shaped
Coverage area

8m

Fig. 3.4: Footprint of the bended biconical-horn antenna

In Fig.3.5, coverages are shown for various values of A/A at B = 56° where s=0.6, A = 5 mm and
Ah =3 m. In this figure, we can see that as the term A/A decreases, the ring-shaped coverage area
becomes wider, but on the other hand the fluctuation in the ring-area becomes higher.
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Universal coverage curves, lambda=5 mm, Beta=56, s=0.6
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Fig. 3.5: Universal coverage for B=56° and s=0.6 with A/\ as parameter

The conclusions that we can take from these computations are:
e [ establishes the ring-coverage on the coverage plane-section
o the uniformity of the ring-coverage can be arranged with s

¢ the width of the ring-area can be arranged with A/A

Now, from these computations we can determine the optimum values of B, s and A/A. These are:
o 45°<B<TI°

e s=0.6

e A/L=6
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4. The reflector antenna

4.1 General approach

As is mentioned in the general introduction, the reflector antenna is the second option that will be
investigated for indoor radio communication system. The design of this antenna is based on the theory
of a shaped double reflector antenna as is shown in Fig. 4.1 [4].

= Symmetry axis
Sub reflector Feed Main reflector Y 4

Hyperbola Parabola

Fig. 4.1: Double reflector antenna

In this design the feed is a conical corrugated-horn antenna that has a radiation pattern Gfy) with the
form of a cosine to the power n. The main reflector of the original double reflector antenna is replaced
by the coverage plane-section. That means that this is a single reflector antenna system (see Fig. 4.2).
The antenna is fixed to the ceiling (3 metres above the coverage plane-section).

Reflector

™~ Ceiling
/ﬁzwi
3m
W Coverage
S

>|I plane-section

8§m

Fig. 4.2: The reflector antenna in the MEDIAN demonstrator scenario
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The objectives of this thesis is to examine the relationship between the surface shape of the reflector
and the variation of the field (ripple) over the coverage plane-section. Furthermore, we have to de-
termine a surface of acceptable dimensions in the order of (20-30 cm) that yields an acceptable ripple
(e.g. 1 dB). There are some assumptions on the design of this antenna system, these are:

o The reflector is placed on a height of three metre from the coverage plane-section.

e The field is constant within the coverage plane-section that has a diameter of 8 metre.

Because the carrier frequency is very high (f = 60 GHz, A= 5 mm), we use geometrical optics for the
design of the reflector antenna. Because of the use of geometrical optics, the design of the reflector
antenna must satisfy the following conditions:

1. The law of Snel for reflecting surface: angle of incidence is equal to angle of reflection with re-
spect to the normal vector.

2. Law of conservation of power: the energy per unit of time that passes through a surface within a
ray tube is independent of that surface (see Fig. 4.3). The energy in the circle surface on the reflec-
tor is equal to the energy in the circle surface on the coverage plane-section. So the powerflow in a
ray tube is constant.

3. The law of Malus: the surfaces of constant phase are surfaces perpendicular to the rays, also after
one or more reflections.

Reflector

Coverage
plane-section

Fig. 4.3: Power conservation

Applying these conditions on the antenna system leads to a number of equations which the system
must satisfy. Application of Snel’s law of reflection for the reflector (see Fig. 4.4) leads to the follow-
ing differential equation

dy,
dx

r

=tan[1¥' —1¥'], 4.1)

where W' and " are the angle of incidence and angle of reflection, respectively, with respect to the
horizontal plane.
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tan(‘P‘):F—x’— o ¥ =arctan[Fx’ J , (4.2)
=Y =Y

X, —Xx, , X, —Xx,
tan(¥") = 3 e Y= arctan[ J . 4.3)

-y 3=y,

Substitution of (4.2) and (4.3) into (4.1) yields the following differential equation

dy, . x, . X, —x,
= tan| arctan — s arctan . “4.4)
dx, F-y, 3-y,

D2

Shapc{

reflector

Fig. 4.4: Geometry of the rays of the shaped reflector antenna
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There are two coordinate systems in Fig. 4.4, one describes the coordinates (x;,y,) of the reflector and
the other one describes the coordinates (x.,y.) of the coverage plane-section. The parameters used in
this figure are described below. Because of the rotationally symmetry with respect to the horizontal
axis of the antenna system, only the situation for x>0 is described.

(XY a coordinate point of the reflector

(x.,y.) acoordinate point of the coverage plane-section
p' the ray length from the feed to the reflector
Po the maximum ray length from the feed to the reflector

r

p the length of the reflected ray

r

Pmax  the maximum length of the reflected ray

P the angle between the horizontal axis and the ray from the feed

o the maximum angle between the horizontal axis and the ray from the feed
b g the angle between the horizontal axis and the reflected ray

W' . the maximum angle between the horizontal axis and the reflected ray

D diameter of the reflector

D, diameter of the coverage plane-section

F the distance between the feed and the origin of (x,,y,) coordinate system

Because of the rotational symmetry of the antenna system, the relative power radiated by the feed
between the angles 0 and ¥ can be written as

¥
P, =2n IGf () siny dy , 4.5)
0

with G((¥) the gain function of the feed

2(n+1)cos” (¥) for 0<¥Y<%
G,(‘Y)= x (4.6)
for VY>3
According to the second condition, the relative power given in equation (4.5) is equal to
P, =2n[H(r) rdr (4.72)
0

with H(r) the illumination function of the coverage plane-section. The reflected powerflux S flows
not perpendicularly through the coverage plane-section. So, it must be corrected by taking the in-
product of the power flux and the normal vector to the coverage plane (see Fig. 4.5).
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-

S

- ~ i‘l’f -
n

Coverage
plane-section

Fig. 4.5: Power flux through the coverage plane-section

The absolute value of the powerflux flowing perpendicularly through a surface is equal to
|’
2Z,

|§ | = , with E the electric field and Z, the intrinsic impedance of free space. Generally, the

powerflux flowing through a surface is equal to |§ l = cos'P’. Since the illumination function

0
, the power intercepted by a circle with radius ‘x.‘ on the coverage plane-section is equal to

H(r) < |§
P, =2x fH(r) cos(\¥") rdr (4.7b)
0

After normalizing equation (4.5) and (4.7b) to the total radiated power by the feed to the reflector and
then combining these equations, yields

X, ¥
IH(r) cos(¥’ (r)) rdr JGf (y) siny dy
0 0

Do/ =3 . (4.8)
IH(r) cos(W' (r)) rdr J.Gf (y)siny dy
0 0
Here D, =8 m.
Furthermore, there are two boundary conditions, these are:
=2 -
2F
and
D.-D
tan(¥,) = =55 (4.10)

Now with ¥, ¥'. the ratio D/DF, H(r), Gf(\Pi), the total system is determined. If for instance x. is
given, then X,, y, and further ¥, ¥’ can be calculated.
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4.2 Design of shaped reflector antenna

To determine the shape of the reflector surface, the coordinates (x,y,) must be calculated. The
essence of the design of the reflector is that the field in the coverage plane-section has an acceptable
ripple. Outside the coverage plane-section the field must be as low as possible. The spatial fluctuation
of the field on the coverage plane must be below a specified limit. Hence, the illumination function
H(r) of the coverage plane should be constant and equation (4.8) can be simplified to

l
X

fcos(\}f’(r) )rdr IG (y)siny dy

% = . 4.11)
Icos(‘l”(r))rdr J.Gf (y)siny dy

0 o

Substitution of equation (4.3) and (4.6) in equation (4.11) yields

X,

I [arcta

rdr I2(n+1)cos Y siny dy

4.12)
Icos[arctan )] rdr I2(n+1)cos Y siny dy

The solution of the left integrals of (4.12) have an analytical expression calculated by the mathemati-
cal software ‘Mathematica’ [15]. The solution of the numerator is equal to

X.

jcos{arctan[;_x ]}rdr— (y, -3)|, arcsinh(%=

) +x arcsmh( ) +

0 (4.13)
—3|-\/9+x,2—2x,xc+xc2—6y,+y,2 —\/9+xf—6y,+y,2]
The solution of the denominator is equal to
D]éco I—arctz:{r_x’ ]-l rdr= (y 3)[x arcsmh( s )+x arcsmh( )+
0 1 3—yr J
+|yr—3‘.\/9+x,2—2x, D%+(D%)2—6y,+y,2 —\ﬁ+x,2—6y,+y,2 ] . (4.14)

The solution of right integrals of (4.12) gives also an analytical expression.
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cos™'(¥')-1
"~ cos™o -1

\Pl
J2(n +1)cos"y siny dy
0 =

= (4.15)
IZ(n +1)cos"y siny dy
0

Combining (4.12) with (4.15) and using (4.2) for ¥ and the boundary condition (4.9) for o yields the
power equation

xc

r-x,
J cos[arctan(3_—y,)] rdr cos™!

[arctan(f—— ] -1 ,

=)
yr
) (4.16)
DijOS[arctan( )] rar cos™![arctan( )]~ 1
Yr

0

where the numerator and the denominator of the left part must be replaced by the expressions (4.13)
and (4.14), respectively.

To calculate the surface function of the reflector, the differential equation given in (4.4) has to be
solved numerically for a given value of x.. By using a Pascal Procedure for the solution of the differ-
ential equation, a lot of pairs of (X,,y,) coordinates are produced. These (x,,y;) coordinates must be
substituted into the power equation (4.16). If a single pair of (x,,y;) coordinates satisfy the power
equation, then that pair of coordinates is a unique point of the reflector that is valid for the given x,
value. Before substituting the (x,,y,) coordinates into the power equation, the value of n in (4.16) has
to be known. The value of n is related to the illumination from the feed.

Determination of n:

Assume that the ray power from the feed to edge of the reflector is -10 dB compared with the ray to
the centre of the reflector and the semiflare angle of the feed ‘a* is equal to 45° (see Fig.4.6).

Pedge

'
PCCI'I[IE f

Fig. 4.6: Edge Illumination from the feed
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Gi= 2(n+1) cos"(¥)

o= 45°

Pegge= 2(n+1) cos"(45)

P ocnie= 2(n+1) cos™(0)

Edge illumination from the feed = -10 dB

Pedge = 0.1 Peenire
2(n+1) cos"(45°) = 0.1 2(n+1) cos™(0)
In[cos"(45°)] = In[0.1]
In[0.1]
nes——————=
In[cos(45)]

There are some values of n given in Table 4.1 for different edge illuminations from the feed to reflec-

tor edge and o = 45°,

o=45°
edge illumination -10 -20 -30
from the feed (dB)
n= 7 13 20

Table 4.1: Values of n for different edge illuminations from the feed

For the determination of the edge illuminations at the reflector, the free space loss from the feed to the

reflector edge must be taken into account.

There is another point that deserves attention. During the substitution of the (x,,y,) coordinates in the
power equation, we saw at first that there weren’t any (x.,y.) points that satisfied the power equation.
The reason of this is that the values of x. along the coverage plane are equidistant values. The values
of x, along the reflector are also (lower) equidistant values. To solve this problem we have introduced
a relative error ‘€.’ in equation (4.16) and we got another power equation given in (4.17). The physi-
cal meaning of ‘€.’ is that the power radiated by the feed is not anymore equal to the power on the
coverage plane-section but it slightly deviates from it.

X¢

r—x,

-[ cos[arctan(3_y: )] rdr cos"“[arctan(

p 4

f

|

0
D% -

cos™"! [arctan

=)
()]

-1
+€,, .
1

J.cos[arctan(%)] rdr

0

v

P

.17
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with

pi1: Relative power on the coverage plane-section,

p2: Relative power radiated by the feed.

The relative error ‘€’ is defined as

h— P

P

€ =

rel

Expression (4.18) can be written as

P
—=\1%¢,,
2 (12e,)
and in (dB)
1Ologﬂ
P2

=10log(1xe,,) .

(4.18)

(4.19a)

(4.19b)

The power difference on the coverage plane-section related to the power radiated by the feed can be
calculated by equation (4.19). Hence, the electric field can also be calculated. This is given in Table
4.2 for different values of ‘€.

Power and E-field on the €rel

coverage plane-section le-5 le-4 le-3 le-2

Psp=10 log (1t€.) +434e-5dB |+434e4 dB | +4.34e-3 dB | 14.32e-2 dB
Ea=20 logNp +434e-5dB | +434e4 dB | +434e-3 dB |+4.32e-2 dB
E ripple 0.005 % 0.005 % 0.05 % 0.5%

Table 4.2: The effect of the relative error ‘€.’ to the field in the coverage plane-section
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4.3 Example of shaped reflector antenna

In this section, the shape of the reflector antenna is given. The design of the reflector is based on the
theory described in the previous section. To determine the shape of the reflector surface, some as-
sumptions are made and there are some boundary conditions.

Assumptions: D, =8m
D =30cm
Edge ill. from feed = -10 dB
F/D=0.5

Boundary conditions: x,=0 for x,=0

x,=D/2 and y;,=0 for x,=4m

Input parameter: Xe

Output variable: Xr ¥r

The reason why the edge illumination from the feed has been taken -10 dB is that the spillover and the
blocking are acceptable. An edge illumination from the feed of -20 dB yields a lower spillover, but
the blocking becomes higher.

The value of x, varies from zero to 4 m with a step size of 1 cm. For every value of x., there is one
(x5,Y:) calculated coordinate pair that satisfies the power equation.

3

The relative error ‘e varies from (9 e-7) to (1 e-2). The variations of the power on the coverage
plane-section related to the power from the feed are given below.

Y S— 432¢-2) dB
and
Eq cipple = (9 ey e 050) %

So, we can see that the fluctuation in this case is negligible small.

A cross-section of the entire shaped reflector with F/D=0.5 is depicted in Fig. 4.7. In Fig. 4.7, the
cross-sections of the shaped reflectors for F/D=0.4; F/D=0.6; F/D=0.7 are also drawn to observe the
effect of shaping of the reflector when the F/D-ratio changes. The reflector diameter of 30 cm and the
edge illumination at the feed of -10 dB have been taken fixed for all these reflectors. From Fig. 4.7
we can see that the depth of the reflector is increasing as the F/D-ratio increases.

The ray pattern of the antenna with F/D=0.5 is drawn in Fig 4.8. In this figure, the angle between the
rays from the feed is about 2°. Between the incident and reflected rays, the law of Snel is satisfied.
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Shaped reflectors for different F/D-ratios, D=30 cm, Edge ill.=-10 dB, Dc=8 m
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Fig. 4.7: The shaped reflector antennas for different F/D-ratios
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Symmetric shaped reflector with incident and reflected rays

0.2

o
—
N

y-coordinate [m]
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Fig. 4.8: Ray pattern of the shaped reflector antenna for F/D=0.5

Ray pattern of shaped reflector antenna with the following specifications:

¢ Diameter reflector D = 30 cm

e F/D=05

¢ Edge illumination at feed = -10 dB

¢ Diameter of coverage plane-section D, =8 m

¢ Angle between the rays from feed = 2°

In the next chapter, the calculation of the diffracted field using UTD and the total field on the cover-
age plane-section are described.
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5. UTD Analysis of the radiation from the
shaped reflector antenna

5.1 Introduction

The GTD (Geometrical Theory of Diffraction) ([9],[11],[12]) describes the diffraction phenomena by
introducing various kinds of diffracted rays, such as single-diffracted rays and multiple-diffracted
rays. The corresponding diffracted waves are assumed to follow the laws of diffraction and to diverge
according to GO laws. Consequently, the points of diffraction and the paths of the rays can be found
from the laws of diffraction, and the amplitude of the fields along the rays can be found from the
principle of energy conservation. So, this theory does not only provide a qualitative description of
diffraction in terms of the diffracted rays, but also permits a quantitative determination of the dif-
fracted field as well. In this report only single-diffracted rays are considered. So, the small contribu-
tions of multiple-diffracted rays are neglected.

The initial value of the diffracted field at the point of diffraction is obtained by multiplying the vector
of the incident wave by the dyadic diffraction coefficient, which was first obtained by Keller by com-
paring his diffraction expressions with Sommerfeld’s exact solutions for various canonical problems.
Although the diffraction coefficients are derived for canonical problems, such as the diffraction of a
plane, cylindrical, conical or spherical wave at perfectly conducting infinite half plane or wedge, the
theory can be used to calculate the field diffracted from other objects as long as their dimensions are
large compared to the wavelength. In that case only the immediate neighbourhood of points of dif-
fraction effectively contributes so that the diffraction can be considered as a local phenomenon.

According to Keller’s GTD ([11], [12]), the contributions to the field in an observation point P(r,0,9)
come, in the case of the symmetrical reflector antenna (see Fig. 5.1 ), mainly from two points Qi
(i=1,2), which are the intersection points of the plane containing the lines O'P and O’F with the edge
of the reflector. UTD (Uniform Geometrical Theory of Diffraction) gives diffraction coefficients
which are also valid in the shadow and reflection boundary where Keller’s theory fails. UTD gives a
compact form of the dyadic diffraction coefficient for electromagnetic waves obliquely incident on a
curved edge (of a perfectly conducting reflector surface). Since UTD is basically an extension of
GTD, they both are based on the same principles.

The coordinates of the diffraction points are given by (Fig. 5.1) [7]:
£, =0 (5.1a)
G,=0+7 (5.1b)
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P(r8,¢

Q(pp0.8=0)

Qz(po’a’§2=¢+n)

Fig. 5.1: Geometry of diffracted rays

The diffracted field E(P) due to the diffraction point Q; can be expressed by [10]:
E'(p)=D-E(Q) A(s,s') ¥ (52)

where D the is the dyadic diffraction coefficient, A(sf ,s,.d ) is the caustic divergence factor, sii is the
distance from the feed to the point of diffraction, s’ is the distance from the point of diffraction to
the observation point and E’ (Q,) is the incident field at point Q;. Because Q;, Q,, P, F and O’ are

lying in the same ¢ -plane, we can consider the case as a two dimensional problem and only take a
single ¢ -plane to analyze the diffracted fields as shown in Fig. 5.2.
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D/2

P(r9,0

Coverage
plane-section

Fig. 5.2: Two dimensional geometry to analyze the diffraction field

The distances given in Fig. 5.2 are described below:

Po

pl=yx +(F-y,)

pT=4(x,—x,)  +(3-y,)*

(5.3)

5.4)

(5.5)

(5.6)

5.7
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sld and s;i are the distances from the upper and lower edge of the reflector, respectively, to the obser-
vation point on the coverage plane-section.

To be able to calculate the diffracted field, the following procedure is followed. First the caustic di-
vergence factor is determined followed by a derivation of the dyadic diffraction coefficients. This will
be done in the following paragraphs.

5.2 Calculation of Caustic Divergence factor

For diffraction of an incident spherical wave at a curved edge, the caustic divergence factor takes the
form [10] of equation (5.8). This is the general formula for the caustic divergence factor.

1 ’ s
Ai(pc’sid)=s7 ﬁd— ’ (58)

where

L S Ry (5.9)
Pc pe Pgsin” B,

The terms used in equation (5.9) represent the following:

Pe the distance between the caustic at the edge and the second caustic of the diffracted ray,

Pe the radius of the curvature of the edge at the diffraction point,

pei the radius of curvature of the incident wavefront at the edge, fixed plane of incidence which
contains the unit vectors E,.i and the unit vector T tangent to the edge at Q;,

Bo the angle between 5, and the tangent T to the edge at the point of diffraction,

n the unit vector normal to the edge at Q; and directed away from the centre of the curvature,

E,." the unit vector in the direction of the incident ray (Fig. 5.2),

57 the unit vector in the direction of the diffracted ray (Fig 5.2).

In the following sections, equation (5.8) will be worked out for our specific geometry.
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5.2.1 Caustic divergence factor for the uppér diffraction point Q,

In Fig. 5.3, the upper diffraction point Q, and the associated vectors are given in detail.

From Fig

with

ISB RSB
Hy
ﬁreﬂ
r
8
Yy
Po
B a Feed
z X

Fig. 5.3: Geometry of incident and diffracted rays at Q,

7i-5/ =sinat

7i-3 =sin@, ,

()
o = arctan| — | ,
2F

. 5.2 and Fig.5.3 it is easy to find:

(5.10a)
(5.10b)

(5.10¢)

(5.10d)

(5.10¢e)

(5.10f)
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P, = (5.10g)

S RS

B, (5.10h)

Substituting equation (5.10) in equation (5.9), then Substituting the result of this into equation (5.8)
gives the following expressions for p. and A,, respectively:

_ sinot s11

pcl - pO sinGl ( . )
1 st p, sino

A , dy_ 1 Fo . 5.12

l(p” 5 ) s¢ \/ P, sinat + s sinB, (>.12)

5.2.2 Caustic divergence factor for the lower diffraction point Q,

In Fig. 5.4, the lower diffraction point Q, and the associated vectors are given in detail. For the lower
diffraction point the following expressions are valid:

fi-5, =sina (5.13a)
fi-3) =—sin@, , (5.13b)
with
0,=m—-Uu,, (5.13c)
x,+%
M, = arcta 3 , (5.13d)
pl=p,, (5.13¢)

Po
D

py== (5.136)
E (5.13g)
2 s
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Fig 5.4: Geometry of incident and diffracted rays at Q,

Substituting equation (5.13) in equation (5.9) and then substituting the result into equation (5.8) gives
the following expressions for p, and A,, respectively:

sino

P=—pP (5.14)

®sin@,

d .
&(Pcz,s§)=i\fp %2 Po S0 (5.15)

d s d ..
85 o Sin® —s, sin@,
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5.3 Calculation of diffraction coefficients

The dyadic diffraction coefficient [10] can be written as

. -D, 0

D=[ 0 _DhJ (5.16)
with
Dy the scalar diffraction coefficient for the soft boundary condition, which ﬁé converts to

B (seeFig.5.5)
D, the scalar diffraction coefficient for the hard boundary condition, which ¢, Oi converts to

¢, (seeFig.5.5)

~L

observation points
in the far field

.

plane of diffraction

plane of incident

Fig. 5.5: Diffraction at an edge

The description of the unit vectors follows below:

¢‘0" the unit vector perpendicular to the incident plane, which contains the vector 5' and the unit

vector T,
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_od the unit vector perpendicular to the diffraction plane, which contains the vector 59 and the
unit vector T,
[.’;(; the unit vector parallel to the incident plane and related to the vector 5’ and ¢‘0' by

Be=5x6,
B_(f the unit vector parallel to the diffraction plane and related to the vector § and (-53 by

By =57 %6

The diffraction coefficient D, can generally be written in the following form [10]:
h

e it F[klf a(r -r' )]$ F[KL a(r* + )]

D, = . .- : , (5.17)
»  242nksinB, cos(’—d;—’) cos(’d%)
with
r the angle between the incident ray and reflector surface tangent, which is perpendicular to the
plane of incidence (see Fig. 5.3),
r the angle between the diffraction ray and reflector surface tangent, which is perpendicular to
the plane of diffraction.
F(z)= 2j\/z exp( jz) _[exp(—jt Hdrt (5.18)
vz
involving a Fresnel integral.
The function F(z) will approach one if z—e (see Fig. 5.6).
1.0 50
> 1.
08)— Sase or ‘;\“)%0 - 4;
L \F"’ 3
g osl— v ~{30 &
5 F(KLo) = 2j/RLo o"‘"'/.""ar —{as §
3 oAl— /Ko —l7a ;
—s 3
o.2p— —i0 *
e T R UTTTH IR U T MU T
qmo: 0.01 [-X} 1.0 109

KLo

Fig. 5.6 Modified Fresnel Transition function [10]
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] d ¥ i
a(rd ¢r’)=2cos2[r > 4 . (5.19)

L' and L’ denote the distance parameters defined as

- s'(pi+s)pipi sin? B,
L = - - - s 5.20
pi(p) +s*)(pi+s*) 20

s'(p! +5*)p{ py sin® B,

I = , (5.21)
pe(pl +sd)( P2 +sd)
p, and p, are the principal radii of curvature of the incident wavefront at Q;.
p, and p, are the principal radii of curvature of the reflected wavefront at Q;.
p, is given by
1 1 2 ﬁreﬂ ‘n)- 3:[ 'ﬁreﬂ
— ( ) ( ) , (5.22)

P, p, sin’ B,

with 77, as the normal unit vector to the reflector surface at Q;.

In the following section the diffraction coefficients for the reflector geometry under consideration will
be derived.

5.3.1 Diffraction coefficients for the upper diffraction point Q,

For the upper diffraction point Q, (see Fig. 5.3) the following expressions are valid:

Pe=Po » (5.23a)
T

I30=3, (5.23b)

PL=P;= P, - (5.23¢)

Substitution of (5.23) in (5.20) yields a simplified expression for the L:
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d

[i= S Po
=—1
Pot+ 5

From Fig. 5.3, the angles 7 and #* for the upper diffraction point can be derived:

r,i=%—oc -3,

r =37n—8 0, ,
with

S =—%|_oc —arctm(Dcﬁ_DIl
Hence,

Substitution of (5.26) in (5.19) yields the next two expressions:

a(rl" —rf): 25in2(—a ;e‘)

a(rld + rli) =2cos’ (————28 +;‘ *9, ]

Now, the first transition function of the diffraction coefficient (5.17) is equal to

FlkLa(r'~r)]= F[Zk posldd sinz(o‘ ;91)]

P+

with k=—.

(5.24)

(5.252)

(5.25b)

(5.25¢)

(5.26a)

(5.26b)

(5.27a)

(5.27b)

(5.28)
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To determine p, given in (5.22), we need the following expressions (see Fig. 5.3):

Ay - =5ind , (5.29a)

5| 7, =—cos(@ +3) , (5.29b)

p.=p,, (5.29¢)
D

Pe=" - (5.29d)
T

Bo=7- (5.29)

Substitution of (5.29) in (5.22) yields the expression for p, :

_ P D
D+4p,sind cos(a +8)

r

P.

(5.30)

The principal radius of curvature ‘ p, * of the reflected wavefront at Q, (see Fig. 5.7) is equal to

, D
b= DC—D)] . (5.31)

- 2sin[arctan( 3

The principal radius of curvature ¢ p, ’ of the reflected wavefront at Q, (see Fig. 5.8) is equal to

r D 2
pr=ql5 % | ) (5:32)

This is the distance between the edge of the reflector and the intersection point of the reflected ray
through the edge with the reflected ray that lies very close to it (see Fig. 5.8). The (x,,y,) coordinates
describes the intersection point.




UTD analysis of the radiation from the shaped reflector antenna 43
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c

Fig. 5.7: Incident and reflected rays through the edge

D2

(4

Fig. 5.8: Incident and reflected rays through the edge and near to the edge

Now, the L' be equal to

e si(p;+si)plp;

= , (5.33)
p:(pf +s¢) py +5¢)

where p,; , p, and p, are given in (5.30), (5.31) and (5.32) respectively.
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The second transition function of the diffraction coefficient (5.17) is equal to
; o+20+
FlkL a(r* +1')]= F{2k L cos’ [%]] . (5.34)
Then, the scalar diffraction coefficient (5.17) becomes:

po+ st

ot |F [k RIL AN n ] F [k L cos (—a+28+6‘ )]
s T omk si n(“'e‘) ¥ cos(—m”;ere )

(5.35)

Now, the vector property of the fields still have to be considered. This can be done by expressing the
incident and diffracted fields in terms of two components according to the two orthogonal directions
defined in Fig. 5.5. These are:

5, Bo+E,, <Ii§ , (5.36a)
E‘= E" Bs +E, O (5.36b)

Inserting equation (5.36) in (5.2), and then comparing it with equation (5.16) shows that the relation
between the incident fields and the diffracted fields can be written as:

- Ej -D, 0 \(E d — iksd
E‘(p)=| P =( ! J o id S P oIt (5.37)
E, 0 -D,J\E, ) s \p.+s

For the symmetrical antenna configuration, the incident radiation from the feed is normal to the edge
of the shaped reflector (see Fig. 5.5). So, Bo equals /2 and the directions of the different vectors can
be shown as in Fig. 5.9, where the incident fields are projected on the plane (of incident) containing

5 and T , and the diffracted fields from point Q; are projected on the plane (of diffraction) contain-
ing 5¢ and T . Since these two planes generally do not coincide, the projection of all vectors onto

the plane through the diffraction point Q; and perpendicular to the tangent T of the edge is drawn in
Fig. 5.10.
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T
Plane of A
diffraction _
B,
- Fd -
& B 5
Qi i
E,
E;
g“ Plane of
incident

Fig. 5.9: Diffraction at an edge (two dimensional in plane pararllel to Tat Q.)

Plane of Plane of
diffraction incident

IANNNNNNNN \

Fig. 5.10: Diffraction at an edge (two dimensional in plane perpendicular to Tat Q)

Considering the diffraction point on the edge of the reflector, the following relations are found for the
vector components of the incident and diffracted fields at the diffraction point Q, (Fig. 5.11):

E, =—Egm , (5.38a)
El =-E} , (5.38b)
E[;m =E}¢| ’ (538C)

i

E, =Ej . (5.38d)
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Feed

P(1,6,9)

Feed

Fig. 5.11: Diffraction at the shaped reflector [7]
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The dyadic diffraction field can be written as

E:l _ Egm - —D-T 0 Eém _l_ sld pcl -jks{"
E)TT\ES T L0 D \EL stV pa+st €
, . (5.39)
_ D, 0 E}(b. 1 sld Pei o~ kst
0 D, \Ep ) st\patst

The incident field E,(p,,0t,&, =¢) can be written in the form:

E}% e'jkpo cos¢
[Ei )—AO o, ,,/Gf((l) U sing , (5.40a)

with
P
= [Z 5.40b
this is valid for a Huygens feed, where P, is the total power radiated by the feed and
Z,=120m , (5.40c)
is the intrinsic impedance of free space.
u,=1, (5.40d)
is valid for a Huygens feed.
The feed power functions considered are:
2(n+1)cos"(y) <5
Gf(\ll)={ : (5.41)
0 v >%)

where n is a positive real.

Combining the equations (5.12), (5.35), (5.39) and (5.40) gives a general expression for the dyadic
diffraction field valid for the shaped reflector.
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[Eq:’l]_ A | F k;’;’T“f{,sinz(“;e‘)]_ F[kL’ cosz(—“”f*e‘)]

= F
d d . fo-6 0+25+6
Ey, 2P, 5, sm( 2‘) cos(—2 ‘)

(5.42)

. G,(@)s) pysina cosd g i(kposkst+3)
21 k(p,sina + s sin®, ) \U, sin¢

If only a y-polarized incident field is considered and ¢ = n/2, then both E}q,l =0 and E:I = 0. This

leads to a diffraction field, equation (5.43), that contains only the scalar diffraction coefficient for the
hard boundary ‘D)’ condition .

, 1 sdp _iksd
E! =D E|, — |2 Lel o751 5.43
WD st o

Now, the diffraction field for the y-polarized incident field is described by expression (5.44):

. A | Flkesin ()] Pk cost ()]
" 2p()s|d sin(“T'e') * COS((HZSW’)

, G,()s) p, sina e—j(kpo+ks;’+§> (5.44)
21k (p, sino + s sin@,)

5.3.2 Diffraction coefficients for the lower diffraction point Q,

Proceeding similarly as in the previous section for Q,, it is possible to find expressions for the angles
r and r* for the lower diffraction point (see Fig. 5.4). These are:

. ="3_a -5 . (5.45a)

r2d=__%_8 +9, , (5.45b)

d _ i
2 2
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rzd +r 0,-o—-20
cos 5 = CoSs —2— . (5.46b)

Substitution of (5.44) in (5.19) yields the two expressions:

; 0, +a
a(r? —rj)= sinz[ 22 ), (5.47a)

0, -0 —-28 ]
9 - -20 | (5.47b)

e +r;)=cosz[ :

L' and L' for Q, are the same as (5.24) and (5.33) respectively.

Substitution of the equation (5.45), (5.46) and (5.47) into equation (5.17) yields expressions for the
scalar diffraction coefficients for Q,:

2+ P

SRENCT ) P oEE) [ (5.48)

Lo | 2t (M)] P2k 1 cos? (252 )]l

From Fig. 5.11, the following relations are found for the vector components of the incident and dif-
fracted fields at the diffraction point Q,:

E, =E , (5.492)
E. =E, |, (5.49b)
E, =Ej , (5.49¢)

0w = En, (5.49d)
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The dyadic diffraction field for Q, can be written as

d d i
E¢2 — Eﬂoz — _DS 0 E?m i Sg Pea e—jks;j
Egz E‘;oz 0 —D" E‘;’oz S; ( Pt Sg )

,- i (5.50)
[P O ER | L[5 Pa kst
0 -D, \Ep, )55\ Po+s;
Writing Ef( Pos0,E, =0 +7 ) at Q; in the form:
E,, e JkPo G cos(p +7)
Ep | 4, Py V (@) U, sin(¢ +7)
ikp ) (5.51)
e /'t —CO0S

and combining the equations (5.15), (5.48), (5.50) and (5.51) gives a general expression for the dif-
fraction field valid for Q,.

E;’z A, F[Zk%%sinz(e’%)]_ F[Zk I Cosz(ez“;“zs )]
(E:z ] B 23; Po Sin(ez%) + Cos(ez—;—zs) ]
(5.52)

1 \/ G,(0)sf pysinat [cos¢ Je-f(kpomg-w

si\ 2n k(posina—s;’sin62) U, sin

By taking ¢=r/2 and U,=1 makes Ejm =0, so that we have a diffraction field with only the diffrac-

tion coefficient for the hard boundary ‘D;’ condition.

d o
E;,=-D,Ejg, id 2 Per_ kst (5.53)
S \Pats,;
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By substituting the expression (5.48) for Dy, and (5.51) for E}Bl into (5.53), the diffracted field Ef;’2 can

be written as

a [ rseor(rm))

= o+0, + 20— .
% 2pos£’[ sin(*5) cos( "5 *) ) (5.54)

G, (@)s] posinet  _jkpyshsi -2
' , , e
21k (P, sino.L + 55 sind,)

5.4 Total electric field

The total electric field at the observation point P is equal to the sum of the diffraction field originating
from the two diffraction points Q;, Q, and the reflected field. Assuming that there is an isotropic an-
tenna placed in the observation point P, which is only sensitive for the 8-components of the incident
fields. Then the voltage at the terminals of this antenna can be written as

Ve By +C,Ey +Ey (5.55)

The constants ¢; and ¢, are introduced because the reflected and diffracted fields are not normalized to
the same power.

The normalized diffracted field on the coverage plane-section from Q; is equal to

E"(x,)=E, , (5.56a)

the normalized diffracted field from Q; is equal to

E®(x)=E, , (5.56b)
and the normalized reflected field on the coverage plane-section is equal to

E'(x)= E’3 , (5.56¢)

where ‘x.’ is the variable along the coverage plane-section (-4 m < x; <4 m).

Now, V(x,) can be written as
V(x,)=E'(x)+c E"(x)+¢, E®(x,), (5.57)

The value of ¢, and ¢, can be found by using the boundary conditions. At the edge (x; = 4 m) of the
coverage plane-section, the following condition is valid:
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qEY'(x,=4)=-1E"(x,=4) . (5.58a)
Hence,

c —_M 5 58b)

1 2Ed1(xc - 4) * .

At the edge (x. = -4 m) of the coverage plane-section, the following condition is valid:

¢, E?(x,=—4)=—-LE'(x,=-4) . (5.59a)
Hence,

E'(x. =—4
P C. et (5.59b)
2E"(x,=—4)
Substitution of (5.58) and (5.59) into (5.57) yields an expression for the voltage:
' E'(x,=4) _a Ex.=4) . n
Vix )< E'(x,)————=——E“"(x,)— < E“(x)). 5.60

After normalizing the voltage V(x.) to the voltage due to the reflected field in the middle of the cover-
age plane-section V'(x.=0), equation (5.60) can be expressed as (dB)

20 log

V(x,) ~10 1o | E'(x,) 3 E'(x.=4) Edl(xc) B E'(x,=—4) E'n(xc) |
Vi(x.=0) |E'(xc =0) 2E‘“(xc =4) E'(x, =0) 2E"2(xc =—4) E'(x, =0)|
(5.61)

The amplitude of the reflected field |E "(x,)
illumination function H(x,). So:

- JHG) . (5.62)

Because, the illumination function H(x,) is a constant and equals one, the amplitude of the reflected
field E'(x.) on the coverage plane-section is also a constant and equals one.

on the coverage plane-section is equal to the root of the

E(x,)

The reflected field on the coverage plane-section can be written as

E'(x,)=e eeD (5.63)

where k(p' + p") represents the phase of the field on the coverage plane-section, with p' and p" the
length of the incident and reflected rays as given in (5.4) and (5.5), respectively, (see Fig. 5.2).

The total field on the coverage plane-section using the shaped reflector antenna with F/D=0.5,
D=30 cm and the edge illumination from the feed of -10 dB, is given in Fig. 5.12
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In Fig. 5.12, we can see that the maximum ripple of the field is about 1.5 dB. The field at the edge of
the coverage plane-section attenuates to about -6 dB. This attenuation of the field at the edge of the
coverage plane-section is unavoidable. The ripple of 1.5 dB can not be reduced by lowering the edge
illumination from the feed or varying the F/D-ratio, because by changing one of these parameters, the
reflector gets another shape. The diameter of the reflector is not going to change, because the diameter
of 30 cm is chosen to be fixed.

In Fig. 5.13, the electric field on the coverage plane-section is given using the shaped reflector with
F/D=0.5, D=30 cm and an edge illumination from the feed of -20 dB. This has maximum ripple of
about 2.8 dB

In Fig. 5.14, the electric fields are given using the shaped reflectors with the following F/D-ratios:
F/D=0.4 and F/D=0.6 with an edge illumination from the feed of -10 dB. For each other shaped re-
flector the electric field has a maximum ripple larger than 1 dB.

Lowering the edge illumination from the feed or varying the F/D-ratio do not result in reduction of the
ripple.

These computations are unreliable around x,=0. According to the equation of caustic divergence fac-
tor (5.12), there is a caustic at x.=0. The UTD-method for the calculation of diffraction fails around
x.=0. In this region the well known method EEC (Equivalent Edge Current Calculation) must be ap-
plied for the calculation of diffraction. This is a 8-region (see Fig. 5.2) of about 3° [7, page 70]. This
0-region correspond with a x.-region of (-0.16 < x. < 0.16 m).

The conclusion that we can take from these computations, is that the total electric field using the re-
flector with F/D=0.4 and an edge illumination from the feed of -10 dB has the lowest ripple, but it is
not low enough. To get an even lower ripple, a new reflector must be designed. This will be described
in Chapter 6.

Total electric field, F/D=0.5, D=30 cm, Edge ill.=-10 dB, Dc=8 m

Total E-field [dB]
A
T

Al e
Sl b e e e
P SO OOS OO OO UONSUUUUOURTIL SOUOOUORIOOS SUPTIOTIOTS UVIRTOROON SORIORRIE IO
7 : A . . i . .

-4 3 2 - 0 1 2 3 4

Coverage plane-section, X¢ [m]

Fig. 5.12: Total electric field on the coverage plane-section for a shaped reflector with F/D=0.5
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Total electric field, F/D=0.5, D=30 c¢m, Edge ill.=-20 dB, Dc=8 m

.
-

Total E-field [dB]
b R

-4

-4 -3 -2 -1 0 1 2 3 4
Coverage plane-section, Xc [m]

Fig. 5.13: Total electric field on the coverage plane-section for a shaped reflector with edge
illumination from the feed of -20 dB

Total electric field, F/D=0.4, D=30 c¢m, Edge ill.=-10 dB, Dc=8 m

.
—_

]
(%)

Total E-field [dB]
fo

L
-4 -3 -2 -1 0 1 2 3 4
Coverage plane-section, Xc [m]

Fig. 5.14a: Total electric field on the coverage plane-section for a shaped reflector with F/D=0.4
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Total electric fisld, F/D=0.6, D=30 cm, Edge il.=-10 dB, Dc=8 m

»
=y

Total E-field [dB]
b

-4

i
-4 -3 -2 -1 0 1 2 3 4
Coverage plane-section, Xc [m]

Fig. 5.14b: Total electric field on the coverage plane-section for a shaped reflector with F/D=0.6
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6. Shaped reflector for extended
coverage area

6.1 Design of the shaped reflector antenna

The ripple of the electric field within the coverage area with a diameter of 8 m can be reduced con-
siderably by using a shaped reflector antenna dimensioned on a coverage plane-section of which the
diameter is larger than 8 m, so that the maximum ripple will be found outside of the desired coverage
area (this is the coverage plane-section with a diameter of 8 m). In our design, the diameter of the
coverage area has been extended to 10 m. At the edge of the coverage plane, there is an attenuation
larger than 6 dB, but this will also be found outside of the desired coverage area. The illumination
function H(x.) on the coverage plane-section must be chosen so, that it is constant within the area
with diameter of 8 m and outside of this it goes down. This has been done to make the ripple smaller.

The illumination function H(x,) is equal to

i for 0<x, <4

, 6.1
l-a(4-x,)* for 4<x, <5 ©D

H(xc)={

with ‘a’ the slope of the function. Because IE(xc )| = \[l —a(4—x, )? |, the slope must lie within the

area: (0 < a < 1). Proceeding the design procedure of the reflector antenna as described in section 4.2,
the reflector can be designed considering the illumination function H(x,) given in (6.1). Starting point
is equation (4.8) in section 4.1.

X, e
[H@ cos(¥'(N)rdr [ G w)siny dy

7 == (4.8)
JH(r) cos(‘P’(r))rdr IGf(W)SinW ay
0 0
Equation (4.8) can be worked out for the different region.
For 0<x.<4
x W
IH(r) cos(¥’ (r)) rdr _[G L (y)siny dy
0 0
= (6.2a)

4 5 04
IH(r) cos(¥’ (r)) rdr + JH(r) cos(¥’" (r))rdr JG () siny dy
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For 4<x.<5

IH(r) cos(\¥’ (r)) rdr+ IH(r)cos(‘{”(r))rdr IGf (y)siny dy
2 ° = (6.2b)

4 5 o
IH(r) cos(W’' (r)) rdr+ IH(r) cos(¥' (r)) rdr IGf (v)siny dy
0 4 0

. ; X, X — X, D
with D.=10m, W' = arctan ¥ =arct and O = arct —] .
F-y, 3=y, 2F

Substituting equation (6.1) in (6.2) yields the following solution:

For 0<x.<4:

X,

;!.cos [arctan( )] rdr cos™! [arctan(

ol
4 cos” [arctanL] .

{cos[arctan( )] rdr +Icos[arctan( )] [1 a(4-r) ]rdr

(6.3a)

For4<x.<5:
4

Icos[mctan(3_ )]rdr+Icos[arctan ][1 ald—r)*] rdr cos"“[arctan( )] 1

s [arctan ] 1

Icos[arctan( )] rdr +Icos[arctan ] [1 a(4-r) ] rdr
(6.3b)

Using ‘Mathematica’ [15], the integrals from (6.3) can be solved.

(;:;’ )] [1 —a(4- r)z] r dr, from equation (6.3) has an analytical

'x!.‘
= | cos

solution. This is:
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Int]:é_b,r _3| '{—\[25_8% +x2 -6y, +y? [6+a(4+52x, —11x? =24y, +4yr2)]+

2 2 2
+4/9+x =2x.x. +x, -6y, +y, -

[6+ a(~60+72x, —11x, +24x, - 5x,x, —2x2 =24y, +4y?)| }+ 6.4)

+%(y, -3)[2x, +a(=72-5x, +16x? —2x? +48y, ~18x,y, —8y* +3x,y?)|

. {arcsinh( = ) —ar CSinh(%)}

5

The integral,Int2 = Jcos [arctan(ﬁ;‘—:)] [1—a(4—r)2] r dr, from equation (6.3) has a similar ana-
4

lytical solution with x.=5. The solution of the integral, Int3 = J-cos[arctan(%)] r dr, from (6.3) is
0
given in equation (4.13). This is:

Int3=

Y, —3'-(\/9:x,2 —-2x,x,+x. =6y, +y} —\/9+x,2 -6y, +y,2)+

(6.5)
- ( Y, — 3) (x, arcsinh(%) +x, arcsinh(;f’j))

4
The integral, Int4 = Jcos [arctan(%)] r dr, from equation (6.3) has a similar analytical solution as
0

the solution of Int3 with x.=4.

The shaped reflector antenna with F/D=0.5, D=30 cm, edge illumination from the feed = -10 dB and
the boundary conditions:

x,=0 for x.=0,

Xxx=D/2 and y,=0 for x,=5m,

has the form as given in Fig. 6.1 for a = 0.5 and a = 0.99. In this figure, we can see that the reflector
dimensioned for the illumination function with a slope near to one is less deep than that with a lower
slope.
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Shaped reflector, F/D=0.5, D=30 cm, Edge ill.=-10 dB, Dc=10m
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Fig. 6.1: Shaped reflector for extended coverage plane-section
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In Fig. 6.2, the ray pattern of the shaped reflector is given where the slope ‘a’ of the illumination
function is equal to a=0.5. The angle between the rays from the feed is about 2°. Between the inci-
dent and reflected rays, the law of Snel is satisfied.

Symmetric shaped reflector with incident and reflected rays

0.2

0.15°
E
L
g
5 0.1
[]
8
>
0.05 X
) .”‘9
‘3“
0
_0.08 { 1 0 1 AI; 1 1 _—
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2

x-coordinate [m]

Fig. 6.2: Ray pattern of the shaped reflector antenna for the extended coverage plane-section

Ray pattern of the shaped reflector antenna with the following specification:
¢ Diameter of reflector D =30 cm

e F/D=0S5

e Edge illumination at feed =-10 dB

¢ Angle between the rays from feed = 2°

¢ Diameter of coverage plane-section =10 m

e Illumination function on coverage plane-section: H(x, ) =1-a(4—x, )2

e a=05
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6.2 Total electric field on extended coverage area

The calculation of diffraction and total field on the extended coverage plane-section is based on the
principle described in the previous section. In Fig. 6.3 , the total field is given for a = 0.5, a = 0.9 and
a = 0.99. Assuming that there is an isotropic antenna placed in the observation point P, the voltage at
the terminals can be written as

V(x,)=E"(x,)+¢,E*(x,)+c,E**(x,), (6.6)

with the boundary conditions:

1
c,EV (x, =5)=—5E’(xc =35), (6.7a)

and

c,E*%(x,=-5)= —%E’(xv =-5). (6.7b)

Substitution of (6.7) into (6.6) yields

V()= E () = e B () e B B (63)
where the E'(x,) for (0 < x. < 4) is equal to

E'(x)=e*0+0 (6.9a)
and for(4 < x.<5)

E'(x,)=41-a(4—x2) e*®"e", (6.9b)

with p’ and p’ given in (5.4) and (5.5) respectively. Normalizing equation (6.8) to the voltage due to
the reflected field in the middle of coverage plane-section V/(x.=0), the voltage can be written (in dB)
as

| E(x)  E(,=5 E"() E(x,=-5 E"@x) |

V(x) |_ -
HEG=0) 2E(x, =5 E'(x,=0) 2E%(x,=-5) E'(x,=0)

Vix,=0)|

20 log

(6.10)
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From Fig. 6.3, we can observe clearly that the attenuation much larger than 6 dB at the edge of the
coverage plane-section and the maximum ripple appear outside the desired (coverage area with a

diameter of 8 m). We can also observe that the highest value of the slope of the illumination function
leads to the smallest diffraction.

Total electric field, F/D=0.5, D=30 cm, Edge ill.=-10 dB, Dc=10 m, a=0.5

Total E-field [dB]

Coverage plane-section, Xc [m]

Fig. 6.3a: Total electrical field on the extended coverage plane-section where the illumination func-
tion has a slope of a = 0.5
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Total electrical, F/D=0.9, D=30 cm, Edge ill.=-10 dB

Total E-field [dB]
& A

]
(2]

-4}

-5 -1 0
Coverage plane-section, Xc [m]

Fig. 6.3b: Total electrical field on the extended coverage plane-section where the illumination func-
tion has a slope of a =0.9

Total electric field, F/D=0.5, D=30 cm, Edge ill.=-10 dB, Dc=10 m, a=0.99
3 T T T I I I I l

Total E-field [dB]
) L

‘
W

-5 -4 -3 -2 -1 0 1 2 3 4 5
Coverage plane-section, Xc [m]

Fig. 6.3c: Total electrical field on the extended coverage plane-section where the illumination func-
tion has a slope of a = 0.99
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7. Conclusions and Recommendations

7.1 Conclusions

Antennas for the (MSS) Median Server Station have been designed that will be used for the Median
demonstrator. The demand that was made on the design was that the antenna, fixed at a height of 3 m,
should exhibit an uniform coverage on the coverage plane-section (circle area on the ground with a
diameter of 8 m).

The first antenna that has been designed is the bended biconical-horn antenna. This antenna derived
from the standard biconical-horn antenna by bending it downwards. The performance of the bended
biconical-horn antenna does not satisfy the demand of uniform coverage because it exhibits a ring-
shaped coverage with a ring width of about 2 m. By increasing the angle of bending, the ring-shaped
coverage area becomes narrower and it slides towards the centre of the coverage plane. This antenna
can be used in special applications.

The second antenna that has been designed is the shaped reflector antenna with a diameter of 30 cm.
The reflector is shaped in such a way that there arises always a uniform coverage on the coverage
plane. Because of diffraction at the edges of the reflector, ripples appear in the field on the coverage
plane. The maximum ripple is larger than 1.5 dB and there is an attenuation of 6 dB at the edge of the
coverage plane-section. The ripple can not be reduced by varying the F/D-ratio or lowering the edge
illumination at the feed, because by changing one of these parameters the reflector gets another
shape. This problem has been solved by shaping the reflector for a coverage plane-section with a
diameter larger than 8 m, so that the maximum ripple and the attenuation larger 6 dB at the edge of
coverage plane-section will be found outside the desired coverage area. By taking a tapered illumina-
tion function on the coverage plane, a smaller ripple is realized. The maximum ripple was found to be
smaller than 0.5 dB. So, we can conclude that the coverage of the shaped reflector antenna is almost
uniform and it is therefore a suitable antenna for the Median demonstrator.

7.2 Recommendations

In the general introduction (Chapter 1), three types of antennas are mentioned that can be used for the
Median demonstrator. The performances of the first two antenna types have been investigated and it
was concluded that the shaped reflector is a suitable antenna for the Median demonstrator. It is rec-
ommended to analyze also the third type, i.e., corrugated-horn antenna and compare its performance
with that of the shaped reflector antenna.

The second recommendation is to investigate the influence of blocking on the performance of the
shaped reflector antenna. Another recommendation is to realize the shaped reflector with the appro-
priate parameters and verify its performance by measurements.
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Appendix A

Derivation of expression (3.1) and (3.2).

. Ah
sin@ #— (A1)
r
0'=0 +0 (A2)
: . Ah
sin@ ’ = sin(o +9)=T . (A3)
Substituting of

sin(or +60 ) = sino. cosO + cosa sin@

in (A3) yields

. . Ah
sino cosO +cosa sin® =— . (A4)
r

Dividing left and right of equation (A4) by cos® gives

. 1
sinot + cosot tanQ =—
r cos@

Ah -
cos® = —(sinot +cosa. tan8 ) By
r

(AS5)
With 8 =0’—a , equation (A5) becomes
Ah 1
cos =—— - . (A6)
r sino +coso tan(0’ —o)
Substituting of 0’ = arcsin(“%) in (A6) yields
_ Ah 1
cos@ =— " . (A7)

r sino. +cosol tan[arcsin( , )—a]



70

Apendix A
. ) Ah
sino cosO +coso sin® = — (A4)
r
Dividing left and right of equation (A4) by sin6 gives
N sine.  Ahr 1
coso =——
tan0 r sin@
. Ah tan®
sin@ =— - . (A8)
r coso tan® +sino
With 8 =0’—a , equation (A8) becomes
Ah tan(0’—o
sin® =— ( p ) - (A9)
r cosa tan(0’—o ) +sino
Substituting of 0= arcsin(4%) in (A9) yields
Ah tan|arcsin(%*)— o
sin@ =— [ () ] (A10)

r coso tan[arcsin(%) —OL] +sinc
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