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Abstract

This report gives an analysis of the radiation properties of some planar integrated circuit
antennas mounted on a dielectric slab with lens. Two different planar antennas are treated:

the double-slot antenna and the double-dipole antenna with a backing reflector. For the
dielectric lens, which is used to focus the radiation and to reduce the substrate-mode power,

two possible candidates have been analyzed and compared. Firstly, an elliptical lens that

focuses an incident plane wave to one point is considered. A second elegant solution is the
use of an extended hemispherical lens, which can for example be applied to synthesize the

elliptical lens by a proper choice of both the radius of the hemisphere and the extension

length.

For the calculation of antenna properties such as: radiation pattern, beamwidth, (Gaussian)

beam efficiency and directivity, the electric and magnetic fields at the dielectric lens surface
have to be known. These fields are found using ray-tracing inside the lens, assuming that the

primary radiator can be treated as a point source characterized by its own far-field radiation

pattern. Once the fields just outside the lens are known, an electric- and magnetic-field

integration over the lens surface is applied to determine the far-field radiation pattern of the
integrated lens antenna. A comparison between the results of our calculations and those
obtained by Filipovic [1], for an extended hemispherical silicon lens, shows that there exists
a very good correspondence. The directivities of the integrated elliptical lens antennas with

a diameter of 15.0 mm are close to 30 dBi at 246 GHz, with a lO-dB beamwidth of about 8°
for various antenna designs. The corresponding beam efficiencies vary from 70 to 90%

depending on the planar antenna and the dielectric material used. Another very important
antenna feature is the Gaussian beam efficiency or so-called Gaussicity, describing how well

the radiation pattern resembles the pattern of the fundamental Gaussian beam. For the

rotationally symmetric elliptical lens the Gaussicity varies between 70 and 90%. The Gaussian

beam efficiency can be increased up to 97% by applying an extended hemispherical lens

instead of an elliptical one.

Finally, this report describes the comparison between results of measurements and the results
from our computations. The configuration used was a double-dipole antenna with a backing
reflector illuminating a high density polyethylene (HDP) elliptical lens. It is shown that for
the main lobe the theoretical results agree very well with the measured data. For larger angles
from boresight however, there exist some differences between the two results, which can for

the major part be explained by the power reflected at the lens surface.



Contents

List of sym.bols 1

1. Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 5

2. Antennas on dielectric substrates 9

2.1 Substrate modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 10

2.1.1 Transverse electric waves . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 10

2.1.2 Geometrical Optics interpretation 14

2.2 Radiation patterns 15

2.2.1 Slot antenna 16

2.2.2 Double-slot antenna . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 20

2.2.3 Double-dipole antenna with a backing reflector , 24

3. Integrated lens antennas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 29

3.1 Theoretical analysis of the lens antenna 29

3.1.1 Far-field radiation patterns 31

3.1.2 Aperture field and antenna efficiencies. . . . . . . . . . . . . . . . . . .. 33

3.1.3 Main beam and Gaussian beam efficiency 36

3.2 Elliptical lens 38

3.2.1 Calculated far-field radiation patterns . . . . . . . . . . . . . . . . . . . .. 39

3.2.1.1 Double-slot antenna 39

3.2.1.2 Double-dipole antenna with a backing reflector 46

3.2.2 Calculated aperture field and antenna efficiencies 51

3.2.2.1 Double-slot antenna 51

3.2.2.2 Double-dipole antenna with a backing reflector 54

3.3 Extended hemispherical lens 56

3.3.1 Comparison with Filipovic's results 58

3.3.2 Calculated far-field radiation patterns. . . . . . . . . . . . . . . . . . . .. 60

3.3.3 Calculated antenna efficiencies 66



4. Comparison between theory and measurements 69

5. Conclusions and Recommendations 75

5.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 75

5.2 Recommendations 76

Acknowledgements 78

References e _ • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• 79

A: Derivation of the Fresnel reflection and
transmission coefficients . . . . . . . . . . . . . . . . . . . .. 81

B: Aperture- and far-field representation of a
first-order Gaussian beam 85

C: Measured and calculated co-polarized patterns
of a double-dipole fed lens antenna 91



List of symbols

1

a

A

AF
b

B

B

c

d

dz
D

D

e~

E

E-,r
f
!co
G

H

H-'r
I

half the length of the short axis of the ellipse

arbitrary constant

array factor

half the length of the long axis of the ellipse

arbitrary constant

magnetic flux density

focal distance

speed of light in vacuum (2.9979108 m1s)

thickness of the dielectric slab

length of a short slot or short dipole antenna

diameter of the lens

electric flux density

unit vector in the co-polarized direction

unit vector in the cross-polarized direction

unit vector in the o-direction

unit vector in the ~ -direction

electric field

co-polarized electric field

cross-polarized electric field

electric field just outside the lens

frequency

cut-off frequency

directive gain function or power pattern

magnetic field

magnetic field just outside the lens

electric or magnetic current

electric current amplitude

magnetic current amplitude

F1
current density



2

J
-5

k

m

M
-5

n

Ii

p

r

r'

r

r'

R

SR

Re( )

R'

s

sgn( )

S

t

w

Wo

x,y,z

z

List of symbols

electric current density

wavenumber

mean wavenumber

half the length of the feed antenna

extension length

integer

magnetic current density

index of refraction

unit normal vector

number of elements in array along the x-axis

radiation intensity

total radiated power or input power of the feed antenna

distance from the center of the dielectric lens to the far-field

observation point

distance from the center of the dielectric lens to the equivalent

electric and magnetic current densities

vector pointing from the center of the dielectric lens to the far-field

observation point

vector pointing from the center of the dielectric lens to the equivalent

electric and magnetic current densities

distance from the feed antenna to the observation point

radius of curvature

real part

distance from a point on the feed antenna to the far-field

observation point

distance from the double-dipole feed to its backing reflector

signum function

surface just outside the lens

time

beam radius or waist

minimum waist

Cartesian coordinates

wave impedance

free space impedance (1201tQ)



List of symbols

1t

ro

v

attenuation constant

phase constant

propagation constant

angle in the xz-plane with respect to the z-axis

spacing between elements in feed-antenna array

permittivity of the dielectric

mean permittivity

permittivity of vacuum (1I361t 10-9 F/m)

relative dielectric constant of the dielectric

(combined) aperture efficiency

polarization efficiency

spillover efficiency

transmission efficiency

angle with the y-axis

width of the main beam

maximum angle with the y-axis of a ray illuminating the lens

angle with the z-axis

angle of incidence at the cut-off frequency (critical angle)

angle of incidence

angle of reflection

angle of refraction

wavelength

mean wavelength

permeability of vacuum (41t 10-7 HIm)

normalized frequency

3.14159265,.

VX 2
+Z

2

reflection coefficient for parallel polarization

reflection coefficient for perpendicular polarization

conductivity

transmission coefficient for parallel polarization

transmission coefficient for perpendicular polarization

angle in the xy-plane with respect to the x-axis

angular frequency

angular cut-off frequency

d' (a a a)
gra lent ax'~' az

3



5

1. Introduction

Due to the increasing demand for low-noise receivers operating in the millimeter-wave and

submillimeter-wave region, people have looked for other system technologies than the

expensive waveguide-based systems using traditional waveguide horns, i.e. Potter or

corrugated horns. The applications for the low-noise receivers can be found in various areas

such as remote sensing, radio astronomy, plasma diagnostics, radar and communication

systems. It appears that the precision-machined waveguide-based systems are very difficult

to manufacture at frequencies above 300-500 GHz. The question that arises is: How can we

make reasonably priced systems for the millimeter-wave and submillimeter-wave region? It

is clear that the answer is not found in just scaling down microwave systems, because the

performance worsens due to the more critical alignments and metal surface tolerances.

One very attractive solution for the millimeter-wave and submillimeter-wave systems is the

so-called planar integrated receiver technology. This technology is expected to lead to

receivers that are easy to manufacture, reliable, small, light and much less expensive than

waveguide-based receivers. One problem area used to be the unavailability of planar receiver

detectors that could easily be matched with integrated antennas. Several diode types now exist

which overcome this limitation and the research effort should shift towards the design of such

antennas.

Integrated antennas consist of a functional combination of solid-state devices and planar

printed circuit antennas. Though, it should be pointed out that this type of structure is not a

simple combination of an antenna followed by active devices. One of the main immediately

recognizable benefits is the elimination of the transmission line between the traditional

antenna and the active circuit, because the planar antenna and the solid-state devices can be

integrated into a single entity. However, the integrated antennas have traditionally suffered

from poor radiation patterns and low efficiencies.
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To give an idea of the possible integrated antenna structures that are used nowadays, two of

these antennas are shown in Figures 1.1 and 1.2.

Figure 1.1 : Planar log-periodic antenna on top of a dielectric lens [2J.

The first antenna that is shown in Figure 1.1 is a planar log-periodic antenna on a dielectric

lens (dielectric lens antenna). A log-periodic antenna, which belongs to the class of broadside

antennas, placed on a substrate lens offers an attractive solution for wideband applications.

Another often used class of integrated antennas are the end-fire antennas and one example is

the Vivaldi antenna, which is shown in Figure 1.2. The Vivaldi antenna is an exponentially

tapered slot antenna (TSA) with the metallic slot etched on a dielectric substrate. Sometimes

both sides of the dielectric are metallized.

Further, other types of integrated antennas used in millimeter-wave and submillimeter-wave

systems are the dielectric-filled parabola [3] and the integrated hom antenna [4]. In this report

it is chosen to analyze the integrated lens antennas, which are illuminated by a double-slot

or a double-dipole (with backing reflector) feed. The lens of these antennas usually has an

elliptical or an extended hemispherical shape.
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An application for dielectric integrated lens antennas can be found in limb sounding [5]

instruments, with which it is possible to determine the composition of the ozone layer.

Figure 1.2 : An exponentially tapered slot antenna (Vivaldi) [6J.

Before the complete lens antenna is considered, it is started in Chapter two with the theory

of substrate modes. It is investigated to what extent this theory can be related to the

Geometrical Optics (GO). Then, the radiation patterns of a slot, a double-slot and a double

dipole antenna with a backing reflector are calculated using Geometrical Optics. To eliminate

the substrate modes, a dielectric lens with the same index of refraction is placed on top of the

slab. In Chapter three, integrated lens antennas with an elliptical or an extended hemispherical

lens are analyzed and the radiation patterns, the directivity, the beamwidth, the beam

efficiency and the Gaussian beam efficiency are determined. A comparison between the

results of our model and measurement results is described in Chapter four. Finally, the

conclusions and recommendations are given in Chapter five.
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2. Antennas on dielectric
substrates

Printed antennas which are mounted on a dielectric substrate, as shown in Figure 2.1, tend

to radiate most of their power into the dielectric. So, when the antenna is used in a receiving

configuration, it is best to focus energy from the substrate side rather than the air side. The

power radiated directly into the air can be seen as some sort of loss, but this is usual not the

main loss. The main loss is formed by substrate modes, which always exist in a dielectric slab

with a radiating antenna on top of it. If, from a Geometrical Optics point of view, the angle

of incidence of a transmitted ray at the substrate-air interface is larger than the so-called

critical angle (8), this ray will be completely reflected at the interface and be trapped as

substrate modes. In the next section the theory of substrate modes in a dielectric slab is

treated.

y

y=o

d
substrate-mode losses

Ed

Figure 2.1 : Planar antenna printed on a dielectric slab.
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2.1 Substrate modes

Chapter 2: Antennas on dielectric substrates

Integrated antennas on dielectric substrates usually suffer from relatively large substrate-mode

losses. It is easy to describe the process of modes by applying Geometrical Optics, and

considering a thick dielectric slab. The radiation pattern of any integrated antenna on a thick

dielectric slab is usually not limited to angles smaller than the critical angle. As already

stated, every ray with an angle of incidence greater than the critical angle will be totally

reflected and, as a consequence, all the power radiated in the dielectric above this critical

angle is converted into substrate-mode power. However, the dielectric slab is not always thick

enough to validate the use of Geometrical Optics. In this case substrate-mode power can be

described by using modes, and the first question that arises is: which substrate modes can

exist in a dielectric slab? The dielectric slab shown in Figure 2.1 is assumed to be

homogeneous, isotropic, linear and infinitely extended in the x- and z-direction. Because

generally only non-magnetic materials are used, the permeability has the value Ilo' First it is

started by writing down Maxwell's equations:

aB aH
VxE = --= = -Il -=- at 0 at

aD aE
VxH =-= + J = £: -= + oE- at - at

(2.1)

(2.2)

When it is known that the dielectric material contains no free charges, Maxwell's equations

reduce to the following wave equation:

(2.3)

In the following only attention will be paid to the transverse electric (TE) waves, because for

the transverse magnetic (TM) waves the same procedure can be used. For dielectric media

0=0 and therefore the last term of Equation (2.3) will further be neglected in the derivation

of the substrate-mode fields.

2.1.1 Transverse electric waves

To derive solutions for Equation (2.3), harmonic waves that are independent of z are assumed.

Then all the field components are proportional to expUrot-yx), with y=a+j~, if the wave

propagates in the positive x-direction.
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For TE-waves polarized in the z-direction Ex and Ey are zero and therefore Equation (2.3)

reduces to:

iJ2E
__z + k2E =0iJ y 2 c Z

with

k/ = k 2 + f

and

k 2 = ro21lo£

(2.4)

(2.5)

(2.6)

In general, the dielectric is not free from losses (f is complex), but here only real values ofy2

will be considered. If the dielectric losses are zero then y=j~ and y2 is real. Solutions for the

substrate modes can now be obtained if k/ is made positive in the dielectric slab (kcd=h)) and

negative in the air (kca =jh2). Quantities in the dielectric slab are indicated by the subscript d

and in the air by a. In Ref. [7] it is shown that the electric field components in- and outside

the dielectric can be written as:

for symmetric TE-waves and

Ezd = BSin[h)(Y+ ~)}xpurot-j~X)

E = sgn(y+!!..)Cexp(-h2Iy+dl>expUrot-j~x)
w 2 2

-d~y~O

y~-d,y~O

-d~y~O

y~-d,y~O

(2.7)

(2.8)

(2.9)

(2.10)

for antisymmetric TE-waves. It is seen that the field outside the dielectric is an exponential

decaying function of the distance from the dielectric slab. For the magnetic field components

see Ref. [7].
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Further, continuity of the electric and magnetic field components across the dielectric-air

interface leads to the following characteristic equations [7]:

(2.11)

for symmetric TE-waves and

(2.12)

for antisymmetric TE-waves.

With U =h\ dl2 and W=h2dl2 both the symmetric and antisymmetric TE-waves should satisfy

the following relationship:

(2.13)

where v is called the normalized frequency. The solutions to Equation (2.11) or (2.12) and

(2.13) for W ~ 0 are called modes. When the value of W is smaller than zero the field will

explode outside the dielectric slab and this is physically not acceptable. This can be seen in

Equations (2.8) and (2.10). The symmetric modes are denoted by TEm, with m = 0,2,4... , while

for the antisymmetric modes odd values of m are used. A graphical method for solving the

characteristic equations is illustrated in Figure 2.2. In this figure the possible substrate modes

of a 0.31 1..0 thick silicon slab are given. It is seen that only three transverse electric modes

can propagate in this slab, because the other mathematical solutions require values of W

smaller than zero.

(2.14)m = 0,1,2,3 ...

At the cut-off frequency W=h2dl2=0, which means that h\dl2=m1t, with m =0,1,2,3 etc. If

these two equations are substituted into Equation (2.13), the following cut-off thickness for

the TEm-mode is obtained:

d m
(r)co = ---;::==

o 2VE rd - 1
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Figure 2.2 : Graphical solutions for the characteristic equations with dJ),.o =0.31 and e rd =11.7.

Rewriting this equation results in the frequency at cut-off and for this cut-off frequency of

the m-th substrate mode it is possible to write:

mf = C
cO,m o-2-d-Ji=e=rd=-=I=

m = 0,1,2,3 ... (2.15)

with Co the speed of light in vacuum.

Figure 2.3 shows the propagating TE-modes for a quartz and a silicon substrate as a function

of the slab thickness relative to the wavelength in the air. Now that the possible modes in a

dielectric slab of thickness d are known, the total substrate-mode power can be calculated if

the input source is given. As an example, the power lost to these propagating modes is

calculated in Ref. [6] for an elementary dipole and an elementary slot antenna. It appears that

when the substrate thickness increases the total substrate-mode power approaches a limit

value; the only difference is the power distribution among each individual mode. For thick

dielectric substrates however, it is not necessary to use the theory of modes to determine the

total substrate-mode power. In this case the theory of Geometrical Optics can be applied to

calculate the total power contained in these modes. The equivalence between the substrate

mode theory and the theory of Geometrical Optics is shortly treated in the next section.
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Figure 2.3 : Propagating modes in an ungrounded dielectric slab.

2.1.2 Geometrical Optics interpretation

Equations (2.7) and (2.9), which describe the electric field for symmetric and antisymmetric

waves in a dielectric slab of thickness d, can be written in the following forms:

for symmetric TE-waves and

for antisymmetric TE-waves.

From these equations it can be seen that the electric field is a superposition of two uniform

plane waves with an angle of propagation of 9 and -9, where 9 is the angle with the

negative y-axis. For 9 it is possible to write: tan9 =Plht •
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The phase constant of a proper mode (which can exist) can be derived from Equations (2.5),

(2.6) and (2.13) yielding

At the cut-off frequency h2 =0 , therefore

~(ro) = ko = ...!... = sine
k

d
k

d
n

d
C

(2.18)

(2.19)

So, it is clear that at cut-off the angle of incidence on the interface between the dielectric slab

and the air equals the critical angle for total internal reflection. If the frequency is lower than

the cut-off frequency, the rays are not totally reflected. For a proper mode, it is necessary for

the angle e to be greater than the critical angle.

As already stated, with the theory of Geometrical Optics the total substrate-mode power in

a thick dielectric slab can be calculated by integrating the radiation pattern of the antenna (in

the dielectric) over all angles greater than the critical angle. Of course not only the substrate

mode losses can be determined by using the radiation pattern, but also the field at the second

dielectric-air interface.

2.2 Radiation patterns

To calculate the radiation pattern of the integrated antenna in the dielectric slab, it is assumed

that the radiation pattern in a thick slab (second dielectric-air interface in the far-field of the

feed) can be approximated by the radiation pattern of the same antenna in a dielectric half

space. It has already been explained that antennas on top of thick dielectric substrates lose

power to substrate modes and that this loss can be calculated from the radiation pattern of the

antenna. Therefore, it is important to find these patterns for different kind of antennas placed

on top of some dielectric half-space (or thick slab).

The planar antennas to be used as a feed are a slot, a double-slot and a double-dipole antenna

with a backing reflector. Both the E- and H-plane radiation patterns are calculated and silicon

(£,=11.7), fused quartz (£,=4) and high density polyethylene (£,=2.31) are used as dielectric

materials. The double-slot and double-dipole antenna are chosen, because it would give us the

opportunity to compare our results with results obtained by Filipovic [1] and Skalare [8]. In
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(2.20)

this section the coordinate system of Figure 2.1 is shifted by d in the y-direction for

mathematical convenience, so that in the following the antenna is located in the origin.

2.2.1 Slot antenna

The fIrst antenna that is considered is a single-slot antenna, which is placed parallel to the z
axis. A picture of this type of antenna can be seen in Figure 2.7, where two of these slot

elements are placed together. For a short slot (dz < A) in some medium the far-field E- and

H-components can be written as [9]:

jk IdzsinO
E... = e expUrot-jk R)

't' 41tR e

E
H = - •9 -

Ze
(2.21)

with 0 the angle with the z-axis, ke =kd =21tlA.d for a dielectric medium and ke =ko=21tlA.o for

air. The wave impedance of the medium is denoted by Ze =Jlloled • Next, patterns of longer

slot antennas will be calculated assuming a sinusoidal magnetic current distribution in the slot.

The wavelength of this current distribution is the mean wavelength [10] given by

Am =Ao'F: with Em =(1 +E,)/2. Then for the current in the slot it is possible to write:

-l ::;; z ::;; 1 (2.22)

with km =21t/Am and 21 the length of the slot antenna. Because of the metal plane between the

dielectric and the air, the slot antenna radiates as if it was entirely placed in the dielectric or

air, depending on whether the radiation pattern in the dielectric or the air is needed. Of course

the sum of the power radiated in the air and in the dielectric must equal the total radiated

power by the slot. The total electric fIeld in some point located in the far fIeld of the antenna,

can be expressed as:

jk I sinO I'sin[km(l-Izl)l ,
E... = em exp(-jk R )dz

't' 41t R' e
-I

(2.23)

The time dependence e}lD/ will further be omitted in this report. In Equation (2.23) R' is the

distance from a point on the antenna to a far-fIeld observation point. At a large distance from

the slot, the difference between Rand R' can be neglected regarding its effect on the

amplitude although its effect on the phase must be taken into account.
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For R' can be written:

R' = R-zcos8

Using Equation (2.24) and evaluating the integral reduces Equation (2.23) to:

2jke kml m sin8 [COS(k lcos8) -cos(k l)]Eo. = e m exp( -jk R)
,. 41tR k 2 k 2 28 em - e COS

(2.24)

(2.25)

17

The radiation intensity is defined as the power radiated per unit solid angle and can be

calculated as:

P(8,cj» = .!..R 2 Re[ Ex H·]
2 - -

= R 2
1E(R,8,cj>? I

2Ze

(2.26)

Next the directive gain function or power pattern G(8,cj» can be found, simply by dividing the

radiation intensity of the selected antenna by the radiation intensity of an isotropic radiator,

with the same input power (P,a,), Thus,

with

G(8,cj» = 41t P(8,cj»
P,a,

21t It

P,a, = f fP(8,cj» sin 8d8dcj>
o 0

(2.27)

(2.28)

The input power (P,a,) is equal to the total radiated power by the feed antenna. If Equations

(2.25) and (2.26) are substituted into Equation (2.27) the directive gain function of the slot

antenna, on top of a dielectric half-space, is obtained:

2 2 2. 2 [ ]2ke kmlmSlO 8 cos(k lcos8) -cos(k l)
G(8 cj» = e m

, 21tZeP,a, (k;' -ke2 cos2 8)
(2.29)

It is good to note here that the input power P,a, is a function of the magnetic current

amplitude 1m , In the E-plane the power pattern is constant, because 8 = 1t/2 and the pattern

is independent of cj>. In the H-plane on the other hand, it is obvious that the pattern is not

uniform but varies with the angle 8.
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Power patterns have been calculated for one frequency (246 GHz) and three different relative

dielectric constants (Er = 2.31, 4 and 11.7). This frequency is chosen to compare our results

with the results obtained by Filipovic et al. [1], further on in this report. The length of their

slot antennas on silicon was O.28Ao' In Figures 2.4 to 2.6 these patterns have been plotted and

both the radiation in the air and in the dielectric half-space are shown. It appears that the

beamwidth into the dielectric is always narrower than the beamwidth into the air. For the

directivity at the dielectric side it may be concluded that it increases when the relative

dielectric constant of the dielectric increases. The computed directivity is 6.1 dBi for silicon,

4.7 dBi in case of quartz and 3.9 dBi when a HDP dielectric is used. Of course this is

partially due to the backward radiation losses. For example the power radiated into the air

contains 3.2% and 22.8% of the total radiated power, when silicon or HDP is used,

respectively. The discontinuities in Figures 2.4 to 2.6 at angles of -90 and 900 from boresight

can physically exist, because of the metal ground plane between both media. This implies that

a net current will flow through the metal as a result of the different field strengths at both

sides of the ground plane.
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Figure 2.4 : Power patterns of a slot antenna in the air and in a silicon dielectric half-space
at a frequency of 246 GHz (solid line: H-plane, and dashed line: E-plane).
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Because the E-plane pattern is constant in the air and in the dielectric, the single slot is not

very useful as feed for the actual integrated lens antenna. One way to solve this inconvenience

is to make an array of two equal slot antennas. Such an antenna is called a double-slot

antenna and will be discussed in the next section.

2.2.2 Double-slot antenna

The antenna array, which is mounted on top of the dielectric half-space, lies in the xz-plane

and each slot element is placed parallel to the z-axis. Figure 2.7 shows a picture of such a

planar double-slot antenna.

Figure 2.7 : Picture of a double-slot antenna on top ofa silicon dielectric [1J.

The double-slot antenna power patterns are calculated in a similar way as the power patterns

of the single-slot antenna, except for the inclusion of an array factor. For the element pattern

Equation (2.25) is used. The array factor in the x-direction can be determined by [11]:

In Equation (2.30) nx=2 and "'x=ki~dcos<l>sine, so that it is possible to write:

AF = cos(2.k ~dcos<l>sine)
x 2 e

(2.30)

(2.31)

for the array factor, where <I> is the angle from the x-axis in the xy-plane and ~d the spacing

between the two slot antennas. The E-plane is given by e = TtI2 and the H-plane by <I> = TtI2,

which means that the array factor is constant in the H-plane. The directive gain function of

the double-slot antenna can be written as:
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(2.32)

To show the difference between the radiation patterns of a slot and a double-slot antenna, also

the powers patterns in the air and in the dielectric half-space of the latter are computed.

Figures 2.8 to 2.10 all are calculated for a frequency of 246 GHz. The spacing tld between

the slot elements is so chosen that the power pattern in the E-plane is nearly the same as the

power pattern in the H-plane (in the dielectric), for angles smaller than approximately 30 to

50°, depending on the dielectric material being used. This results in a spacing tld ofO.16A.o
in case of a silicon dielectric, O.20A.o with quartz and O.25A.o when HDP is used as substrate

material.

From Figures 2.8 to 2.10 it can be seen that the directivity (10.5 dBi) is approximately 3.4

dB higher when silicon is used instead of quartz. The directivity in the HDP dielectric has a

value of 6.0 dBi, which is the smallest of the three. This can be explained by the fact that the

power radiated in the air is only 9.9% of the total radiated power with the silicon dielectric,

while the double-slot antenna on quartz radiates 17.7% of the total power directly into the air.

This even increases to 28.6% in case of a HDP substrate.

50o-50

Silicon dielectric (er = 11.7)

~ :

1- ;. J. ; l................................ ,..., , :, , :

./ \.
.... y \ ..

r ~
....... .. j.i.. . L\ .

,: : I
I: : I: ~ : ,
f j 1 \

.... :- .. : -... . ~ .. '\, .
,, ,
, ,,

, I : I I
...\..4.. • •.... 1 ••.1..•

I I I I
I I I I
I I I'
I I I I
I I I I
I I I I
I I I I
II II

15.----,-----,------r----,

10

5

iii
~ 0e
~
p.,

~ -5
~

~

-10

-15

50o

Air

-50

..- V ~
-. -.

....

j \-
/ \

5

o

-5

10

15

-20

-15

-10

Angle from boresight [deg] Angle from boresight [deg]

Figure 2.8 : Power patterns ofa double-slot antenna in the air and in a silicon dielectric half-space
at a frequency of 246 GHz (solid line: H-plane, and dashed line: E-plane).
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A comparison between the radiation patterns of the single- and the double-slot antenna shows

that the difference in directivity is not equal to 3 dB, but varies with the different

configurations. Normally, when an array of two elements is used instead of a single element,

a directivity improvement of 3 dB is obtained. The reason for this apparent contradiction is,

that the two slot antennas are placed too close to each other to neglect the mutual coupling.

This mutual coupling affects the radiation resistance of the single-slot elements in such a way

that with the same input power the field strength in the forward direction changes as a

function of the distance between the elements.

As an example, the directivity improvement of a double-slot antenna compared to a single-slot

antenna is calculated as a function of the distance between the two elements, as shown in

Figure 2.11. The double-slot antenna is placed on top of a silicon dielectric substrate. To

indicate the improvement of an array of two elements, with no mutual coupling between the

elements, the dashed line in Figure 2.11 is used.
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Figure 2.11 : Directivity improvement of a double-slot antenna compared to a single-slot antenna
at 246 GHz. when the antenna is put on a silicon dielectric (21 = 0.281..0).

The directivity-improvement curve of the double-slot antenna can be explained by two simple

cases. Firstly, as the distance between the slot elements approaches zero the two elements

become a single-slot antenna and the directivity improvement then is 0 dB. If, on the other

hand, the distance between the two slot elements is increased to values where the mutual
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coupling is zero, the improvement in directivity becomes 3 dB. This 3-dB value is the normal

directivity improvement of an array of two elements compared to a single element. When the

distance is between zero and infinite (or a few wavelengths) the directivity-improvement

curve oscillates around 3 dB. The mutual coupling between the slot elements is the cause for

this oscillation. Now it is clear that the directivity improvement of the double-slot antenna on

silicon is more than 3 dB, as seen from Figure 2.11, when the distance between the elements

is 0.16 A.o' In fact the improvement is close to 4.4 dB.

2.2.3 Double-dipole antenna with a backing reflector

From the previous antenna type, being a magnetic dipole, it has become clear that a

substantial part of the input power is directly radiated into the air. Of course this is a power

loss factor, which should be diminished. Therefore, in this section a double-dipole (electric)

antenna is considered, which has a perfectly conducting metal plane at a distance s from the

antenna. As an illustration such a double-dipole antenna is shown in Figure 2.12.

Figure 2.12 : Picture of a double-dipole antenna on top of a dielectric substrate [6J.
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The reflector prevents that some of the total power will be directly radiated into the air and

of course this will increase the directivity of the antenna. With image theory, as seen in

Figure 2.13, the reflector can be replaced by two dipole antennas which have the same

radiation patterns as the real dipole antennas, only a phase shift of 1t radian is introduced for

horizontal polarization (antenna parallel to the reflector). Of course the distance between the

antenna and its image is much smaller than the thickness of the dielectric slab. The

calculation of the radiation pattern in a dielectric half-space becomes much easier now,

because the antenna is entirely surrounded by the dielectric medium.

arr

air

dielectric

air

backing reflector

+
fs--

antenna

image antenna

......_._._._._._._._._._._._._._._._..._._._._._._._._._.j_..._._._._._._._._._.

2s

antenna
dielectric

arr

(2.33)

Figure 2.13 : Equivalent configuration with image theory.

It is started by calculating the far-field E-component of a double-dipole in a dielectric

medium. Both dipoles are polarized in the z-direction (-1 $ z$1) and have a spacing of Ad

in the x-direction. The field of a single dipole can be expressed as [9]:

jZ/e cos(kicose ) -cos(ki) .
Eo = -- . exp( -JkdR)

21tR SlOe

To obtain the total field of the dipole array, only the field of the single dipole has to be

multiplied by an array factor in the x-direction. This array factor is given by Equation (2.31),

which results in the following electric field:

jZ I cos(k lcose) -cos(k 1)
Eo = ---!....:.. d. d cos(2.kdAdcos<j>sine)exp( -jkdR) (2.34)

21tR SlOe 2

The reflector behind the double-dipole antenna also introduces an array factor, but this time



26 Chapter 2: Antennas on dielectric substrates

in the y-direction. The spacing between the real double-dipole and its image antenna is 2s.

This results in the following array factor in the y-direction:

AF, • CO{Sk,Sin~Sin9+ ~) (2.35)

Multiplication of Equations (2.34) and (2.35) yields the electric field for a double-dipole

antenna with a backing reflector in a dielectric half-space as:

jZi cos(kicos S) -cos(ki) I
Eo = __e • cOS(_kdddcoscj>sinS) *

21tR smS 2

(2.36)

Finally. the power pattern can be calculated with Equations (2.26) to (2.28). For the

computations of the next power pattern plots the antenna is placed within a silicon dielectric

and the reflector is responsible for a zero radiation pattern in the air. One of the demands is

that the patterns in the E- and H-plane will be nearly the same (for small angles) and

therefore the following two double-dipole antennas are considered. In the first example an

array of two dipoles is used with a length of 0.5Ad (half-wave dipoles) and a spacing O.4Ad •

while the second double-dipole has a length of 0.80Ad and the dipoles are now separated by

0.49 A.d. In Figure 2.14 and 2.15 the calculated power patterns are shown. The distance

between the dipole array and the backing reflector is 0.25Ad in both cases.
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Silicon dielectric (er =11.7)
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Figure 2.14 : Power patterns of a double-dipole antenna (21 =O.5A.d and !!d =O.4A.d ) with
a backing reflector in a silicon half-space at a frequency of246 GHz
(solid line: H-plane, and dashed line: E-plane).
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Figure 2.15 : Power patterns of a double-dipole antenna (21 =O.8A.d and !!d =0.49A.d ) with
a backing reflector in a silicon half-space at a frequency of 246 GHz
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It appears that the directivity of the double-dipole antenna with the longest dipoles is almost

1.0 dB higher. Of course, this corresponds to the smaller beamwidth of the second dipole

array. For the array with the half-wave dipole elements the lO-dB beamwidth is around 120°,

while for the largest array this beamwidth has a value of 100° at the same frequency of 246

GHz. Also for both designs can be said that the E- and H-plane patterns are equal up to an

angle of 50° from boresight.
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3. Integrated lens antennas

If an antenna is put on top of a dielectric substrate, it is clear that the substrate-mode losses

have to be diminished to achieve the best performance. In fact, most of the power transmitted

by the planar antenna should be radiated through the dielectric into the air, and not be trapped

as substrate modes. One way to solve the problem of these substrate modes is to make the

slab very thin, which reduces the number of propagating modes. However, this has the

disadvantage that the slab will become too fragile. It has to be stated here that one has made

such designs with thin dielectric membranes [12]. Another very attractive solution is to mount

a lens with the same index of refraction at the bottom of the dielectric slab. The shape of the

lens then should be elliptical or something close to elliptical to guarantee that no power (little

power) will be lost to substrate modes. This can be explained by the fact that, because of the

shape of the lens, the angle of incidence of the incident wave will be smaller than when the

dielectric slab has a flat surface, so less power will be reflected at the dielectric-air interface.

The lens also bends the rays radiated by the planar antenna more towards the boresight

direction, thereby sharpening the power pattern and effectively increasing the directivity of

the integrated lens antenna [12]. In this chapter an elliptical and an extended hemispherical

lens will be analyzed.

3.1 Theoretical analysis of the lens antenna

First the theoretical analysis of a planar antenna on top of a dielectric slab, with an arbitrarily

mounted lens, will be treated here. The mounted lens is assumed to have the same dielectric

constant as the slab, and here its shape is not yet defined. In Figure 3.1 a two-dimensional

cross-section of such a lens-antenna combination is shown.

In the following, the feed antenna which illuminates the lens is either a double-slot or a

double-dipole antenna with a backing reflector, which is normally some kind of thin metal

plate. In Figure 3.1 only a cross-section of the integrated lens antenna is shown, because the

shape of the lens is rotationally symmetric around the y-axis. Without any specific reason it

is chosen that the center of the dielectric lens is always placed on top of the slab. The

symbols used in Figure 3.1 will be explained later.
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Figure 3.1 : Planar antenna on a dielectric slab with a mounted lens.

The theoretical analysis of the integrated lens antenna will contain the following antenna

properties.

* Far-field radiation patterns

* Directivity

* Antenna efficiencies:

- aperture efficiency (only in a focused system)

- polarization efficiency (only in a focused system)

- combined aperture efficiency (only in a non-focused system)

- spillover efficiency

- transmission efficiency

* Beam efficiency

* Gaussian beam efficiency

It is noted that if the lens does not convert the incident wave into a plane wave, the aperture

and polarization efficiency are not calculated separately. This means that only the product of

these two efficiencies will be determined when the directivity and the other antenna

efficiencies are known. In a non-focused lens-antenna system, which means that the phase

distribution in the aperture plane is not uniform, the product of the aperture and polarization
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efficiency will be called the combined aperture efficiency.

3.1.1 Far-field radiation patterns

31

In the previous chapter the radiation patterns of different feed antennas mounted on a

dielectric half-space (thick slab) have been calculated. Now, the half-space is replaced by

some kind of dielectric lens and a second dielectric-air interface is introduced. The electric

and magnetic fields at the second dielectric-air interface (lens surface) are computed using a

ray-analysis technique [13], where the radiation pattern of the feed in the dielectric is needed.

It is good to note here that this analysis is not limited to the antenna types considered, but

it is possible to calculate the far-field radiation patterns with any feed antenna, when its

radiation properties into the dielectric are known. Using the far-field pattern of these feed

antennas implies that the lens surface is supposed to be far away from the feed, so that the

feed antenna can be treated as a point source. Planar antennas that can be used as a feed are

for example a double-slot, a double-dipole with a backing reflector, a spiral or a log-periodic

antenna. In this report only the two narrowband antennas are treated.

Once the electric and magnetic fields at the lens-air interface are known, these fields have to

be decomposed, for a certain ray, into parallel (II) and perpendicular (.L) components to

obtain the fields just outside the dielectric lens. Each component then must be multiplied by

the appropriate Fresnel transmission coefficient. The transmission ( 't) and reflection

coefficients (p) are calculated in Appendix A as:

Z2cosai
- Z\ cos at

Pol =-----
Z2 cosar +Z\ cos at

z\ cosai
- Z2 cos at

PI = ---::---=-~
Z\ cosar +Z2 cos at

(3.1)

(3.2)

(3.3)

(3.4)
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With Snell's laws 9' and 9' can be eliminated:

Chapter 3: Integrated lens antennas

(3.5)

If the wave impedance Z=rollo'~ =rollo'(n~o) and Equation (3.5) are substituted in Equations

(3.1) to (3.4) the following reflection and transmission coefficients are obtained:

eos91- (n2 )2 -sin291

P.L =
n\

n
eos91+ (""':')2 -sin291

n\

2eos91
't =.L

cos 91+ (n2 )2 -sin291
n\

(n2)2 -sin291
n\

2( n2 )eos91

n\
'tl = ----"""";"""'"====

(3.6)

(3.7)

(3.8)

(3.9)

In the equations above, n is the index of refraction and 9/ is the angle of incidence measured

from the normal towards the lens surface. The indices 1 and 2 refer to the dielectric and air

side, respectively. After the fields have been multiplied by the appropriate transmission

coefficients, the equivalent electric (!..) and magnetic (M) current densities are determined

just outside the dielectric surface. For these current densities it is possible to write [14]:

J = fixH-.
M = -fi x E-.

where fi is the nonnal to the lens surface.

(3.10)

(3.11)
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(3.12)

When the far-field of the complete antenna (antenna plus lens) is considered, the transverse

electric field components equal [14]:

E = _jkexp(-jkr) (L +Z N)
9 4nr + 0 9

E = +jkexp(-jkr) (L -Z N)
+ 4nr 9 0 +

where N and !:. in Equations (3.12) and (3.13) are defined by:

N = ff:!.sexPUkr'cos'V)dS
s

!:. = ffMsexpUkr'cos'V)dS
s

(3.13)

(3.14)

(3.15)

In Equations (3.14) and (3.15) S is the surface just outside the lens. The distance from the

origin of the coordinate system to the equivalent electric and magnetic current densities is

denoted by r', while r is the distance from the origin to the far-field observation point. The

angle between !:. and !:.' is given by 'V.

3.1.2 Aperture field and antenna efficiencies

The field in the aperture of a focused lens-antenna system is calculated in a similar way as

the field just outside the dielectric lens. Also a ray-analysis technique is applied, but now

from the feed antenna to the aperture plane. Because the rays will leave the lens surface

parallel to each other, no divergence factor is needed from the surface of the lens to the

aperture plane. Only the phase of the field along a ray will change and the field strength itself

not. The field in the aperture is needed for the calculation of the aperture and polarization

efficiency. In a non-focused system, no unique planar aperture can be defined and

consequently only the combined aperture efficiency will be calculated.

Once the antenna efficiencies are all known, it is possible to determine the directivity of the

integrated lens antenna by the following equation:

[ ]

2

. ., nD
DIrectIVIty = A

o
11 0 11s11p 11" (3.16)
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where D is the diameter of the circular aperture of the integrated lens antenna. The term

directivity is used instead of gain, because the reflected power at the lens surface is not seen

as some sort of loss and eventually comes out the lens contributing to the radiation pattern.

Equation (3.16) is exactly the same as for a focused parabolic reflector antenna, except for

the transmission efficiency which is needed to account for the reflected power at the lens

surface.

The next problem is to calculate the different antenna efficiencies and the aperture efficiency

will be treated first. For the computation of this efficiency the field in the aperture is needed

and the complex electric field in the aperture will be denoted by E(p,O), with p and 0 being

the polar coordinates in the aperture plane. The aperture efficiency describes the coupling of

the antenna to a uniform plane wave and is calculated as:

221t Dfl

JJE(p,o)pdpdo
4 00

110 = rcD 2 -::::21t:-:n;:-;;;fl:------...:....

JJ IE(p,O) 1
2 pdpdo

o 0

(3.17)

When the field in the aperture plane has a uniform phase and amplitude distribution, the

aperture efficiency is unity, otherwise it will be smaller than one. Next the polarization

efficiency is discussed. This efficiency indicates the part of the total power that is presented

by the co-polarized field in the aperture. A polarization efficiency of one means that the field

in the aperture in any point is polarized in the same direction as the antenna itself. For an

arbitrarily polarized aperture field, the polarization efficiency is found by:

11 =p
(3.18)

with Eco and Ecr the co- and cross-polarized field components, respectively.

The above-mentioned efficiencies are only calculated in a focused antenna system. However,

the next efficiencies will be determined in a focused as well as in a non-focused lens-antenna

system, because no unique aperture is needed.



Chapter 3: Integrated lens antennas 35

The spillover efficiency contains information about the percentage of the total radiated power

that is actually illuminating the lens surface and can be determined by the following equation:

11s =

21t ~.

JJP(~,~) sin~d~d~
o 0

21t It

JJP( ~,~) sin~d~d~
o 0

(3.19)

The angle ~ is the angle in the xz-plane measured from the z-axis and ~ is the angle with the

y-axis. The feed antenna is located in the origin of the coordinate system shown in Figure 3.2.

z

r

x

Figure 3.2 : Coordinate system with the spherical coordinates (r,~, ~).

(3.20)
21t ~.

JJP(~,~) sin~d~d~
o 0

11" =

For the maximum angle of a propagating ray that illuminates the lens, the symbol ~m is used.

In Equation (3.19) the radiation intensity P(~,~) can be calculated with Equation (2.26). The

last efficiency needed to determine the directivity of the integrated lens antenna is the

transmission efficiency. This efficiency is defined as the total power after transmission divided

by the total power illuminating the lens surface and is expressed as:

.:JJRe(E x H·) ·fi.dS
2 -" -"

S

with §." and H" the electric and magnetic fields just outside the lens surface. This lens

surface is denoted by S.
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3.1.3 Main beam and Gaussian beam efficiency

Because millimeter-wave integrated antennas have small collecting apertures, they usually are

placed at the focal plane of a parabolic reflector. Then, some useful efficiency parameters for

these feed antennas are the (main) beam efficiency and the Gaussian beam efficiency. The

main beam efficiency is defined as the power within the main beam down to a certain level

(-10 dB, -20 dB) divided by the total power radiated after transmission through the lens

surface. The power radiated through the lens is found by multiplication of the total power

radiated by the feed and the spillover and transmission efficiency. In formula form the beam

efficiency is written as:

2Jt ~.

f fG(~,o)sin~d~do
00

ll beam = ---4""'1t-1l-
s
-1l-,r--

(3.21)

The width of the main beam is denoted by ~e and this angle is constant for a rotationally

symmetric main beam. In any other case it will depend on the angle o.

Another important parameter in quasi-optical systems is the coupling efficiency between an

antenna and a Gaussian beam. According to Ref. [12] a Gaussian beam allows nearly lossless

propagation and conversion of an RF-signal using lenses, reflectors and quasi-optical

components. From all Gaussian beams the first-order (fundamental) Gaussian beam is the

most important one in quasi-optical systems, because it results in the smallest possible optics.

Therefore, integrated antennas should be designed to couple highly to the first-order Gaussian

beam. The Gaussian beam efficiency is calculated using a normalized inner product between

the antenna radiation pattern and the Gaussian-beam pattern in the angular domain [15]. With

the substitution of the appropriate field representations, the Gaussian beam efficiency can be

written as:

ll gaus =
1ff[tico'~( ~,o)]exp( -( ~I~)2)exp(±j1t(~/~I)2)sin~d~do1

2

fJIE(~,o) 12sin~d~do fJexP( -2(~/~)2)sin~d~dO
(3.22)

The polarization of the Gaussian beam is denoted by tieD' which is ex; for the double-slot feed
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and €z for the double-dipole feed. In the calculation of the integrals only angles of ~ between

-40 and 40° are used, because above these angles very little power is radiated by the

integrated lens antenna. For large antenna apertures (D ~ 2Ao) Equation (3.22) can also be

written out in the near-field:

'1180,.... =
IJJ[tico~(p,B)] exp( -(p/W(y»2 )exp( -jk( p2/2~ (y») PdpdBI

2

IJI~(p,B) 1
2pdpdB IJexp( -2(p/W(y»2)pdpdB

(3.23)

where the Gaussian beam is represented by its two-dimensional form, assuming circular

symmetry. The waist and the radius of curvature of the Gaussian beam are denoted by w (y )

and ~ (y), respectively.

When the Gaussian beam efficiency is calculated using the far-field patterns of the first-order

Gaussian beam and the integrated lens antenna, it is clear that the waist and the radius of

curvature in the aperture plane of the antenna are not directly known. However, in many cases

it is necessary to have these values. For example, when the integrated lens antenna is part of

a quasi-optical lens system. Therefore, relations between (~, ~1) and (~,w) have to be found.

In Appendix B these relations have been derived and appear to be:

(3.24)

and

(3.25)

where the index aper stands for aperture. The distance between the center of the dielectric

lens and the aperture plane is denoted by ~y.
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3.2 Elliptical lens
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First it is started by considering an elliptical lens with a rotationally symmetric shape. For

an ellipsoid with its long axis parallel to the y-axis, it is possible to write the following

defining equation:

(3.26)

with a and b being half the length of the short and long axis, respectively. From optics it is

known that, for a given index of refraction n
d

, all rays coming from the more distant focus

of the ellipse will leave the lens parallel to the y-axis, if the eccentricity of the elliptical lens

satisfies the following equation [16]:

c
b

1 (3.27)

Therefore, the feed antenna must be located at the second focus (y = -c) of the dielectric

ellipse, where the focal distance is determined by c =Vb 2 -a 2. The index of refraction

determines for the shape of the elliptical lens. Any antenna, placed at the focus of the

elliptical lens, will result in a far-field pattern with a main beam that is diffraction limited by

the aperture of the dielectric lens. This means that the main beam cannot be smaller than the

main beam of a uniformly illuminated aperture. In Figure 3.3 the elliptical lens with its planar

feed antenna is shown. In this figure the same coordinate system as in Figure 3.1 is used.
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Figure 3.3 : Planar antenna on a dielectric slab in combination with an elliptical lens.

3.2.1 Calculated far-field radiation patterns

3.2.1.1 Double-slot antenna

In this section the power patterns of a double-slot antenna in combination with an elliptical

lens are presented. The diameter of the lenses is 15.0 mm and for the dielectric materials

silicon, quartz and HOP are used. To compare the elliptical lenses on top of the appropriate

slab thickness (c) with each other, the shapes of the three lenses are shown in Figure 3.4. In

this figure can be seen that the lens with the smallest dielectric constant (HOP) has the largest

dimensions. The feed antenna is always placed in the origin of the coordinate system. Figures

3.5 and 3.8 hold for a silicon lens, while in Figures 3.6 and 3.9 the planar antenna is placed

on top of a quartz dielectric lens. Finally, the power patterns of the double-slot antenna on

a HOP lens are shown in Figures 3.7 and 3.10. The frequencies that are used in these

calculations are 246 and 500 GHz. In these examples the slot antennas always have a length

of 0.28"-0' while the spacing is 0.16"-0 (silicon), 0.20"-0 {quartz) or 0.25"-0 (HOP), respectively.



40 Chapter 3: Integrated lens antennas

20

18

16

14

ee 12........
0
u
!a 10....
'"....

"'0- 8~....
><<:

6

4

2

0
-10 -5

HDP

SiliCon

o
Radial distance [mm]

5 10

Figure 3.4 : The shape of three different elliptical lenses.

From Figures 3.5 to 3.10 it can be seen that the integrated lens antenna with the silicon

dielectric has the highest directivity (29.4 dBi). This is partially explained by the relatively

small spillover losses, which are a function of the maximum angle (~m) of a propagating ray

illuminating the lens surface, assuming that the radiation patterns in the different dielectrics

are more or less the same. This maximum angle is increasing with the dielectric constant and

therefore with the silicon material less power is radiated beside the lens surface.

In the choice of the length 21 and the distance l!.d between the slot antennas, the

correspondence between the E- and H-plane patterns was an important criterion. It appears

that in the three designs the E- and H-plane power patterns are almost identically, with the

remark that the sidelobes in the E-plane are the highest. For example the first sidelobes in the

E-plane at 246 GHz are 17.5, 15.0 and 15.0 dB down in case of silicon, quartz and HDP

respectively. Also the sidelobe envelope is decreasing faster with the silicon dielectric than

with the other two, for both frequencies used.



Chapter 3: Integrated lens antennas 41

The nearly identical E- and H-plane patterns result in the same lO-dB beamwidth in both

planes. In silicon the lO-dB beamwidth has a value of around 8.8° at 246 GHz, while this is

8.0° and 7.9° for quartz and HDP, respectively.

Because the power patterns have been calculated for two different frequencies, Le. 246 and

500 GHz, it is possible to check the frequency dependence of some antenna properties. From

Equation (3.16) one can see that the directivity is proportional to f2. This implies that the

directivity improvement should be 201og lO(500/246) =6.16 dB when the frequency is increased

from 246 to 500 GHz. Figures 3.5 to 3.10 show that this is indeed true for all three

dielectrics. At 500 GHz the lO-dB beamwidths are 4.3, 4.0 and 3.8° for silicon, quartz and

HDP respectively. All these values are approximately one half (246/500) of the beamwidths

at 246 GHz. Thus, according to the calculations of the far-field radiation patterns, the

beamwidths are nearly proportional to Iff

For clarity the important antenna properties and efficiencies have been put into Table 3.1. In

this table the beamwidth is the lO-dB beamwidth and this is an average value of both the E

and H-plane beamwidths. The relative first sidelobe levels are all computed in the E-plane,

because in this plane the levels are worse (Le. higher) than the sidelobe levels in the H-plane.

Table 3.1 : Properties and efficiencies of an elliptical lens antenna illuminated by
a double-slot feed, with slot elements having a length of 0.281..0 ,

I(:HZ) I
tid £ r Directivity Beamwidth ReI. first side- llbeom

(Ad) (dBi) (0) lobe level (dB) (%)

246 0.16 11.7 29.4 8.8 -17.5 90.7

246 0.20 4.00 28.6 8.0 -15.0 75.8

246 0.25 2.31 26.8 7.9 -15.0 71.5

500 0.16 11.7 35.6 4.3 -17.8 89.3

500 0.20 4.00 34.8 4.0 -15.0 74.9

500 0.25 2.31 33.0 3.8 -14.7 69.9
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The directivities are determined by Equations (2.27) and (2.28). In Table 3.1 also the beam

efficiencies of the different antenna configurations are given. These beam efficiencies have

been calculated from the power patterns by taking the power in the main beam to a level of 

20 dB relative to the peak in the power patterns. It is good to note that this efficiency does

not include the spillover and reflection losses of the integrated lens antenna, because the

power in the main beam is only divided by the power radiated through the surface of the lens.

From Table 3.1 it is seen that the beam efficiency is the best for the silicon lens antenna, and

that this efficiency is decreasing with the relative dielectric constant. A possible explanation

for this fact might be the combination of the actual beamwidth and the directivity of the

different dielectric lens antennas. The higher the directivity and the larger the beamwidth, the

better the beam efficiency is. Also from Table 3.1 one can see that for silicon both the

directivity and the beamwidth have the greatest values, compared with the other two

dielectrics. Furthermore, an increase of the frequency results in a smaller beam efficiency in

all three cases.
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Figure 3.5 Power patterns of a double-slot antenna in combination with an elliptical silicon
lens at a frequency of 246 GHz (solid line: H-plane, and dashed line: E-plane).
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Figure 3.6 Power patterns of a double-slot antenna in combination with an elliptical quartz
lens at a frequency of 246 GHz (solid line: H-plane, and dashed line: E-plane).
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Figure 3.10 Power patterns of a double-slot antenna in combination with an elliptical HDP lens
at a frequency of 500 GHz (solid line: H-plane, and dashed line: E-plane).
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3.2.1.2 Double-dipole antenna with a backing reflector

The next planar antenna to be used as a feed for the dielectric lens with a diameter of 15.0

mm, is the double-dipole. To prevent that any power will be lost directly to the air, a reflector

has been placed behind the feed antenna at a distance of O.25Ad , where Ad is the wavelength

in the dielectric. As already explained, this kind of backing reflector cannot be used in case

of a double-slot antenna, because the double-slot antenna itself already consists of a metal

ground plane. Between the reflector and the double-dipole antenna the same dielectric material

as the lens is used. Power patterns have been calculated only for the frequency 246 GHz. The

first three plots are made for a double-dipole antenna with two half-wave dipole elements

separated by OAAd • Figures 3.14 to 3.16, on the other hand, show the radiation patterns of a

double-dipole antenna with two O.80Ad long dipole elements, which are placed parallel to each

other at a distance of OA9Ad • As dielectric materials silicon, quartz and HDP are used again.
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Figure 3.11 : Power paUems of a double-dipole antenna with a backing reflector on an elliptical
silicon lens at afrequency of246 GHz (solid line: H-plane, and dashed line: E-plane).
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Figure 3.12 : Power patterns of a double-dipole antenna with a backing reflector on an elliptical
quartz lens at afrequency of246 GHz (solid line: H-plane, and dashed line: E-plane).
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Figure 3.13 : Power patterns of a double-dipole antenna with a backing reflector on an elliptical
HDP lens at a frequency of 246 GHz (solid line: H-plane, and dashed line: E-plane).
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silicon lens at a frequency of246 GHz (solid line: H-plane, and dashed line: E-plane).

: 1.................. ····i.····

'~ \1. " ~ :\ ······"i···

...:... . . ~ .

..,.'"
"......:.....
I

o

20

10

40.--------,-----,----,------,------.----,------r------,

• I30 ' ' ,..
· .

Directivity =30.7 dBi

-30

-10

-20

40302010o-10-20-30
-40 '---__----'- --'- .l...-__----'- --'- -'----__----L --'

-40

Angle from boresight [deg]

Figure 3.15 : Power patterns of a double-dipole antenna with a backing reflector on an elliptical
quartz lens at a frequency of246 GHz (solid line: H-plane, and dashed line: E-plane).



Chapter 3: Integrated lens antennas 49

40.-----r-----,---------,---..--------,-----,--------.-----,

20

10

: :
. .

30"11"

Directivity = 30.3 dBi

-30 II·················,·················,·················.. , 0.................•.... 0 •••••••••••.•• 'II·········· .

40302010o-10-20-30
-40 L..-__-'--__---'--__---'- '--__...J...-__--'-__---L__-----'

-40

Angle from boresight [deg]

Figure 3.16 : Power patterns of a double-dipole antenna with a backing reflector on an elliptical
HDP lens at a frequency of246 GHz (solid line: H-plane, and dashed line: E-plane).

The directivity of the integrated lens antenna with the double-dipole feed is around 30 dBi

at 246 GHz. With the quartz dielectric this directivity is the highest (30.3 and 30.7 dBi) for

both double-dipole feeds. Compared to the double-slot feeds, the directivity is increased by

approximately 1.5 dB. Of course this is for a great part due to the backing reflector, which

causes the spillover losses to decrease. With the backing reflector no power is radiated

directly into the air, and only little radiation will pass the dielectric lens. It is also seen that

the double-dipole feed with the longest dipole elements has the highest directivity in all three

examples.

For convenience some important antenna properties and efficiencies are summarized in Table

3.2. From this table one can see that the beamwidth of the double-dipole with the half-wave

dipole elements is smaller than the beamwidth of the second double-dipole feed, for every

dielectric material. These lO-dB beamwidths are comparable with the beamwidths of the

double-slot fed integrated lens antennas. In contradiction to the beamwidth, the relative first

sidelobe levels are higher or worse with the half-wave dipole elements than with the double

dipole feed with a length of 0.80 A.d' Furthermore, the silicon dielectric lens antenna seems

to be the best solution for a low relative first sidelobe level and a good sidelobe envelope.
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Table 3.2 : Properties and efficiencies of an elliptical lens antenna illuminated by a
double-dipole feed with a backing reflector at a frequency of 246 GHz.

21 b.d E Directivity Beamwidth ReI. first side- 11beamr

(A) (Ad) (dBi) (0) lobe level (dB) (%)

0.50 0040 11.7 29.8 8.5 -17.0 87.8

0.50 0040 4.00 30.3 8.3 -15.5 80.7

0.50 0040 2.31 29.7 7.9 -15.0 74.7

0.80 0049 11.7 29.8 8.8 -18.0 92.2

0.80 0049 4.00 30.7 8.5 -17.0 85.6

0.80 0049 2.31 30.3 8.0 -16.2 78.9

As with the double-slot feed the beam efficiency of the elliptical lens antenna, illuminated by

the double-dipole feed, is the highest for silicon (87.8 and 92.2%). HDP appears to have the

worst beam efficiency of the three dielectrics considered. Furthermore, the beam efficiency

is better for the second double-dipole feed (with the longer dipole elements) than for the first

one and changes close to 5% for all three dielectrics. When comparing these beam efficiencies

to the ones obtained from the double-slot fed lens antennas, it is seen that the double-dipole

with a backing reflector gives more or less the best results. This is certainly true for the

largest double-dipole feed.



Chapter 3: Integrated lens antennas

3.2.2 Calculated aperture field and antenna efficiencies

51

In this section the antenna efficiencies will be determined, which make up the directivity of

the lens antenna. Some of these efficiencies, aperture and polarization efficiency, can only be

computed when the field values are known in a planar aperture. Another restriction is that this

planar aperture should also be an equiphase plane for the radiated field of the antenna. When

using an elliptical lens which satisfies Equation (3.27) both criteria are fulfilled.

3.2.2.1 Double-slot antenna

As an illustration, the aperture field has been computed for a silicon dielectric lens, which is

illuminated by a double-slot feed antenna with the following dimensions: 21 ==0.28A.o and

~d==0.16A.o' For the lens a diameter of 13.7 rnm is chosen. The field strength distribution is

shown in Figure 3.17 with the remark that these values are normalized to the field strength

in the origin of the xz-coordinate system.
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Figure 3.17 : The normalized aperture field distribution ofan elliptical silicon lens, illuminated by
a double-slot feed at a frequency of246 GHz.
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If Figure 3.17 is examined more precisely one can see that the field is not rotationally

symmetric but the aperture field distribution can be divided into four equal parts. This is of

course very logical, since the feed antenna is an array of two elements. The elliptical lens

ensures that the phase will be uniform in the aperture, but how uniform is the field strength?

In Figure 3.17 can be seen that the amplitude distribution is quite flat in the middle of the

aperture, and drops very quickly to zero when the x- or z-coordinate approaches the radius

of the lens.

Next the antenna efficiencies have been calculated for the antenna designs used in Section

3.2.1.1 and are shown in Table 3.3. The applied elliptical lens has a diameter of 15.0 mm.

Table 3.3 : Properties and efficiencies of an elliptical lens antenna illuminated by
a double-slot feed, with slot elements having a length of 0.28Ao'

I(:lli) I
fJ.d e Directivity 11a

~
11p 11" 11gaus r:lr

(Ao) (dBi) (%) (%) (%) (%) (%) (mm)

246 0.16 11.7 29.41 94.9 91.1 96.0 70.4 87.8 6.00

246 0.20 4.00 28.64 97.8 65.1 97.8 78.7 73.1 6.75

246 0.25 2.31 26.81 96.0 44.0 99.0 76.8 69.2 7.13

500 0.16 11.7 35.57 94.9 91.1 96.0 70.4 87.8 6.00

500 0.20 4.00 34.80 97.8 65.1 97.8 78.7 73.1 6.75

500 0.25 2.31 32.97 96.0 44.0 99.0 76.8 69.2 7.13

From Table 3.3 one can see that the directivities, which are calculated with Equation (3.16),

do agree very well with the directivities from Table 3.1. The aperture and polarization

efficiency is for all three designs better than approximately 95%. The difference in directivity

is thus explained by the rapidly decreasing spillover efficiency, if one goes from a high to a

low dielectric constant. It is obvious that the HDP dielectric design is not very useful in this

way as a feed for a parabolic reflector. Of course the spillover efficiency can be increased,

if the radiation pattern of the double-slot is narrowed. But the question that remains is,

whether this will affect the other efficiencies.
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The Gaussian beam efficiency is the highest for silicon (87.8%) and this corresponds with a

low aperture efficiency. Apparantely a high aperture efficiency excludes a high Gaussian

beam efficiency, which is logical because of the difference in aperture distributions. An 100%

aperture efficiency corresponds to a flat amplitude distribution, while the Gaussicity is optimal

for a Gaussian amplitude distribution. The efficiencies at 500 GHz are exactly the same as

the efficiencies at 246 GHz, because all the (antenna) efficiencies depend on the radiation

pattern in the dielectric and this pattern is not changed by an increase of the frequency.

From a communication point of view it is interesting to know what the bandwidth of the

investigated antenna is. Of course the maximum achievable bandwidth is limited by two

factors. The first one is the input impedance of the integrated lens antenna and secondly the

directivity will also limit the bandwidth. These two factors can be combined when the gain

of the antenna is considered. In this report the input impedance is not calculated and only the

role of the directivity can be examined. Therefore, the directivity of a double-slot elliptical

lens antenna has been computed from 400 to 700 GHz. The length of and the distance

between the slot elements are 21 =0.28A.o and ~d =0.16A.o respectively, with an operating

frequency of 500 GHz. In Figure 3.18 the directivity of the considered antenna is plotted.

From Equation (3.16) one can see that the directivity is a product of two factors. The first

part is the maximum directivity of an aperture type antenna with diameter D, while the second

term consist of the product of the different antenna efficiencies. These two factors are also

shown in Figure 3.18. For readability the efficiency curve is raised by 40 dB.
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Figure 3.18 : The directivity curve ofa 15 mm silicon lens antenna illuminated by a double-slot feed.
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It is directly seen from Figure 3.18 that the optimum operating frequency, for a high

directivity, is around 550 GHz for the chosen antenna design. The 3-dB bandwidth appears

to be more than 300/550 = 55% when the operating center frequency is 550 GHz. A short

remark is needed here, because this bandwidth is only determined by the directivity of the

integrated lens antenna and the reflection losses at the terminals of the feed antenna are not

included.

3.2.2.2 Double-dipole antenna with a backing reflector

The advantage of using a twin array with a backing reflector instead of a single twin array,

is that an extra parameter can be varied to optimize the pattern in terms of rotation symmetry.

To demonstrate this, the aperture-field distribution of a double-dipole antenna with a backing

reflector is computed and shown in Figure 3.19. The diameter of the silicon lens is 13.7 mm,

while for the feed the following dimensions are chosen: 21 =O.80A.d and L\d=0,49A.d • A quarter

wave length behind the feed the metallic reflector is placed.
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Figure 3.19 : The normalized aperture-field distribution ofan elliptical silicon lens, illuminated by
a double-dipole feed with a backing reflector at a frequency of 246 GHz.

As expected the field is more rotationally symmetric now than with the double-slot array as

shown in Figure 3.17. In the middle of the aperture the field-strength distribution is nearly
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flat and near the end it drops quickly to zero. A more uniform amplitude distribution in the

aperture should result in a higher aperture efficiency, which can be checked by looking at the

following computed and tabulated antenna efficiencies.

Table 3.4 : Properties and efficiencies ofan elliptical lens antenna illuminated by
a double-dipole feed with a backing reflector at a frequency of 246 GHz.

~
Directivity 11a

~(Ad) (Ad) r (dBi) (%) (%) (%) (%) (%) (mm)

0.50 0.40 11.7 29.80 97.7 99.9 100.0 65.6 85.6 6.38

0.50 0.40 4.00 30.33 99.3 94.2 100.0 77.3 78.5 6.75

0.50 0.40 2.31 29.66 97.7 82.0 100.0 77.4 72.3 6.75

0.80 0.49 11.7 29.80 93.8 100.0 100.0 67.5 90.2 6.00

0.80 0.49 4.00 30.69 99.1 98.2 100.0 80.7 83.5 6.56

0.80 0.49 2.31 30.34 99.2 90.3 100.0 80.9 76.8 6.75

The antenna efficiencies appear to be much better with the double-dipole antenna with

backing reflector than with the double-slot. Especially the spillover efficiencies of the HDP

and quartz dielectric lens antenna have been improved a lot. This is due to the reflector and

the narrower beam of the double-dipole feed. Another interesting thing is the 100%

polarization efficiency. Thus, the field in the aperture is (nearly) uniformly polarized in the

z-direction, for the six designs. A comparison between the transmission efficiencies shows that

the dielectric with the highest refractive index has the highest reflection losses. These

reflection losses vary from 19% for HDP to 35% for silicon.

Naturally, also a high Gaussicity is wanted. From Table 3.4 can be concluded that only the

antenna designs with the silicon material have acceptable Gaussian beam efficiencies (85.6

and 90.2%). However, compared to the corrugated hom antenna, these Gaussicities are still

very low. The minimum waist values in the aperture are also given in Table 3.4. These values

may be useful when the integrated lens antenna is used in a quasi-optical antenna system with

for example lenses and reflectors.
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3.3 Extended hemispherical lens

Chapter 3: Integrated lens antennas

In Section 3.2 an elliptical lens attached to a dielectric slab was considered. However, it

appears that in practice it is not so easy to manufacture a lens with an elliptical shape.

Therefore, several have looked for alternative configurations that have nearly identical

properties as the elliptical lens antenna system. One of these alternatives is the extended

hemispherical lens, which is shown in Figure 3.20. Other ways to approximate the elliptical

shape can be found in Ref. [17].

The radius and the corresponding extension length of the extended hemispherical lens are

determined by considering the ellipsoid from Equation (3.26). The analysis can be done in

two dimensions, because both the elliptical and the extended hemispherical lens are

rotationally symmetric. Further, it is assumed that the lenses lie in the xy-plane.

extension
length

feed
antenna

dielectric slab

Figure 3.20 : Planar antenna on a dielectric slab in combination with a hemispherical
dielectric lens.

From Equation (3.27) can be derived that:

a
b = --===J'-"nd

(3.28)
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and

(3.29)

Now a hemisphere of unit radius is defined by x 2+y2=1 and only positive values of y are

chosen. In order to superimpose the extended hemisphere and the ellipse, the distance from

the tip of the hemisphere to the antenna must be the same as the distance from the tip of the

ellipse to its more distant focus, where the antenna is placed. This leads to the following

equation:

L + 1 = b +cex
(3.30)

To find the best fitted extended hemisphere for a given index of refraction, the parameter b

is varied until the geometrical match, detennined by the least square error, is the closest to

an ellipse. For a silicon dielectric lens the fitted ellipse values are a =1.03 and b = 1.07691 [1],

yielding an extension length of 2608 j.UIl with a 13.7 mm diameter lens. For a 15.0 mm

diameter lens the extension length becomes 2855 j.UIl. It appears that the higher the dielectric

constant the better the geometrical approximation is. In Figure 3.21 both the elliptical and the

extended hemispherical lens are shown for the best fitted solution.
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Figure 3.21 : The best fitted silicon ellipse for an extended ( Lex =2855 pm) hemispherical lens with
a diameter of 15.0 mm.
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The approximation of the ellipse by an extended hemisphere seems very good, especially for

small angles. In Figure 3.21 also a few rays from the feed to the aperture plane are drawn.

It appears that the rays are refracted, by the extended hemisphere, almost parallel to the y-axis

and that for the rays with a large angle of propagation the reflection is 100%.

3.3.1 Comparison with Filipovic's results

Previous calculations of the radiation patterns of a planar antenna on top of an extended

hemispherical lens have already been done by Filipovic et ala [1]. In his paper, he calculated

the normalized power patterns of a double-slot antenna on top of a silicon lens. To be

absolutely sure that our results are the same as his results, a comparison is made for a double

slot antenna with a length and a spacing of 0.281..0 and 0.161..0 , respectively. The frequency

that is used is 246 GHz for all examples. In Figures 3.22 to 3.25 the results of these

comparisons are shown for different extension lengths, varying between 1800 and 3000 JlITI,

while the diameter of the hemispherical silicon lens had a value of 13.7 mm. In the following

plots only the H-plane radiation patterns are shown and the results obtained by our program

are denoted by EUT (Eindhoven University of Technology).
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Figure 3.22 : Normalized power patterns of a double-slot antenna on an extended (Lex = 1800 pm)
hemispherical silicon lens (solid line: EUT, and dashed line: Filipovic).
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Figure 3.23 : Normalized power patterns of a double-slot antenna on an extended (Lex =2200 J.lm)
hemispherical silicon lens (solid line: EUT, and dashed line: Filipovic).
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Figure 3.24 : Normalized power patterns of a double-slot antenna on an extended (Lex = 2600 J.lm)
hemispherical silicon lens (solid line: EUT, and dashed line: Filipovic).
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Figure 3.25 : Normalized power patterns ofa double-slot antenna on an extended (Lex = 3000 J1m)
hemispherical silicon lens (solid line: EUT, and dashed line: Filipovic).

The comparisons show a very good agreement for all four extension lengths. In the first three

figures it is even hard to see that there are two different curves plotted. The E-plane field and

the far-field phase are not shown here, despite the fact that they have been compared. Again

the correspondence was very good between our computed values and Filipovic' s [1].

3.3.2 Calculated far-field radiation patterns

In Section 3.2.1 radiation patterns have been calculated for the double-slot and double-dipole

feed antenna with a 15.0 mm diameter elliptical silicon, quartz and HDP lens. The results of

these computations varied with the different configurations, as could be expected. To machine

an elliptical lens is in practice more expensive than for example a hemisphere. This is the

reason that in this report also the extended hemispherical lens is analyzed. Questions that can

arise are: What is the directivity degradation when an ellipse is replaced by a hemisphere, in

case of the best fitted solution? What is the influence of the extension length on the

directivity, Gaussian beam efficiency or radiation pattern? Some of these questions will be

answered in this section. First of all the radiation pattern and the corresponding directivity are

treated. Of course it is possible to consider every configuration as with the ellipse, but it is

chosen to analyze only the double-slot feed on a silicon dielectric. The operating frequency

is set to 246 GHz. In order to compare the directivity of the elliptical and the hemispherical
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lens, the same physical aperture is required and so the diameter of the hemisphere is 15.0

mm. In Section 3.3 it is determined that the best fitted hemisphere for a silicon dielectric

needs an extension length of 2855 J.lll1 for the 15.0 mm elliptical lens. For four different

extension lengths, being 2000, 2400, 2800 and 3200 J.lll1, the power patterns have been

computed for both the E- and H-plane. In Figures 3.26 to 3.29 these patterns are shown for

angles between -40 and 40° from boresight.
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Figure 3.26 : Power patterns ofa double-slot antenna in combination with a hemispherical silicon
lens (Lex = 2000 Jim) at a frequency of 246 GHz (solid line: H-plane, and dashed line: E-plane).
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Figure 3.29 : Power patterns of a double-slot antenna in combination with a hemispherical silicon
lens (Lex = 3200 pm) at a frequency of 246 GHz (solid line: H-plane, and dashed line: E-plane).

First of all it can be said that the patterns in the E- and H-planes do agree quite well,

especially for small angles from boresight. The directivity appears to be strongly dependent

on the extension length. At 2000 flIll it is 17.5 dBi, while for an extension length of 2800 flIll

an improvement of more than to dB is obtained. The maximum directivity will probably

occur around Lex =2855 flIll, because then the extended hemispherical lens has the closest

geometrical match to an elliptical lens. Small extension lengths seem to result in very broad

beams and as a consequence the directivity is low. Naturally, the broad beams should have

a large to-dB beamwidth. These beamwidths are 34.7, 16.8,9.5 and to.5° for the considered

extension lengths in order of occurrence in the Figures 3.26 to 3.29 and indeed the higher

directivities correspond with the lower beamwidths.

It is difficult to determine the relative first sidelobes of the broader beam antennas, because

the end of the main beams can not easily be indicated. This also implies that the beam

efficiency is not a very good measurable quantity. However, the coupling to the fundamental

Gaussian beam can very well be determined. As already explained, the Gaussicity is computed

using a normalized inner product between the radiation patterns of the lens antenna and the

first-order Gaussian beam, as seen in Equation (3.22). From the values (~, ~1)' which are

found at the maximum Gaussicity, the radius of curvature and the beam waist in the aperture

plane of the antenna can be obtained. The Gaussian beam efficiency has been calculated for
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the above-mentioned configuration with extension lengths varying from 1200 to 3400 J1Il1. At

the same time the radius of curvature, the beam radius and the directivity are determined.

These results are shown in Table 3.5. The radius of curvature and the waist in the aperture

plane are computed with Equations (3.24) and (3.25).

Table 3.5 : Gaussian beam efficiencies and directivities for an extended hemispherical silicon lens
antenna, illuminated by a double-slot feed at a frequency of 246 GHz.

I (~) I
Directivity

~[:J~(dBi) (%) (rad) (rad) (mm) (mm)

1200 12.9 96.19 0.4186 0.4290 +6.49 1.00

1400 14.5 95.50 0.4099 0.3853 -8.18 1.00

1600 14.9 95.63 0.3854 0.3466 -5.23 1.44

1800 16.9 94.83 0.3338 0.3097 -7.54 2.09

2000 17.5 93.89 0.2638 0.2661 -12.92 2.96

2200 19.6 93.54 0.2070 0.2293 -20.92 3.75

2400 25.6 92.59 0.1434 0.1897 -39.89 4.65

2600 28.1 90.20 0.0970 0.1914 -91.97 4.72

2800 28.6 87.90 0.0683 0.8446 +1201.6 5.70

3000 28.1 85.98 0.0713 0.2510 +243.96 5.77

3200 26.9 84.81 0.0908 0.1886 +94.84 5.72

3400 25.5 86.56 0.1100 0.1719 +69.87 6.42

The Gaussian beam efficiency is very high for small extension lengths and decreases from

96.2% at 1200 J1Il1 to 84.8% at 3200 J1Il1. This decrease in Gaussicity at the larger extension

lengths can be interpreted as the result of the formation of out-of-phase sidelobes, whose level

progressively increases as the extension length is increased. Around the synthesized elliptical

position (2855 J1Il1) the Gaussian beam efficiency is nearly the same as for the elliptical lens

(87.8%). An optimum for the forward directivity can be found between 2600 and 3000 J1Il1.
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In Table 3.5 one can see that the radius of curvature in the aperture plane first has a positive

value, meaning that the minimum waist plane is located on the left side of the aperture, and

then changes sign. The radius of curvature approaches infinite around 2800 Jlm, which is very

near the synthesized elliptical position. In the aperture plane of the extended hemispherical

silicon lens, the waist increases up to an extension length of 3000 Jlm, when the double-slot

feed is moved in axial direction away from the tip of the lens.

It is very interesting to compare the radiation patterns of the elliptical lens and the synthesized

elliptical lens. Therefore, the radiation patterns in the H-plane are computed for a silicon

dielectric at a frequency of 246 GHz and these are shown in Figure 3.30. The comparison

does not only include the patterns, but also the beam efficiency, Gaussicity and beamwidth

will be considered.
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Figure 3.30 : Power patterns of an elliptical and an extended (Lex = 2855 J1Tn) hemispherical
silicon lens in the H-plane at a frequency of246 GHz.

At first glance, the result of the comparison seems rather good, though it can be seen that

there are some differences between the two. The degradation in directivity is 1.1 dB when the

extended hemisphere is used instead of the ellipse. For the lO-dB beamwidths values of 8.8

and 9.60 are found in case of the elliptical and the extended hemispherical lens, respectively.

The latter however, has a better relative first sidelobe level (-20.2 dB) compared to -19.7 dB

for the ellipse, but for the other sidelobes it is the other way around. These sidelobe levels
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are computed in the H-plane and not in the E-plane. Further, the true elliptical lens has a

better beam efficiency than the extended hemispherical lens and this beam efficiency is 88.4%

for the extended hemisphere, which is 2.3% worse than for the elliptical lens.

The coupling to the fundamental Gaussian beam is better for the ellipse. A Gaussian beam

efficiency of 87.8% is calculated for the ellipse and 87.6% for the extended hemisphere, but

of course this is not a very hugh difference. The corresponding radius of curvature is

approximately 730 mm for the hemisphere, which is very close to the value of infinite for the

ellipse speaking in terms of the radius of the lens. It is found that the beam radius in the

aperture plane is 6.00 mm for the elliptical and 5.68 mm for the synthesized elliptical silicon

lens. Finally, it can be concluded that the real elliptical lens in general has better antenna

properties than the synthesized one, but the latter may be applied as a good alternative

solution.

3.3.3 Calculated antenna efficiencies

In contradiction to the elliptical lens, it is not possible to compute the directivity with the use

of the antenna efficiencies in case of the extended hemispherical lens. When this type of lens

is used, only the spillover and the transmission efficiency are determined, because these two

efficiency calculations do not require a unique planar aperture, as is the case for the aperture

and polarization efficiency. The directivity is first calculated from the far-field radiation

pattern and then the combined aperture efficiency is found simply by dividing this forward

directivity by Tls ' Tl" and the factor (rcD/Ao)2. In this section the directivity of the extended

hemispherical lens will be calculated as a function of the extension length, for a silicon

dielectric. Together with this directivity, the antenna efficiencies shall be computed.

Beforehand it can be predicted that the spillover efficiency will decrease when the antenna

is placed further away from the center of the lens in axial direction. This is obvious, because

the further the antenna is shifted from the center, the more power is radiated beside the

dielectric lens. The maximum angle of a ray illuminating the lens is a decreasing function of

the extension length. To demonstrate this and at the same time determine the directivity curve,

a plot has been made for a silicon lens, illuminated by the same double-slot feed as in the

previous section. In Figure 3.31 this plot, with the directivity, the spillover-, the combined

aperture- and the transmission-efficiency curve, is shown. Also this time the double-slot is fed

by a 246 GHz signal.
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Figure 3.31 : The directivity and the antenna efficiencies ofan extended hemispherical silicon lens,
illuminated by a double-slot feed at 246 GHz, as a function of the extension length.

It is seen that the spillover losses do indeed increase as the extension length is increased.

These losses are 6.1 % at 1200 J.U11 and change to 8.3% at 3200 J.U11, but it is a slowly varying

function. The reflection losses, on the other hand, tend to decrease in the first part of the plot

up to an extension length of 2200 J.U11, but when the extension length is further increased the

transmission efficiency also gets worse and ends at 58.7% at 3200 J.U11. Both the spillover and

the transmission efficiency do not seem to have a great influence on the directivity, because

of their rather flat curves. The combined aperture efficiency however, does change

significantly compared to the other two. At small extension lengths (up to 2100 J.U11) the

combined aperture efficiency is very low « 6%) but with a further increase it approaches the

value of 84% at the maximum directivity. This maximum directivity occurs at an extension

length of approximately 2820 J.U11, which is near the synthesized elliptical position (2855 J.U11).

It is clear that the directivity curve has almost the same shape as the curve of the combined

aperture efficiency, with their maxima at the same extension length. At 2820 J.U11 the

maximum directivity is 28.7 dBi, which is still 0.7 dB lower than the directivity of the true

elliptical silicon lens at 246 GHz.



69

4. COInparison between theory
and Ineasurements

A true elliptical HDP lens, illuminated by a double-dipole feed with a backing reflector, is

used by Skalare [8] during his measurements at frequencies from 7 to 14 GHz. The double

dipole feed was designed for an operating frequency of 10 GHz and had a length of 0.5 Ad and

a spacing of O.4Ad between the dipole elements. The backing reflector is put a quarter

wavelength behind the feed. For the diameter of the elliptical lens he chose a value of 11.0

em. The dipole elements together with the IF and DC bias line where put on a thin Kapton

film, which was placed between the HDP lens and the quarter wavelength slab with the

backing reflector. In Figure 4.1 the Kapton film with the dipole elements is shown.

dipole elements

/~

position of
detector

i
connecting

transmission line

high impedance ').,/4 filter section

/.-------,.
IF and DC bias line

Figure 4.1 : Double-dipole antenna structure on a Kapton film.

In Ref. [8] Skalare presented measurements of the co- and cross-polarized patterns in the E-,

D- and H-plane at eight different frequencies. The measured co- and cross-polarized patterns

are defined according to the third definition of Ludwig [18].
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For the co- and cross-polarized unit vectors the following defining equations can be written:

(4.1)

(4.2)

Next the co-polarized patterns are compared for all three planes. Two frequencies, 9 and 11

GHz, are chosen as an example and the other six (7,8,10,12,13 and 14 GHz) can be found in

Appendix C of this report. The co-polarized patterns are shown in Figures 4.2 to 4.7, where

the solid line represents the measured data from Skalare and the dashed line is the pattern

computed at the EUT. It appeared that the maxima in the patterns of Skalare were not always

found in the boresight direction, and therefore some of these patterns are shifted to

compensate for this measurement inaccuracy.
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Figure 4.2 : Normalized co-polarized patterns of a double-dipole with a backing reflector on an
elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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D-plane at 9 GHz
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Figure 4.3 : Normalized co-polarized patterns of a double-dipole with a backing reflector on an
elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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Figure 4.4 : Normalized co-polarized patterns of a double-dipole with a backing reflector on an
elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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E-plane at 11 GHz
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Figure 4.5 : Normalized co-polarized patterns of a double-dipole with a backing reflector on an
elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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Figure 4.6 : Normalized co-polarized patterns of a double-dipole with a backing reflector on an
elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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H-plane at 11 GHz
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Figure 4.7 : Normalized co-polarized patterns of a double-dipole with a backing reflector on an
elliptical HDP lens (solid line: Skalare. and dashed line: EUT).

Figures 4.2 to 4.7 show that the agreement between our model and the measured data is only

valid for the main lobe down to a level of approximately -10 dB. For levels even lower than

-10 dB the two do not agree well. An explanation for the discrepancies is that the model

presented in this report does not take into account the lens reflected rays, which will interfere

with the direct rays after a second reflection at the backing reflector. Of course these reflected

rays are usually not as strong as the direct rays, especially for small angles from boresight,

and therefore they will only influence the radiation pattern for angles outside the main lobe.

The sidelobes will definitely be changed, if these reflected rays are considered.

Another observation that can be made is that the measured patterns are not symmetrical

around 0°. The reason for this asymmetry is probably found in Figure 4.1, where one can see

that the feed antenna is symmetric but the location of the IF and DC bias line at one side of

the feed antenna makes the design asymmetric. It is very well possible that the IF and DC

bias line will affect the radiation pattern especially in the H-plane. The E-plane radiation

pattern on the other hand will not be affected that much by this bias line, because the bias

line is perpendicular to this plane. Indeed, it appears that the H- and D-plane are less

symmetric than the E-plane for both 9.0 and 11.0 GHz.
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Due to the differences between the computed and the measured co-polarized patterns and the

fact that the cross-polarized components are much smaller, it is not considered to be very

useful to compare the cross-polarized patterns because of the more important role that the lens

reflected rays will play.
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5. Conclusions and
Recomntendations

5.1 Conclusions

In this report the perfonnance of integrated lens antennas, with an elliptical or an extended

hemispherical lens, is determined. The feed antenna, a double-slot or a double-dipole antenna

with a backing reflector, is etched on the dielectric and illuminates the surface of the lens. By

applying Geometrical Optics from the feed to the lens cap and an electric- and magnetic-field

integration over the lens surface, the radiation patterns and some important efficiencies are

computed. The directivity of the silicon elliptical lens antenna, with a diameter of 15.0 mm

and a double-slot feed, appears to be 29.4 dBi at a frequency of 246 GHz. This is 0.8 and 2.6

dB more than the directivity of a quartz and a HDP dielectric, respectively. Of course the

comparison is made, based on equally sized apertures as the silicon lens antenna. For the

double-dipole feed with a backing reflector the directivity is usually somewhat higher. The

beamwidths for the three dielectric materials (silicon, quartz and HDP) are around 80 at 246

GHz for both above-mentioned feeds. Increasing the frequency from 246 to 500 GHz results

in a beamwidth of around 40
•

When the sidelobe envelopes and especially the relative first sidelobe levels are considered,

it is found that the silicon dielectric lens design has the best perfonnance. This design

achieves a relative first sidelobe level of nearly -18 dB for the double-slot as well as for the

double-dipole feed with backing reflector. For the other two dielectric materials the relative

first sidelobe levels are approximately 2.5 dB worse. It is important to note that all these

levels are calculated in the E-plane, because in this plane the worst levels are found. In most

applications, the integrated lens antennas will be used as a feed for a parabolic reflector and

therefore it is of great importance to know the part of the total radiated power that is captured

within the main beam. In other words, the beam efficiency is another very interesting

parameter. The beam efficiency computations show different results, ranging from 70 to 90%.

Again silicon results in the best solution concerning the beam efficiency, which is normalized

to the power radiated through the lens cap and not to the total radiated power.
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In quasi-optical antenna systems the Gaussian beam efficiency plays a major role, because

a perfect Gaussian beam results in the smallest possible optics. For the Gaussian beam

efficiency of the elliptical lens antennas values from 70 to 90% are found, depending on

which dielectric and which feed antenna is used. The best results are achieved (90.2%) using

a silicon lens illuminated by a double-dipole feed with a backing reflector. The Gaussian

beam efficiency can be increased to about 97%, if the elliptical lens is replaced by an

extended hemispherical lens with a small extension length (1000-1200 Jlm). However, the

directivity will decrease rapidly when the extension length is made smaller. At 1200 Jlm the

directivity is less than 13 dBi for a lens with a 15.0 mm diameter. A comparison between the

elliptical and the synthesized elliptical lens shows that the radiation patterns are quite similar

within the main beam and that the elliptical lens has a slightly better directivity. Also the

beamwidth is smaller for the true ellipse, 8.8 against 9.6°, but concerning the relative first

sidelobe levels the synthesized elliptical lens appears to be the best solution.

Finally, our co-polarized radiation patterns are compared with the co-polarized radiation

patterns obtained from measurements. This comparison, with a double-dipole illuminating a

HOP elliptical lens at different frequencies, showed that only for the main beam a good

agreement could be found. For angles outside the main beam, our model predicted sidelobes

at other angles in the radiation patterns than the measurements did.

5.2 Recommendations

In the introduction of this report many different integrated antenna types are mentioned that

could be used for the millimeter-wave and submillimeter-wave region. It is therefore

recommended to analyze also these integrated antennas and compare them with the integrated

lens antennas discussed in this report. Especially, the beam efficiency, the Gaussian beam

efficiency and the rotation symmetry should be investigated, because of their great importance

in most millimeter-wave and submillimeter-wave system applications, such as radiometry

(limb sounding), radar, plasma diagnostics and radio astronomy. Another recommendation is

to analyze other planar feed antennas than the ones used in this report, i.e. double-slot and

double-dipole antenna with a backing reflector. For example the double-dipole antenna

without a backing reflector, the spiral antenna or the log-periodic antenna could be

considered. Then it is also interesting to find the optimal length and spacing of a double-slot

or double-dipole feed for the best achievable rotation symmetry or Gaussian beam efficiency.
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The comparison between the model presented in this report and the results obtained by

measurements shows that our model is not complete yet. The discrepancies can probably be

explained by the multiple reflected rays, which are not yet included in our model. It is

expected that these contributions are the main reason for the observed differences at larger

angles from boresight, because the amplitudes of the reflected rays are much smaller than the

amplitudes of the direct rays and therefore they will only have an influence on the radiation

pattern outside the main beam. Another option is to reduce the multiple reflection

contributions by application of a matching layer between the surface of the lens and the air.

This second option is more strongly recommended but askes for an analysis of the bandwidth

of such a layer. In this report, the input impedance of the planar antennas on a dielectric

substrate are not calculated. Nevertheless, the importance of this antenna property becomes

clear when the antenna and the active circuit are combined on the same dielectric substrate

and therefore have to be matched.
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Appendix A: Derivation of the
Fresnel reflection and
translllission coefficients:

* Perpendicular polarization:

The configuration of the problem is shown in Figure A.l.

81

plane of
incidence

medium 1

boundary plane

medium 2

Figure A.I : Perpendicular polarization.

The E-vector is perpendicular to the plane of incidence. The boundary conditions are:

E/ + E' = E'

H /cos9/ - H 'cos 9' =H 'cos 9'

(A.I)

(A.2)
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For the magnetic field strengths it is possible to write:

Substitution of Equation (A.3) into (A.2) gives:

.. Z\
E 'cosO' - E 'cosO' = _E 'cosO'

Zz

(A3)

(A.4)

Elimination of E' or E' from Equations (A. I) and (AA) leads to the following reflection and

transmission coefficients:

(A.5)

E'
't.l A 

E 1

Zz cos 01 + Zzcos 0'
=------~

Zz cos 0' + Z\ cos 0'
(A6)

* Parallel polarization:

Now, the E-vector is parallel to the plane of incidence,which is shown in Figure A.2.

The boundary conditions are given by:

Hi+H'=H'

E iCOSOi - E 'cosO' = E 'cosO'

Substitution of Equation (A.3) into (A.?) leads to the following equation:

(A7)

(A8)

(A9)

By eliminating E' or E' from Equations (A.8) and (A.9) the reflection and transmission

coefficients for the parallel polarization are obtained:

E' Z\ cos Oi - ZzcosO'
PI A -. = -------

E' Z\cos8' + ZzcosO'
(A10)
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(A.ll)

plane of
incidence

boundary plane

medium 2medium 1

Figure A.2 : Parallel polarization.
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Appendix B: Aperture- and
far-field representation of a
first-order Gaussian beam:

The first-order Gaussian beam can be seen as an approximate solution to the (scalar)

Helmholtz-equation V 2E+k 2E=O. In Figure B.1 the contour of the first-order Gaussian beam

is shown.

Ay

minimum waist
plane

p

;'

------,r-+-,-- -/,-'-'
! ,. ..

:

1: _" (,.,-,-/' 0
-----+-i'E--/------+-----I------."c------- Y

1'-'-'-"-,,·,, i, Ji
aper! ........

, "'" i w! ........ : aper___--'-t"-_ . i
..................... i

................~.....
I .......,
!

Figure B.l : Contour of a first-order Gaussian beam.

For the lower order, or fundamental Gaussian mode, the two-dimensional rotationally

symmetric field representation can be expressed as [19]:

W [_p2 p2 2(y+~)]
E(p,y) = it A~exp _-jk_-jk(yo+y)+jarctan 0
- co W W 2 2~ kwi (B,!)

where A, W o are constants, and w and ~ are slowly varying functions of y. From Equation

(B.1) can be seen that the variation of the field amplitude transverse to the direction of
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propagation has a Gaussian form with the half-width to the lIe point being equal to w, which

is called the beam radius. The variation of W as a function of y is given by:

w(y) == wo
(B.2)

Also the radius of curvature 5R depends on the distance from the minimum waist plane and

can be written as:

(B.3)

(BA)

Now that the two-dimensional field of the first-order Gaussian beam is known, the next step

is to find the radiation-field pattern of this fundamental Gaussian beam. In Ref. [13] is shown

that the far-field pattern of any planar aperture-field distribution equals the Fourier Transform

of this aperture field as being:

E(r) - jkcos~ exp( -jkr) '¥(ksin~coso,ksin~sinO)
- 21tr -

with

(B.5)

which is the two-dimensional Fourier Transform of the field (ED) in the plane y==O. The

calculation of the Fourier Transform of the fundamental Gaussian beam can be simplified,

because it has a rotationally symmetric field distribution. With k~ ==ksin~coso andkz ==ksin~sino

and the introduction of cylindrical coordinates (p, <1>' ) in the plane y =0, the Fourier Transform

of a rotationally symmetric field reduces to:

-
'¥(~) = 21t JED(P)Jo(kpsin~)PdP

o .

(B.6)

If the field distribution of the first-order Gaussian beam, from Equation (B. I), is substituted

in Equation (B.6) the following integral is obtained:

(B.7)
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with ~ being a constant and the values of wand 9t are the values at y =0. This integral can

be evaluated with the help of the next standard integral:

(B.8)

and reduces to:

(B.9)

(B.IO)

In Equation (B.9) C is a complex constant. As said before, the Gaussian beam is a paraxial

approximation, which implies that this approximation is only valid for small angles from

boresight. Therefore, it is allowed to replace sin ~ by ~ and cos ~ by one. This finally results

in the far-field representation of the first-order Gaussian beam as being:

E(r) - jkC ex (-'kr)ex [9tk2W2(2kW2j-49t)~2]
- 27tr p") p 169t2 +4k 2 w 4

Comparing this expression with the far-field representation of the first-order Gaussian beam,

used in the Gaussian beam efficiency calculations, which is:

Dexp( -f.)exp(±j7tf.)
~ ~i

leads to the following two equations for ~ and ~I:

~ = 169t2 +4k 2
w

4

49t2k 2w 2

(B.ll)

(B.12)

(B.13)
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Rewriting these equations for ~ and w results in:

(B.l4)

and

(B.15)

It is good to note here that these values for ~ and w are values with y being equal to zero.

The next step is to find expressions for the radius of curvature and the beam radius in the

aperture plane Y=~Y. This is started by rewriting Equations (B.2) and (B.3) for W o and Yo'

For these variables the next expressions hold:

(B.16)

and

(B.17)

By substituting Equations (B.14) and (B.IS) in Equations (B.16) and (B.17) it is easy to

derive the following two equations:

and

21t
Yo = ±-

k~i

(B.l8)

(B.19)

The value of Yo is positive if the minimum waist plane is located on the left side of the plane

y =0. With the knowledge that both the distance from the minimum waist plane to the p-axis

and the value of the minimum waist are known, it is not difficult to determine the radius of

curvature and the waist radius in the aperture plane of the antenna.
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Therefore, Equations (B.2) and (B.3) are applied together with Equations (B.18) and (B.19),

yielding the values for 9lape, and wape,:

and

w = _1_ 4 +k2t; [IlY + 2x ]2
ape, k~ kt;~

lilY +_2X]2 +_4
_ kt;~ k2t;~

9l
ape

, -ax
Ily+_

kt;~

(B.20)

(B.2l)
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Appendix C: Measured and
calculated co-polarized patterns
of a double-dipole fed lens antenna:

This appendix contains the co-polarized patterns of a double-dipole feed antenna with a

backing reflector, which illuminates a HDP elliptical lens. The co-polarized patterns are

measured and calculated at 7,8,10,12,13 and 14 GHz in the E-, D- and H-plane. The diameter

of the lens was 11.0 em. The double-dipole feed consisted of two half-wave dipoles with a

spacing of O.4A.d and between the feed antenna and the backing reflector a quarter wavelength

of HDP dielectric material was put. For the double-dipole feed an operating frequency of 10

GHz was chosen.
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Figure C.l : Normalized co-polarized patterns of a double-dipole with a backing reflector on an
elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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D-plane at 7 GHz
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Figure C.2. : Normalized co-polarized patterns of a double-dipole with a backing reflector on an
elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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E-plane at 8 GHz
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Figure CA : Normalized co-polarized patterns of a double-dipole with a backing reflector on an
elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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Figure C.S : Normalized co-polarized patterns of a double-dipole with a backing reflector on an
elliptical HDP lens (solid line: Skalare, and dashed line: EUT).



94 Appendix C: Measured and calculated co-polarized patterns ora double-dipole fed lens antenna

H-plane at 8 GHz
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Figure C.6 : Normalized co-polarized patterns ofa double-dipole with a backing reflector on an
elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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D-plane at 10 GHz
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Figure C.8 : Normalized co-polarized patterns ofa double-dipole with a backing reflector on an
elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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E-plane at 12 GHz
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Figure C.IO : Normalized co-polarized patterns of a double-dipole with a backing reflector on
an elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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Figure C.ll : Normalized co-polarized patterns of a double-dipole with a backing reflector on
an elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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H-plane at 12 GHz
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Figure C.I2 : Normalized co-polarized patterns of a double-dipole with a backing reflector on
an elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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Figure C.13 : Normalized co-polarized patterns of a double-dipole with a backing reflector on
an elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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D-plane at 13 GHz
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Figure C.14 : Normalized co-polarized patterns ofa double-dipole with a backing reflector on
an elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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Figure C.15 : Normalized co-polarized patterns of a double-dipole with a backing reflector on
an elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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E-plane at 14 GHz
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Figure C.I6 : Normalized co-polarized patterns ofa double-dipole with a backing reflector on
an elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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Figure C.I7 : Normalized co-polarized patterns ofa double-dipole with a backing reflector on
an elliptical HDP lens (solid line: Skalare, and dashed line: EUT).
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H-plane at 14 GHz
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Figure C.l8 : Normalized co-polarized patterns of a double-dipole with a backing reflector on
an elliptical HDP lens (solid line: Skalare, and dashed line: EUT).

It appears that also for the frequencies used in this appendix there only exist a good

agreement for the main beam. The discrepancies for larger angles from boresight again cannot

be neglected and in Chapter four it is explained why these differences between theory and

measurements can exist. In Chapter four it is also seen that the co-polarized patterns are not

symmetrical around 0°, especially in the H-plane. From Figures C.I to C.18 the same

conclusion can be drawn.
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