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Chapter 1

Introduction

1.1 SiGi-Spot project

Nowadays a large number of media applications are in need for ultra-broadband wireless transmis
sion over short distances. Current wireless LAN technology is is not suitable for this, because the
available capacity is limited by bandwidth restrictions in the conventional frequency bands. The
SiGi-Spot project [47] addresses the use of the 60 GHz band, in which more than 5 GHz of spectral
space has been allocated for licence-free use. By using this resource, data rates in the order of
gigabits per second become feasible. Typical applications that can be foreseen are in the area of
consumer electronics, e.g., the wireless connection between a DVD player and a plasma screen.
The high free-space loss at 60 GHz makes this band very suitable for indoor communication, but
at the same time requires high gain and highly steerable antennas.

1.2 Antenna configuration

The proposed antenna configuration in the SiGi-Spot project consists of a planar array of balanced
fed aperture-coupled patch antennas [2, 4]. An important feature of this design is the ability to
electronically steer a beam with high directivity towards a desired direction. The design can be
realised in a printed circuit board technique. Therefore, it has the advantages of low cost and easy
integration. Another important aspect of the design is its wideband behaviour, while retaining
good efficiency. However, a typical planar antenna array has limited steering capabilities due to
a non-uniform element pattern. It is not possible to obtain beams with high directivity at angles
far from broadside, due to the low gain of the antenna elements at these angles. Additionally, a
planar array can suffer from scan blindness, which limits the scan range as well [40]. These are the
main reasons that the coverage of a single antenna array is limited. We are interested in extending
the coverage of the currently proposed antenna configuration, while retaining the advantages of
low cost, easy integration and wideband behaviour with good efficiency. Moreover, we would like
to have a customisable design, so that the coverage of the antenna system can be tailored to the
application in mind.

1.3 Extended antenna coverage

Several antenna configurations are known that are able to achieve a larger coverage compared to
a planar array of patch antennas. For the application in mind however, they should also meet
the specifications mentioned in the previous section, regarding cost, integration, bandwidth and
efficiency.
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1.3.1 Conformal array

Instead of a planar array of source elements, a conformal array of antenna elements [33] could be
used. In a conformal array, multiple source elements are placed on an arbitrary shape, for example
a sphere or a cylinder. In this way, every direction of interest is covered by a certain group of
source elements. In [27], microstrip patch antennas are placed on a cylindrical surface to produce
an omni-directional radiation pattern. By applying different feed signals to each element, it is
possible to radiate energy into different directions with beams of high directivity. In [18, 5], two
algorithms are described to determine appropriate feed signals to obtain desired beam patterns.
Disadvantages of such conformal arrays however, are relatively high production costs and the fact
that they are not easy to integrate. Another approach might be to use several planar antenna
arrays, arranged into a 3D configuration, for example in the shape of a pyramid. Each array is
able to cover part of space. Production costs are lower compared to shapes with smooth curves
and the design is easier to integrate, but a problem is the extensive feed network, required to
feed each of the elements separately. Especially at the edges of the planar arrays, interconnection
problems can occur.

1.3.2 Reflector antenna

Another option is to use a (parabolic) shaped reflector in combination with a steerable source
antenna. A good overview of reflector antennas is given by [45]. Although a reflector antenna
can be a simple solution, the source antenna or the reflector itself causes shadowing, and it is
cumbersome to customise the reflector for different applications.

1.3.3 Dielectric lens antenna

The dielectric lens antenna consists of a source antenna surrounded by dielectric material, which
is able to focus or bend the source radiation towards a certain direction. A good overview of the
different types of lens antennas is given in [20]. A significant amount of work on lens antennas has
been performed for millimetre-wave applications. For example, the designs presented in [17, 15, 16]
achieve an omni-directional coverage. It is also possible to design lens antennas that form a beam
of high directivity towards a fixed desired direction [13, 54, 9], but this type of lens antenna is
not able to focus or steer radiation towards different directions. Another type of lens antenna,
consisting of a steerable source antenna array and a lens with multiple focus points [54, 43], is
able to steer towards different directions and could be a suitable solution. Disadvantages of lens
antennas are relatively high internal reflections [51]. These reflections can be lowered by using
appropriate matching layers, but this increases the production costs of the lens.

1.3.4 Reflectarray antenna

Another commonly used configuration to extend coverage is based on a reflectarray [7]. Like the
reflector antenna, radiation of a steerable source is reflected towards a desired direction. Instead of
a parabolic-shaped reflector, a planar array of phase-shifting elements can be used. These elements
reflect incident radiation, while performing a certain phase shift. This way, the phase distribution
of the reflected wave is changed and can be steered towards a desired direction. In [23, 8, 26],
the phase-shifting property of the element is achieved by varying length stubs and more recently,
in [39,41], by patches of variable size. The extensive use of reflectarrays to extend coverage of a
steerable antenna system is mostly due to the low cost and the fact that a reflectarray is highly
customisable. There are also disadvantages however. Varying the size of the patches to achieve the
phase-shifting property of the elements changes the resonance frequency of the patches, causing
the reflectarray to be limited in bandwidth. An improvement has been made in [14], where two
layers of patches are used, to create a reflectarray that allows for more freedom in the design. This
way the bandwidth of the reflectarray can be improved. Two other disadvantages of reflectarrays
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are the fact that only that part of the environment can be covered, that is on the reflecting side
of the reflectarray, and the fact that the source causes shadowing.

1.3.5 Transmitarray antenna

Another type of antennas is the class of transmitarrays. Transmitarrays consist of an array of
receiving and transmitting antenna elements, located back-to-back on opposite sides of the struc
ture [29]. Transmitarrays can be active or passive. In an active transmitarray, RF circuitry and
active devices are placed in between the receiving and transmitting antenna elements to amplify
the signal. Active transmitarrays are also known as transmission-type spatial power combiners,
first reported in [49]. Many significant advancements have since been made, leading to active
transmitarrays for frequencies in the range of 10 GHz and above. For example, in [24], arrays
of anti-resonant slot antennas are combined with active devices, yielding an active transmitarray
operating at 35 GHz. In [35], arrays of coplanar waveguide (CPW)-fed microstrip patch antennas
are used to create a passive and an active transmitarray operating at 10 GHz. In [34], an active
transmitarray is presented, consisting of microstrip patch based structures using through-plate
coaxial transitions, operating at 34 GHz. These designs use a (hard) horn feed, which produces
an approximated plane wave to feed the transmitarray, and use elements which apply identical
phase shifts. This way, the active elements of the transmitarray transmit the amplified signals in
phase and thereby achieve increased gain.
A transmitarray antenna can be used for beam forming purposes if it is constructed of phase
shifting elements [29]. Such a transmitarray is similar to the reflectarray in the sense that it
uses these phase-shifting elements to change the phase distribution of the incident wave. Unlike
the reflectarray antenna, which reflects the electromagnetic wave from the surface, incident waves
are transmitted through the surface. In this comparison, an advantage of a transmitarray is that
shadowing by the source is avoided, because the incident wave is transmitted away from the source
array system. However, the elements of a transmitarray are more complicated than the elements
of a reflectarray, because they have to provide the transmission and apply the required phase-shift
to the incident wave at the same time, whereas in a refiectarray, the elements only have to apply
the required phase-shift to the incident wave. The incident wave is totally reflected due to the
presence of a ground plane.
Some studies for suitable array elements have been performed. In [29], aperture-coupled microstrip
patch antennas are used which achieve a bandwidth of 1.9% at a frequency of 1.8 GHz. In [25],
microstrip patches and coupling slots are used, which obtain a 1 GHz bandwidth at a frequency
of 35 GHz. In [10] tapered slot antennas are used in combination with active devices, to achieve
gain in the frequency range of 8-11 GHz. In [50], edge-fed and aperture-coupled stacked patch
antennas are used. The aperture-coupled stacked patch element achieves a bandwidth of more
than 5 GHz at a frequency of 10 GHz. In [38], the concept of a flat lens is explored, from the view
of a frequency selective surface (FSS) [37, 32]. A frequency selective surface consists of elements,
which transmit waves only within a selected frequency band. In [38], a phase-shifting property
is added to the elements of an FSS. This way, a passive transmitarray capable of beam forming
is obtained. The elements are constructed of arrays of aperture-coupled microstrip patches, with
varying length striplines in between to provide a custom phase shift. Simulations show 90% trans
mission in a 5% bandwidth around a frequency of 8 GHz. The same concept of an electromagnetic
lens has already been described in a patent, dating from 1961 [28], in which is indicated that the
characteristics of the lens can be varied by adjusting the electrical length of transmission lines. It
is also indicated that, using this principle, it is possible to create a lens which is able to produce
a scanning beam of radiation.

1.4 Proposed approach

The alternatives presented in the previous section all have their advantages and drawbacks. A
conformal array on a curved surface can have good performance, but is costly and not easy

3



to integrate. Several planar arrays, arranged in a 3D structure can be more cost-effective, but
suffer from interconnection problems. A reflector in combination with a steerable source antenna
causes shadowing and is not very customisable. Lens antennas exist in a variety of forms. Omni
directional or fixed-directional lenses are not suitable for our application in mind. A steerable
source antenna in combination with a lens with multiple focus points could be a suitable solution.
A drawback of a lens is that internal reflections are relatively high and using matching layers to
reduce internal reflections is expensive. Designs based on reflectarrays are highly customisable
and possibly low-cost and easy to integrate. To this end, microstrip patches can be used as phase
shifting elements. Due to a reflecting ground plane, a reflectarray is nearly 100% efficient. However,
reflectarrays tend to be limited in bandwidth and the source causes shadowing. Transmitarrays
possibly have the same advantages as reflectarrays, and the added advantage that the source
does not cause shadowing. Like reflectarrays, they are highly customisable and can be low-cost
and easy to integrate. Care should be taken, however, in designing a wideband, efficient phase
shifting element. Active transmitarrays can increase the gain of the source beam, but passive
transmitarrays are inherently easier to design, because they do not require active elements. In
this thesis, an attempt is made to design a passive transmitarray, which is able to achieve extended
coverage and meets the required specifications of low-cost, easy to integrate, wideband performance
with good efficiency. To meet these specifications, a suitable choice would be to design phase
shifting elements based on the proposed balanced-fed, aperture-coupled patch antennas presented
in [2].

1.5 Deflector-based configuration

Based on a passive transmitarray, we present a flexible antenna configuration, which is able to
achieve extended coverage and can be customised for multiple scenarios, with the same effort and
low manufacturing costs. Because this passive transmitarray is used to deflect electromagnetic
waves, radiated by the source, towards a new direction, it will be called deflector. It is used in
combination with a steerable source planar array of balanced-fed aperture-coupled patch antennas.
The proposed configuration, which consists of a source and a deflecting part, is shown in Fig. 1.1.
This figure shows a pyramid-shaped deflecting part, which can be constructed from multiple planar
deflectors. The steerable source can focus power, in the form of an electromagnetic wave, on a
certain confined area of a deflector. Depending on which area the power is focused, the deflector
bends this wave towards a certain direction. In this way, power can be emitted towards directions
that are out of reach of the source itself. Also, the power can be focused towards a certain direction,
so narrower beams with higher directivity can be realised.
It is assumed that the source in Fig. 1.1 is able to steer along the entire ¢-range and that there
is no need to influence this behaviour. The deflector can however alter or extend the coverage by
deflecting along the 8-direction.

1.6 Structure of the thesis

In Chapter 2, the design of the deflector is considered. It is explained that the deflector consists
of phase-shifting elements, and how these elements are able to deflect electromagnetic waves. It
is also explained that a trade-off exists between directivity and steerability of the deflector. A
model is given for the deflector in combination with a steerable source. Using this model, it is
investigated how the deflector should be designed to realise a certain desired behaviour. Two
possible designs and simulation results are given.
To model a simplified alternative for the final deflector element, the modelling and analysis of
generic planar structures on top of a dielectric slab is considered in Chapter 3. Starting from
Maxwell's equations, the Green's function of the dielectric slab is found. Using this Green's
function, the field solution of a point source on top of the slab is given as an example. The field
solution of generic structures on top of the slab is found using a Method of Moments (MoM)
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Figure 1.1: Proposed configuration

approach. As an example, the radiation pattern and input impedance of a microstrip dipole is
given.
To obtain an optimised design for the deflector element, an optimisation method is presented in
Chapter 4. This method is able to find a global optimum using a Taylor expansion of a cost
function. The method is explained and an example is given.
In Chapter 5, the deflector element is studied by introducing a simplified alternative for the final
element. This canonical element is modelled with help of the results presented in Chapter 3 and
its transmission properties are calculated as function of frequency. Furthermore, the element is
optimised using the method presented in Chapter 4.
In Chapter 6, a deflector is realised. The final phase-shifting deflector element, based on the
canonical element of Chapter 5, is introduced. The design of a deflector, consisting of these phase
shifting elements, is given and simulation results are presented.
To verify the performance of the deflector, two real deflectors are constructed in Chapter 7.
Measurements are performed and the results are compared to simulation results.
Finally, in Chapter 8, a summary and conclusions of the work and recommendations for further
research are given.
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Chapter 2

Design of the deflector

2.1 Introduction

The deflector is a two-sided structure, able to receive incident RF power on its downside and emit
this power on its upside. At the downside, RF power is incident on the deflector in the form of
an EM wave, which has a certain phase distribution along the deflector's surface. The received
power is transferred through the deflector and emitted in the form of an EM wave at the upside.
The deflector is designed to change the phase distribution at the downside into the desired phase
distribution at the upside. The phase distribution at the upside determines the steering and/or
focusing behaviour. This behaviour is called deflecting from this point on. In order to extend
coverage, the deflector should be designed for a suitable centre steering angle and steerability,
which is the maximum deviation from the centre steering angle.
The deflector consists of phase-shifting elements. This is explained in Section 2.2. The relation
between phase distribution at the upside and deflecting behaviour is explained in Section 2.3. This
behaviour is modelled in Section 2.4. Simulation results for two designs are given in Section 2.5
and 2.6.

2.2 Deflector element

The deflector applies a phase shift, that varies along the surface. To create this varying phase
shift, the deflector is constructed of multiple finite-sized, passive, phase shifting elements. Each
element applies an appropriate phase shift. This is shown in Fig. 2.1. An EM wave arrives at
the surface with a certain phase distribution. At the downside of element 1, the phase is equal to
'PI,down' The received RF power is transferred to the upside of the element, while a phase shift
of ~'PI is applied. At the upside, it is emitted in the form of an EM wave. The same principles
apply to element 2, which applies a phase shift of ~'P2. The difference between the phase shifts at
the upside of the elements determines the phase distribution at the upside of the deflector, which
in turn determines the deflecting behaviour.

2.3 Deflecting behaviour

As mentioned in the previous section, the phase distribution at the upside of the deflector deter
mines the deflecting behaviour. There is a trade-off between directivity and steerability, which is
clarified in the remainder of this section. In Chapter 1 it has been explained, that the deflector
only needs to deflect along the B-direction. Therefore, only the I-dimensional case is considered in
the present analysis. To steer towards a certain B-direction Bst , a phase shift (~'Pk) can be applied
along a series of elements k E 1 ... K, with inter element distance d, resulting in a certain phase
distribution at the upside (~'Pk,up). This is depicted is Fig. 2.2. The emitted EM waves add in
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(2.1)n E Integer

phase in the direction of est, if for every element k holds

kd . e t1<Pk,up-:x sm st = 27r + n,

because towards that direction, the difference in phase due to the path length difference kd sin est
of the contributing waves is exactly compensated by the impressed phase shift t1<Pk,up. The relative
phase at the upside of an element as function of that element's position is called the phase-position
curve. Eq. (2.1) results in a linear phase-position curve if t1<Pk,up = kt1<pup. As mentioned in
Chapter 1, the deflector is able to steer the RF power towards a certain direction, depending
on which area at the downside is focused on. If the deflector is to steer to multiple angles e~~),

n = 1 ... N, then for each angle e~~) , a group of elements exists, with among them a corresponding
relative phase shift of t1<pCn). In this case, the phase-position curve is piece-wise linear, having a
linear part with slope t1<pCn) / d for each steering angle e~~). This is depicted in Fig. 2.3 for three
steering angles. If more steering angles are defined, less elements per steering angle can be used
on a fixed sized deflector with fixed sized elements. Therefore, a trade-off between directivity and
steerability of the deflector exists. To steer across a continuous range of angles eCl) ::::: est::::: e(2),
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a smooth phase-position curve is used, with a slope varying from ~ep(l) /d to ~ep(2)/d.

2.3.1 Scenarios

In the design of the deflector, there is a trade-off between directivity and steerability, as explained
in detail in the previous Section. Some applications may require an antenna setup that achieves
high directivity at the cost of steering flexibility. This case is called scenario 1. Other applications
may require steerability in all directions and can afford low directivity. This is called scenario 2.
These scenarios are shown in Fig. 2.5 and 2.6. Each scenario requires its own deflecting behaviour,
so for each scenario the required phase shift distribution is different. What phase shift distribution
is suitable for a particular scenario, is investigated with the help of a model described in Section
2.4 and accompanying simulations in Section 2.5.

2.4 Source/deflector model

The behaviour of the deflector is modelled in combination with a steerable source, as shown in
Fig. 2.4. The model consists of a steerable source and a deflector, which is made up of a series of
deflector elements. The source has the following properties:

• The source beam directivity (Dsource((}source)), which is defined as the amount of power
radiated by the source in the direction of ()source, relative to the amount radiated by an
isotropic radiator. ()source is defined relative to ast, the angle the source is steered to;
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• The source steering efficiency (1Jsteer(a)), which is defined as the total amount of power
radiated by the source when it is steered to the direction a, relative to the total amount of
power radiated when steered to the broadside direction (a = 0).

The deflector is situated above the source at a normalised height of 1, tilted under an angle (3.
The position on the deflector is indicated with x E X, where X denotes the I-dimensional domain
over which the deflector extends, with x = 0 being the position straight above the source. The
deflector elements receive power on the downside and emit that power on the upside. A deflector
element has the following properties:

• The element receive directivity (Delement,receive(eelement));

• The element emit directivity (Delement,emit(eelemend);

• The element size (Welement).

The power transfer efficiency (1JT(X)) is defined as the relative amount of power received in the
deflector as function of position x, if the source is steered towards position x, which is under an
angle ast. It is equal to

1JT(X) = 1Jsteer(ast) '1Jelement,receive(eelement), (2.2)

where both arguments ast and eelement are depending on x and {3. The path loss difference is not
taken into account, because it is assumed to be small among the group of elements that is focused
on. The deflector is infinite in size, although only a finite part of it is used. This is depicted in
Fig. 2.7. For steering purposes, only the part of the deflector is used, where the power transfer
efficiency is greater than some minimum. The domain Xsteer is defined as

Xsteer = {x E X I1JT(X) ~ 1JT,min} , (2.3)

where 1JT,min is defined as the minimum power transfer efficiency that is still considered acceptable
for the outer steer angles, "II and 'Yh. The lower limit of Xsteer is denoted by Xl and the upper
limit by Xh. The angles al and ah are defined as the angles the source steers to, in order to
emit the maximum amount of power on the deflector towards positions Xl and Xh, respectively.
Furthermore, the angles amin and a max are defined as

amin = al - D beam,-3dB/2,

a max = ah + Dbeam,-3dB/2,

(2.4)

(2.5)

where D beam,-3dB is defined as the -3dB beam width of the source. The part of the deflector that
is used is defined by Xdejlector, which is equal to

Xdejlector = {x E X I Xmin ::::: x ::::: Xmax } , (2.6)

where Xmin and Xmax are defined as the positions on the deflector, which correspond to the angles
amin and a max , respectively.
Within Xsteer, the phase-position curve has a varying slope for the purpose of steering. For x::::: Xl,

the slope of the curve is equal to the slope at Xl and for X ~ Xh, the slope of the curve is equal to
the slope at Xh. From Xl through Xh, the change in slope of the phase-position curve allows the
deflector to deflect RF power towards angles "II through 'Yh. The elements within Xsteer that are
illuminated by the source beam do not produce a linear phase shift among them at the upside of the
deflector. The outgoing beam width is determined by the variation in slope of the phase-position
curve among the contributing elements. An element is defined as contributing if it is illuminated
by a significant amount of energy. This is the case if it is located within the in'cident -10 dB beam
width of the source. The amount of contributing elements is dependent on the position on the
structure between Xl and Xh that the source steers to. The more elements are contributing, the
larger the variation of this slope and the larger the outgoing beam width. Therefore, in order to

10



/
/

'Yl

j phase-po,ition ell''''I
I
I I
I I
I I

I I Xdeflector
I~ : ~

---

I ~ ~ I

:Xmin : Xl Xsteer : Xh : Xmax
______________ , , , t •••••••••••__•

"""'" (""'" ex i ".. /////
""" """", ,._-_.._ ~ .,/ .

..,,"......... ",,;

/
/

Figure 2.7: Parameters of the deflector

obtain a constant outgoing beam width over the entire range of steering angles, the local increase
or decrease in slope of the phase-position curve should be inversely proportional to the number
of contributing elements. This is depicted in Fig. 2.8, which shows typical curves for a deflector
under a positive tilt angle (3 = 45°. The a-marked curve shows the normalised distance over which
contributing elements are located (dcontrilruting). The x-marked curve shows the second derivative,
i.e. the increase or decrease in slope, of the phase-position curve, which is inversely proportional
to the incident beam width. The first derivative or slope of the phase-position curve is not shown.
It is found by integrating the x-marked curve with respect to x and scaling it in such way, that
the endpoints of the curve correspond to the outer steering angles "II and "Ih. The 6-marked curve
is the actual phase-position curve, found by integrating the first derivative with respect to x.

2.5 Source/deflector simulations

The model of Section 2.4 is used to simulate the behaviour of various deflector designs. The
purpose of these simulations is to determine which design is most suitable for a particular scenario.
Of particular interest is the trade-off between steerability, the outgoing -3dB beam width of the
deflector and the size of the deflector. The simulations requires the following fixed parameters:

• The source beam directivity (Dbeam((heam));

• The source steering efficiency (1]steer (ex));

• The element receive directivity (D element,receive (Belemend);

• The element emit directivity (Delement,emit(Belement);

• The minimum power transfer efficiency that is still considered acceptable (1]T,min);

• The deflector tilt angle ((3);

• The deflector element size (Welemend.
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The input for a simulation consists of the desired steerability (LJ.i) and the target deflector size
(Wde/lector). These quantities taken into account, a suitable phase-position curve is determined,
using the method described in the previous section. The simulator then calculates the resulting
outgoing beams for various source steering angles. The element emit efficiency is also taken into
account.
The simulation result consists of the average outgoing -3dB beam width (BW- 3dB,out), together
with the actual steerability (LJ.iout) and is related to the deflector size (Wde/lector). The actual
steerability is defined as the difference between the angles of the outgoing beams, when steered
towards Xl and Xh, respectively. The results of multiple simulations with varying input arguments
are collected, to yield the relation between BW-3dB,ou.t, LJ.iout and Wde/lector.

2.6 Scenario dependent deflector design

The relation between BW-3dB ,out, LJ.iout and Wde/lector is used to choose a deflector design for
both scenarios 1 and 2, which are described in Section 2.3.1. The parameters for the simulations
are chosen as follows:

• The source beam directivity Dbeam(Bbeam) is that of a 16dBi horn antenna, for the purpose
of illustration. It is obtained from a full-wave simulation;

• The source steering efficiency 7/steer(a) = cos(a). The steering efficiency is thus equal to 0.5
for a = ±600;

• The element receive directivity is equal to the element emit directivity:
Delement,receive (Belement) = Delement,emit (Belement) = cos2

( Belement);

• The minimum power transfer efficiency that is still considered acceptable 7/T,min = 0.5;

• The deflector tilt angle f3 = 45°;

• The deflector element size Welement = 0.5>'.

The trade-off between deflector size (Wde/lector), steerability (LJ.iout) and outgoing beam width
(BW-3dB,out) is visualised in Fig. 2.9. Suppose scenario 1 requires a steerability of 150 and

12



scenario 2 a steerability of 50°, both around e= 90°. This means that for scenario 1, II = 82.5°
and Ih = 97.5°, and for scenario 2, II = 65° and Ih = 115°. Fig. 2.10 shows the remaining
trade-off between BW-3dB,out and Wde!lector for both scenarios. If we choose Wde!lector = 20'\,
we obtain BW-3dB,out = 11.5° for scenario 1 and BW- 3dB,out = 13.5° for scenario 2. Fig. 2.11
and Fig. 2.12 show the resulting radiation patterns for both scenarios.
Because the deflector element emit directivity is non-uniform over the angular domain, the relative
output power is lower for large angles and the resulting outgoing steering angles differ slightly from
the design goals II and Ih. It is clear that the larger steerability of scenario 2 comes at a cost of
a broader outgoing beam, compared to scenario 1.

2.7 Conclusion

The design of the deflector has been introduced. It has been explained that the deflector changes
the phase distribution of the incident wave on the downside into a different phase distribution
on the upside, which determines the deflecting behaviour. The change in phase distribution is
performed by multiple phase-shifting deflector elements. It has also been explained that a trade
off exists between directivity and steerability and this has been expressed by defining two scenarios.
The parameters of the deflector have been introduced and the behaviour of the deflector together
with a source has been modelled. This behaviour is simulated and simulation results have been
given for deflector designs that are suitable for the two scenarios.
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Chapter 3

Generic structures on a grounded
dielectric slab

3.1 Introduction

To model a simplified alternative for the final deflector element, the modelling and analysis of
generic planar structures on top of a grounded dielectric slab is considered. This is done in a
number of steps. In Section 3.2, the field solution of a system containing only isotropic, homo
geneous, linear, time-invariant materials is given. The vector potential and Green's function are
introduced. In Section 3.3, the field solution of the grounded dielectric slab is given, using the
Green's function, found by applying the proper boundary conditions. In Section 3.4, a generic
structure on top of the slab is modelled, using the Method of Moments (MoM) [22]. In Section
3.5, a microstrip dipole antenna is given as an example.

3.2 General field solution

The general field solution is derived in a number of steps. First, Maxwell's equation with the ac
companying constitutive relations are introduced in the time and the frequency domain. Then the
fields are written in terms of a vector potential, which is related to the source current distribution
through a Green's function. After this, the Helmholtz equation for the vector potential is given,
which can be solved by applying the proper boundary conditions.

3.2.1 Maxwell's equations and constitutive relations

Maxwell's equations in the time domain are given by [44]

\7 x E(r, t)

\7 x H(r, t)

\7 . D(r, t)

\7 . B(r, t)

The accompanying continuity equations are

a - -- at B(r, t) - Jm(r, t),

a - -at D(r, t) + J(r, t),

p(r,t),

Pm(r, t). (3.1)

\7. J(r, t) + :tp(r, t)

\7 . J:'(r, t) + :tPm(T, t)
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where E is the electric field, H the magnetic field, D the electric flux density, jj the magnetic flux
density, J the electric current distribution, J: the magnetic current distribution, p the electric
charge density and Pm the magnetic charge density.
In the present analysis, we assume that there is no magnetic current or charge in the system.
In App. E, the analysis is performed for the case of no electric current or charge present in the
system. In general, functional relations exist between each of (D, jj and J) and (E, H). The kind
of relation depends on the material. We assume the materials to be isotropic, which means that
(1) D, jj and J are aligned with the fields they depend on and (2) that Dand J are only a function
of E and jj only a function of H. We also assume the materials to be linear, time-invariant and
homogeneous, which means that the relations reduce to a simple proportionality, i.e.

c:E(f) ,

j.LH(f) ,

(JE(f) , (3.3)

where c: is called the permittivity, j.L the permeability and (J the conductivity of the medium. The
relations (3.3) are called the constitutive relations.
If we assume only time-harmonic solutions (which means eiwt-dependency of the quantities in
Eq. (3.1)) and take into account the assumptions above and the constitutive relations (Eq. (3.3)),
Eq. (3.1) can be written in the frequency domain as

'V x E(f)

'V x H(f)

'V. E(f)

'V. H(f)

-jWj.LH(f) ,

jwc:E(f) + J(f),

p(f)/c:,

o. (3.4)

Together with the continuity equation

'V. J(f) + jwp(f) = O.

3.2.2 Vector potential and Green's function

(3.5)

For most problems, including a generic structure on the grounded dielectric slab, it is not possible
to obtain closed-form solutions of Maxwell's equations in the spectral domain (Eq. (3.4)). To
facilitate in this problem, the Green's function is introduced. A Green's function is the response
of some (field) quantity to a point source. Green's functions can relate directly to the electric or
magnetic field, but we make use of the Green's function that relates to a vector potential, which we
will introduce shortly. Once this vector potential is known, the actual fields can obtained through
a linear relation.
Because the magnetic field has zero divergence, it can be written as a curl of another vector A,
the magnetic vector potential, as

'V x A(f).

Substituting this relation in the first equation of (3.4) yields

'V x (E(f) + jWj.LA(f))

Therefore, E can be written as

O.

(3.6)

(3.7)

(3.8)

where V is a scalar potential. To make sure the scalar and vector potential are uniquely determined
by the charge and current distribution in the system, we relate them through the Lorenz gauge
[21]

'V·A
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where E
C = E + j: is called the complex permittivity. The choice of the Lorenz gauge will be

clear shortly. If Eq. (3.9) is substituted into Eq. (3.8) we obtain an expression which relates the
fields to the vector potential only. Together with Eq. (3.6), the field solution can be written as a
function of the magnetic vector potential only, as

v x A(T),

-jwJ.l [k 2 + Vv.] A
k2 '

(3.10)

where k = wy'cCji is called the propagation constant.
In vacuum, this evaluates to

21rf 21r
k = ko = wVEoJ.lo = - = -.

C Ao
(3.11)

with W = 21rf, C = 1/VEoJ.lO and Ao = c/f, where f is the frequency.
To find a solution for A, a Green's function is defined which relates A to a unit current source.
The total vector magnetic potential A due to an arbitrary current distribution fWo) is found by
the superposition integral

A(T) = r G(i, io) . f(io) dVo,
iVa

(3.12)

where Vo contains the source currents. The dyadic Green's function is a 3x3 matrix of the form

_ (GXX Gxy

G(i, io) = Gyx Gyy

Gzx Gzy

(3.13)

Combining Eq. (3.10) and (3.12), the electric field E can be written as a function of the source
current distribution f as

- jwJ.l 2 1 = -E(T) = --2 (k + VV·) G(i, ro) . J(io) dVo·
k Va

(3.14)

3.2.3 Helmholtz equation and boundary conditions

To obtain a solution for A, we write the second equation of (3.4), using Eq. (3.6), (3.8) and the
Lorenz gauge (3.9), as

VxH

V x (V x A)

V(V . A) - v2 A
- jWECVV - v2 A

- v 2 A - W2EcJ.lA

jWEE + f,
jWECE + fp,

jWEC(- VV - jWJ.lA) + JP,
-jwECVV +W2EcJ.lA + JP,

JP, (3.15)

where f = (J"E+ JP and EC = E + j: was used. JP is called the primary or source current. From

this point on, we will omit the superscripts p in JP and c in E C
• This results in the well-known

Helmholtz equation for the vector potential, which is

(3.16)

The solution to this equation must satisfy the proper boundary conditions, which depend on the
configuration.
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Figure 3.1: Configuration of the grounded dielectric slab

3.3 Field solution of the grounded dielectric slab

A comprehensive treatment of wave propagation, radiation and scattering in inhomogeneous media
is provided in [11]. Wave propagation in stratified media is also covered in [53]. The field solution
of the grounded dielectric slab can be obtained, for example, by using methods described in
[31,30,52], but here, we follow the method as described in [46]. The field solution of the grounded
dielectric slab is obtained by applying the boundary conditions, inherent to the configuration of
the grounded dielectric slab, to the general field solution. This configuration is introduced in the
first section. Next, expressions for the vector potential and Green's function are given explicitly for
the case of surface currents on top of the slab. The Helmholtz equations and boundary conditions
are transformed into the spectral domain, where a closed-form solution of the Green's function is
obtained. The field solution is written in terms of this closed-form solution of the Green's function
and the source current distribution. An expression for the electric far field is given. After this,
a numerical approach is presented to obtain the field solution in the spatial domain. Finally, an
example is given.

3.3.1 Configuration

We will examine the fields produced by a unit electric current point source on top of a grounded
dielectric slab. Fig. 3.1 shows the configuration. The slab has height h and is infinite in size in
the transverse (x and y) direction. The bottom of the slab is made of a perfect electric conducting
(PEC) material. The slab itself is denoted as medium 1 and the material above the slab, which
is air in general, is denoted as medium 2. The complex permittivity is denoted as Ci = COCri and
the permittivity is denoted as Mi = MOMri, where i is the number of the medium. It is assumed
that in every medium Mi = Mo.
The boundary conditions for this configuration result in

Uz X £l (5 Z = 0,

Uz X £1 Uz X £2 } Z = h. (3.17)

Uz x HI - Uz X H2 -J:
We assume that the current only exists at z = h, so that we can write the current distribution as

Further on, we will use the notation

J(T) = J:(x, y)8(z - h).

Y(x,y) = J:(x,y).
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3.3.2 Vector potential and Green's function

We will consider a point source in the x or y-direction only. For a point source in the i-direction,
where i = x or i = y, at position rs, i.e.

J(i) = uiO(r - f,),

the magnetic vector potential (Eq. (3.12)) becomes

r G(r, fo)UiO(fo - f,) dVoiVa
G(r, rs)Ui

Gxi(r, f,)ux + Gyi(r, f,)uy + Gzi(r, f,)Uz.

(3.20)

(3.21)

In a layered medium, like a grounded dielectric slab, 2 components of the magnetic vector potential
are needed to describe the fields. It is convenient to choose one component in the same direction as
the source, and the other component directed orthogonal to the source. Because we are interested
in an x or y-directed point source, it is convenient to choose Gzi as the second component. This
has been shown by Sommerfeld [48]. Therefore, for an x-directed point source we have

A(i) = Gxx(T,rs)ux + Gzx(T,rs)uz,

and for a y-directed point source we have

A(i) = Gyy(r, f,)uy + Gzy(r, rs)uz.

(3.22)

(3.23)

We continue the analysis for an x-directed point source. The results can easily be transferred to
the case of a y-directed point source. The fields, resulting from an x-directed point source are
found by combining Eq. (3.10) and (3.22), for each homogeneous layer separately. This results in

-jWf-l

k2

(3.24)

(3.25)

3.3.3 Helmholtz equation and boundary conditions

Combining Eq. (3.16), Eq. (3.18) and (3.22) results in Helmholtz equations for the non zero
components of the dyadic Green's function:

where ko = Wvcof-lo and

\72Gxx (r, rs) + cr k5Gxx(r, f,)

\72Gzx (r, rs) + cr k5Gzx(r, f,)

-Jx(i),

0, (3.26)

(3.27)

To solve this set of differential equations, we will consider them in both media separately, and
apply the proper boundary conditions. In medium 1, we have

\72G1Xx (r, f,) + cr1 k5GIXx(r, rs)

\72G1zx (T,rs) + crl k5GlZX(r,rS)
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and in medium 2 we have

VZGzxx('f, is) + crzk5Gzxx(i, is)

VZGzzx (i, is) + crzk5Gzzx (i, is)

0,

o. (3.29)

The boundary conditions from Eq. (3.17) result in (using Eq. (3.24) and (3.25)):

o

o
} z ~ 0,

Z = h, (3.30)

where we have omitted the dependence on (i, is) for clarity.

3.3.4 Spectral domain description

In the spectral domain, an analytical expression of the dyadic Green's function can be obtained.
We obtain the spectral-domain Green's function by applying the Fourier transform (Fxy {'}) with
respect to the transverse coordinates (App. A) of the spatial-domain form Green's function. This
results in

00 00

G(kx, ky, z,rs) = Fxy {G(x, y, z, is)} = JJG(x, y, z,rs)ej(kxx+kyy)dxdy.

-00 -00

(3.31)

Once we have a solution in the spectral domain, the original spatial-domain Green's function can
by obtained by applying the inverse Fourier transform (Fi:xt {-}) of the spectral domain form.
This results in

00 00

G( -) -F-1 {GA(k k -)} - 1 JJGA(k k -) -j(kxx+kyy)dk dkx,y,z,rs - kxky x, y,z,rs - 4Jrz x, y,z,rs e x y'
-00-00

The spectral-domain form of Helmholtz equations (Eq. (3.28) and (3.29» becomes

(3.32)

Z A Z A

0 }OzG1xx(kx, ky, z, is) + kZ1 G1xx(kx, ky, z, is)

z A Z A

0ozG1zx(kx, ky, z, is) + kZ1 G1zx(kx, ky, z, is)

z A z A

0 }ozGzxx(kx , ky, z, is) + kzzGzxx(kx, ky, z, is)

z A Z A

0ozGzzx(kx, ky, z, is) + kzzGzzx(kx, ky, z, is)

0< z < h,

h < z < 00, (3.33)

in which the z-components of the wave vector in each region are given by

ylcrlk~ - k~ - k~

ylcrzk~ - k~ - k~

(Im(kzd < 0 or Im(kzd = 01\ Re(kz1 ) > 0),

(Im(kzz ) < 0 or Im(kzz ) = 01\ Re(kzz ) > 0).
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The boundary conditions in Eq. (3.30) are transformed to the spectral domain, resulting in

o

o
} z~ 0,

z = h, (3.34)

where we have omitted the dependence on (kx , ky, z, rs) for clarity.

3.3.5 Solution

Spectral-domain Green's function

The components of the spectral-domain Green's function all satisfy a homogenous Helmholtz
equation. The general solution can be written as

G1xx

G1zx

G2xx

G2zx

Clxxe-jkzrz + Dlxxe-jkzr(h-z),

C e -jkz1z + D e-jkzl(h-z)
lzx lzx ,

C2xxe-jkz2(Z-h) ,

C2zxe-jkz2(Z-h) . (3.35)

The unknown constants can be determined by applying boundary conditions (Eq. (3.34)). By
solving this set of linear equations analytically, we obtain, for the unknown coefficients in Eq.
(3.35)

where

C 1xx

D 1xx

C 1zx

D 1zx

C 2xx

C 2zx

-1/D. dkxx,dkyY"

ejkzl h / D . ejkxxs ejkyYs,

N/ D . ejkxxsejkyY"

ejkzlh. N/D. ejkxx'ejkyYs,

2jsin(kz1 h)/D. ejkxx'ejkyYs,

2 cos(kz1 h) . N / D . ejkxxs ejk"ys, (3.36)

with

D

N

2jkz1 cos(kz1h) - 2kz2 sin(kz1h) = 2jTe ,

(cr2 - crdkxj sin(kz1h) (cr2 - crl)kxj sin(kz1h)

Crl kz2 cos(kz1h) + jCr2kzl sin(kz1h) Tm

k Z1 cos(kz1h) + jkz2 sin(kz1h),

crlkz2 cos(kz1h) + jCr2kzl sin(kz1h).

(3.37)

(3.38)

The zeros of the Te and Tm expressions can create TE and TM poles, respectively, in the Green's
function and these can be interpreted as possible excitation of TE or TM surface wave modes [12].
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Now Eq. (3.35) becomes

Electric field in the spectral domain

With the Green's function available in the spectral domain, we can write the solution of E(T)
(Eq. (3.14)) in terms of the inverse Fourier transform of the spectral-domain Green's function as

E(T) = -j;:(k2 +\7\7.) r G(i,ro)·J(io)dVo
iVa

- j;: r [4:
2

~ r(k 2 + flfl')G(k x, ky, z, To)e-jkXXe-jkYYdkxdky] . J(ro) dVo,
ivo i kx iky

(3.40)

where the gradient (fl) is defined as

By observing Eq. (3.39), (j can be separated according to

G~(k k -) - r'=(k k ) jkxxo jkyYox, y,z,rO - x, y,Z,ZO e e .

(3.41 )

(3.42)

If the source height is a constant, i.e. Zo = h, like in the case of a structure on top of the slab, we
can use this in Eq. (3.42) and omit the dependence on Zo from this point on, so we can write

Furthermore we introduce

A A

r(kx, ky, z, zo) = r(kx, ky, z). (3.43)

(3.44)

Now we can write the sol~tion of E(T) (Eq. (3.40)) as an inverse Fourier transform of the spectral

domain representation (E(kx , ky,z)), as

E(T) = - 4:~~2 r [r ~ (k2+ flfl.) [r(kx, ky, z)ejkxXOejkyyo] e-jkXXe-jkVYdkxdky] . J(ro) dVo
ivo i kx ik y-4:~~2 r r Q(kx, ky, z)e-jkxxe-jkyy [r J(ro)ejkxxoejkvYO dVO ] dkxdky
i kx iky iVa-4:~~2 r r Q(kx, ky, z)e-jkxxe-jkyy [11 Y(xo, yo)ejkxxoejkyyO dXOdYo] dkxdky
i kx iky Xo Yo

jWJl 11 Q"'(k k ) ~(k k) -jkxx -jkyYdk dk- 2k2 x, y, Z '.L x, y e e x y
471" k x k y

-1-11 E(k k z)e-jkxXe-jkyYdk dk (3.45)4 2 x, y, x y,
71" k x k y
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with

The elements of Qevaluate to

(3.46)

=

=

-kxky1'yy - j kxoz1'zy
(k2 - k~)1'yy - jkyoz1'zy

-jkyoz1'yy + (k2 - o;)1'ZY

(3.47)

(3.50)

(3.49)

(3.48)

where the divergence (\7.) of the dyadic f' is evaluated for each column vector separately. The
third column, representing z-directed curren! density, contains only zeros, because we assumed x

or y directed current only. The elements of Q that are needed to compute the transverse fields in
medium 2, due to a transverse current distribution at z = h, are

(hxx(kx , ky, z) = (cr2k5 - k;)1'2xx - jkxOz1'2zx

_ ( 2 _ 2) sin(kzlh)ejkz2(h-Z) _ 'k i::> kx(cr2 - CTl) cos(kzlh) sin(kzlh)ejkz2(h-z)
- cr2ko kx T J xUz T T

e e m

sin(kzlh)ejkz2(h-Z) 2 2 2
= TeT

m
. [(cr2ko - kx)Tm - kz2 kx(Cr2 - CTl) cos(kzlh)]

cr2 sin(kzlh)ejkz2(h-z) 2 2 ,2 2 .
= TeT

m
. [(cTlko - kx )kz2cos(kzlh) + J(Cr2 ko - kx)kzl sm(kZlh)]

c 2 sin(k lh)ejkz2 (h-z)
= r ~eTm . [k5Tm - k; (kz2cos(kzlh) + jkzl sin(kzlh))] ,

c 2 sin (k lh)ejkz2 (h-z)
ii2yy(kx , ky, z) = r ~eTm ' [k5Tm - k; (k z2 cos(kzlh) + jkzl sin(kzlh))] ,

ii2xy(kx , ky, z) =

ii2yx(kx , ky,z) = -kxky1'2xx - jkyoz1'2zx

_ -k k sin(kzlh)ejkz2(h-z) _ 'k a kX (Cr2 - crd cos(kzlh) sin(kzlh)ejkz2(h-z)
- x y Te J y Z TeTm

kxky sin(kzlh)ejkz2(h-z)
= - TeT

m
. [Tm + kz2 (cr2 - Crl) cos(kzlh)]

k k . (k h) jkz,(h-z)
- Cr2 x y sm zl e - [k (k h) 'k . (k h)]- - TeT

m
. z2 cos zl + J zl sm zl .

Electric far field

The electric far field can be obtained from the closed-form expression

E(r,B,¢) jkoe-jkor ejkohcos() . u x[i(k k h) xu]
27fr r x, y, r

jko;~;kor ejkoh cos () {Uri> [Ey(kx , ky, h) cos Bcos ¢- Ex (kx , ky, h) cos Bsin ¢]
+ U() [Ey(kx,ky,h)sin¢ - Ex(kx,ky,h)cos¢]} , (3.51)
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where kx = ko sin ecos ¢ and ky = kosin esin ¢ is used. The electric field in the spectral domain
is evaluated in the upper medium, at z = h. It is given by (Eq. (3.46))

3.3.6 Numerical approach

£2(kx , ky , h)
-jwll ~ ~
~ . Q2(kx , ky, h) . Y(kx , ky).

2

(3.52)

To obtain the field solution in the spatial domain, the inverse Fourier transform integral of the
spectral domain representation (Eq. (3.45)) has to be evaluated. In general, an analytical ex
pression can not be obtained, so the evaluation has to be performed numerically. To this end, we
introduce a coordinate transformation according to

kx kpcos 'Ij;,

ky kpsin 'Ij;,

x r cos¢,

y rsin¢, (3.53)

and therefore

kp cos 'Ij; . r cos ¢ + kp sin 'Ij; . r sin ¢

kprcos('Ij; - ¢),
kpd'lj;dkp,

so that Eq. (3.45) becomes

00

£(f') = 4~2 JJE5(kp, 'Ij;, z)e-jkpTCOS(W-¢) kpd'lj;dkp,

o 2"

(3.54)

where the evaluation of the inner integral is performed over one period of length 271". To evaluate
the outer integral of Eq. (3.54) with a certain sufficient precision, an upper bound (Kp ) can be
chosen. Furthermore, to avoid integration through singularities present at certain values of kp ,

complex contour deformation can be applied. It is assumed that only the field solution above the
slab is of interest. It turns out that the convergence behaviour of Eq. (3.54) only depends on the
frequency (f) and the observation height above the slab (z). For the real part of the electric field,
integration over 0 ~ k p s::. clkO suffices, because the real part of the integrand of Eq. (3.54) is
equal to 0 for kp > clkO' The imaginary part of the integrand is finite for 0 ~ kp < 00. Fig. 3.2
shows the convergence behaviour of the imaginary part of the x-component of the electric field
above the slab for different f and z and Fig. 3.3 shows the same for the y-component of the
electric field. From these figures it can be concluded, that for a frequency of 60 GHz and above
and an observation height of 0.2 mm and above, integration up to 40ko suffices. Note that this
value depends on the mesh size. If, for example, the mesh size is decreased by a factor k, the value
of K p should be increased by the same factor in order to obtain results with equivalent precision.

3.3.7 Example

As an example, we evaluate the electric field of an x-directed point source on top of the slab,
situated at (xs ,Ys) = (0,0). Then the transverse current distribution in the spectral domain
Y(k x , ky ) is equal to

(3.55)

24



2.------,.-----.,-------r----,----,.----,

120

--0.20mm
.... 0.25 mm

. _. - 0.30 mm
- - - 0.35 mm
-----*- 0.40 mm

60 80 100

kp/ko

.'1-.,..---'-
''(

./

1

or
o 20 40

---.
!<

~

~
8 0.5-

'"o......
x

12080 100

--- 50 GHz
55 GHz

_. _. 60 GHz
- - - 65 GHz
--70GHz

4020

'"o......
x

Figure 3.2: Evaluation of the imaginary part of E2x as function of K p ; frequency (f) as
parameter with z = 0.2 mm (left) and observation height above the slab (z) as
parameter with f = 60 GHz (right)
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Using this expression, the solution of E (Eq. (3.45)) in medium 2 becomes

E2(r; = - j~J.tk211 Q(kx , ky, z) . Y(kx, ky)e-jkxxe-jkYYdkxdky
47l' k x k y

- jwJ.t 11 (' , + ' ) -jkxx -jkyYdk dk- - 47l'2k2 Q2xxUx + Q2yxUy Q2zxUz e e x y'
k x k y

Using Eq. (3.48) and (3.50) in the previous equation, E2x and E2y can be written as

(3.56)

(3.57)

Using the coordinate transformation (Eq. (3.53)), Eq. (3.57) becomes

00
-jwJ.to . / / sin(kzlh)ejkdh-z) .

E2x (r, ¢, z) = 2 2
47l' ko TeTm

o 271'

[k6Tm - k~ cos2 7jJ (kz2 cos(kz1h) + jkz1 sin(kz1h))] e-jkpTCOS(W-¢) kpd7jJdkp

-jwJ.to . /00 sin(kzlh)ejkx2(h-z) . ([ / -jkPTCOS(W-¢)d.
"
] . k2r _

47l'2k6 TeTm e 'f/ 0 m

o 271'

[i e-jk"",~(·-·) eos' ,pd,p] . k; [k" eDs(k.. h) + jk" sinek" h)l) k,dk,

. 00 . ( ) jk 2(h-z)
-JwJ.to . / sm kz1h e • . ( J, (k ). k2r _
47l'2k6 TeTm 27l' 0 pr 0 m

o
7l' [Jo(kpr) - J2(kpr) cos(2¢)] . k~ [kz2 cos(kz1h) + jkz1 sin(kz1h)]) kpdkp, (3.59)

and Eq. (3.58) becomes

E2y (r, ¢, z) =

(3.60)

where

1 .
= 2k~ sm(27jJ),

26



o

-5

5
0.02UlImi

om

0.03

0.025

0.005

-0.03 -0.02 -0.01 0 0.01 0.02 0.03
y

Figure 3.4: Electric field in the yz-plane (x-component); real part (left) and imaginary part (right)

0.03

0.025

0
0.02

N

0.015 -5

om
-10

0.005

-0.03 -0.02 -0.01 0 0.01 0.02 0.03
-15

y

Je-jkpTCOS(,p-<f»d'tj; = 27rJo(kpr),

271"

Je-jkpTCOS(,p-<f>l cos2 'tj;d'tj; 7r [Jo(kpr) - h(kpr) cos(2¢)] ,

271"

Je- jkpTCOS(,p-<f» sin(2'tj; )d'tj; 27rh (kpr) sin(2¢),

271"

(3.61 )

is used. For the numerical evaluation of these integrals, K p = 40ko is chosen. Fig. 3.4 and
3.5 show the electric field in the yz-plane, which corresponds to ¢ = ~7r, for 0.002 ::; z ::; 0.032
and -0.03 ::; y ::; -0.03. It is clear that the wavelength is approximately equal to 5 mm, which
corresponds to a frequency of 60 GHz.

3.4 Generic structures using the Method of Moments

The modelling of a generic structure on top of the dielectric slab is considered. The fields, resulting
from this structure, are calculated using the Method of Moments.

3.4.1 Formulation

The structure is excited by an excitation field itex . The resulting field its is expressed in terms
of the unknown current distribution on the structure, using the Green's function calculated in the
previous section. The first step is to expand the unknown current distribution in a set of expansion
functions, or basis Junctions, according to

(3.62)
n

27



-0.03 -0.02 -0.01 0 0.01 0.02 0.03

y

o

-1

N

0.03

0.025

-0.03 -0.02 -0.01 0 0.01 0.02 0.03

y

2x10-8

o

-1

-2

-3

-4

(3.63)

Figure 3.5: Electric field in the yz-plane (y-component); real part (left) and imaginary part (right)

Under the assumption that the current distribution only has transverse components, we can write
the expansion functions as (Eq. (3.18))

(

Vnx )
J:(i) = Yn(x,y)b(z - h) = Voy b(z - h).

On the structure, the boundary condition

(3.64)

holds, where Uz is the unit vector, perpendicular to the surface of the structure. 'vVe can also
expand ES into a complete set of expansion functions E~, 1 ~ n ~ N. Using Eq. (3.45), this
results in

(3.65)
n

The number of expansion functions is limited to N max . The more expansion functions are used,
the longer it takes to compute, but the more accurate the solution will be. Eq. (3.64) now becomes

(3.66)

where R(i) is called the residue, which is the deviation from the exact solution due to the limited
number of expansion functions. This residue is weighted to zero with the use of so called test
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junctions J:, 1 ::; m ::; M, according to

r R(ro)' hn(fQ) dVo = o.iVa
By expanding R(To) in this equation, we obtain the matrix equation

N max

Vm + L 1n Zmn = 0,
n=l

[V] + [Z] [1] = 0,

(3.67)

(3.68)

where [V] is a column vector of length M, [Z] an M x N matrix and [1] a column vector of
length N. When Galerkin's method is used, i.e. the expansion functions and test functions are
identical, IvI = N and the matrix [Z] becomes square and symmetrical. In the spectral domain
representation of MoM the test functions are evaluated in the spectral domain as well. This results
in a spectral domain representation of [V], according to

where the relation :F(-k) = :F*(k) is used. The elements of [Z] in the spectral domain represen
tation are

(3.70)
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(3.71)

The elements of Q that are needed to compute Zmn in medium 2 are given by Eq. (3.48), (3.49)
and (3.50). Once the elements of the [V] and [Z] matrices are known, the unknown current vector
[I] can be obtained easily from

3.4.2 Basis Functions

The unknown current distribution is expanded into a number of rooftop basis functions [19]. In case
of a generic structure, the rooftop functions can be x-directed or y-directed. They are composed
of an x-component, which only depends on x, and a y-component, which only depends on y:

f(x, y) = g(x) . h(y).

In our application, the rooftop functions are placed at discrete positions in space, equidistant from
each other, i.e. on a grid. The position on this grid is denoted with the subscript pq.
For an x-directed rooftop function, the x-component is given by

(
X - P6.x)

gpq,x(x) = A 6.x '

where A(·) is called the triangular function and is defined as

(3.72)

A(x) = { 1 - lxi,
0,

and the y-component is given by

-1::;x::;1
otherwise '

(3.73)

(
y - 2q6.Y )

hpq,x (y) = II 26.y ,

where II(.) is called the rectangular function and is defined as

(3.74)

II(x) = { ~: -1/2::; x ::; 1/2
otherwise

(3.75)

Rooftop functions have a size of 26.x x 26.y. For y-directed rooftop functions, the following applies:

gpq,y(x)

hpq,y(y)

hpq,x(x),

gpq,x(y). (3.76)

The spectral domain representation of the rooftop function is found by performing a spatial-to
spectral domain Fourier transform (App. A) and is given by

fA (k k) - A (k )hA (k) _ 8 . 2 (k' 6.x) . (k A ) jpkxAx jqkyAypq,x x, Y - gpq,x x pq,x y - ki ky6.x sm x2 sm yD.Y e e ,

fA (k k) - A (k )h
A

(k) _ 8 . (k A ) . 2 (k 6.Y) jpkxAx jqkyAy (3.77)pq,y x, y - gpq,y x pq,y y - kxk~6.y sm xD.X sm Y2 e e .

If rooftop basis functions are used, they are usually positioned on a grid with a fixed distance
between them. Along the direction in which the rooftops have a triangular shape, they have an
overlap, as shown in Fig. 3.6. Along the other direction they are placed next to each other, so
have no overlap.
Both the unknown x-directed current and y-directed current can be expressed in terms of a sum
of x-directed and y-directed rooftop functions. If i\(x, y) is situated at position Piqi, the following
relations apply:

i\(x, y) = Vix(X, y)ux + ViY(X, y)uy
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(3.78)
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Figure 3.6: Layout of rooftop basis functions

f;,q, (x, y)ux + f$,q, (x, y)uy

[f;,q"x(x,y) + J;,q"y(x,y)] Ux + [f$iq"X(X,y) + f$,qi'y(X,y)] uy

[i;iqi,X(kx, ky) + i;,q"y(kx, ky)] Ux + [i$,qi,X(kx, ky) + i$iqi,y(kx, ky)] uy

where #,qi,x(k:, ky), J;,q"y(kx, ky), J~,q"x(kx, ky) and J~iqi,y(kx,ky) are given by Eq. (3.77). The

superscript of f denotes to which component of the current it contributes, but does not affect its
form.

3.4.3 Input impedance

Once the current coefficients are known, it is possible to calculate the input impedance of the
structure. To this end, we take a closer look at the modelling of the source. We first take a
look at the source model in circuit theory, and then translate this model to the electromagnetic
domain. Fig. 3.7 shows an example of a structure with a source located in the centre. It shows
the source voltage (Vs), the source current (Is), the circuit voltage (Ve) and the circuit current
(Ie). Note that the source current is defined in the opposite direction of the circuit current. The
input impedance of a circuit is calculated by dividing the voltage drop across the circuit by the
current through the circuit. This results in

(3.80)

where Ps = ~Vs!; is defined as the complex harmonic power, delivered by the source. In the
electromagnetic domain, the source is modelled according to Fig 3.8. It shows the source electric
field (Eex), the source current density (]eX), the (electromagnetic circuit) electric field (E) and the
(electromagnetic circuit) current density (J). Note that the source current density is again defined
in the opposite direction of the circuit current density. The input impedance of an electromagnetic
system is defined analogous to Eq. (3.80) as
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Figure 3.7: Source model in the
circuit domain

Figure 3.8: Source model in the
electromagnetic domain

where lex is the total excitation current, i.e

lex = r jex dVo,
iva

and where
pex = ~ r Eex . jex* dVo.

2 iVa
Furthermore, we define

1 = r j dVo.
iva

Using j = _jex, f = _[ex, Eq. (3.62), (3.69) and (3.71), we can write this as

1 r - -
Zin = 111 2 iVa E

ex
. J* dVo

= 1/1 2 10 E
ex

. ~l~J;' dVo

1

/1 2 L l~ r Eex . J;' dVon .iVa
1 '"' *w~lnVn

n

1/1 2 [V]T[l]*

-1}12 [V]T ([Zr1r [V]*.

3.5 Example problem: microstrip dipole

(3.81 )

As an example, a microstrip dipole antenna, oriented in the x-direction, is considered. The source
is modelled as an infinitely narrow voltage gap (a delta gap) in the x-direction along the width
w of the microstrip dipole with amplitude equal to unity. The centre of the dipole is located at
(x s , Ys, h). It can be written as

Eex(xo, Yo, zo) = II (yo: Ys) o(xo - xs, zo - h) . ux' (3.82)
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The spectral domain representation is:

- 2 (W)"k "kEex(k k) = -sin k - eJ xx·eJ yY··ux, Y k y 2 x·
y

(3.83)

(3.84)

The source coordinates are on the same grid as the basis functions of our MoM formulation, so
Xs = a.6.x, Ys = b.6.y, where a and b are integers. If we assume that the resulting unknown current
distribution only has an x-component, which is modelled with x-directed rooftop basis functions
only, we have

f;"(kx , ky) = v;"xux = i;;q""x(kx , ky)ux.

Therefore, the components of the V-matrix (Eq. (3.69)) evaluate to

Vm 4:2 ( ( E~X(kx,ky)·i;;q""x(kx,ky)dkxdky
Jkx Jk y

~ ( ( ~ sin (ky '!!!.-) ejkxat'.xejkybt'.y .
47f Jkx Jk y ky 2

8 sin2 (kx .6.x) sin(k .6.y)e-jp",kxc>'xe-jq",kyc>'Y dk dk
k2k .6.x 2 y x y

x y

1 ( ( 16 . 2 (kx " ) . (k " ) . (k W) ejkx (a-Pm)C>.xejk y(b-qm)C>.Y dkxdky47f2 Jk", Jk y k;'k~.6.x sm 2 tiX sm ytiy sm Y2

{
min(2.6.y, w), Pm = a II qm = b (3.85)
0, otherwise'

where min(·) is the function that takes the mmlmum value of its arguments. If we choose
.6.y = w/2, which is a convenient choice, Eq. (3.85) reduces to

v, = {w, Pm = a II qm = b .
m 0, otherwise

(3.86)

Under the assumption of Eq. (3.84), the components of the Z-matrix (Eq. (3.70)) evaluate to

We evaluate this integral in medium 2 with z = h, so qxx = Q2xx, which is given by Eq. (3.48).
The previous equation then evaluates to
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The parameters in this example problem are the number of rooftop basis functions (M), the length
of the dipole (l), the width of the dipole (w), the height of the substrate (h), the permittivity of
the dielectric (Erd and the permittivity of the medium above the dielectric (Er 2)' They are chosen
according to

M 7,

l 0.5Aef f,

w 0.05Aef j,
h 1 mm,

Erl 2,

Er 2 1,

where Aef f = AolyE;l, the wavelength in the dielectric. To obtain an initial approximation of the
solution, a number of 7 rooftop basis functions is sufficient. The dipole is designed for a nominal
frequency of 60 GHz, so Ao ~ 5 mm. The width of the rooftop functions is chosen equal to the
width of the dipole, so 6.y = w12. In order to cover the entire dipole, the length of the rooftops
must be equal to 2ll(M + 1). Because M = 7, 6.x = liS.

Input impedance simplified

With [V], [Z] and [I] available, the input impedance can be calculated using Eq. (3.81). However,
a simpler expression is obtained if we evaluate Eq. (3.81) directly. In the source region, we have

II (Yo: Ys) b(xo - xs,zo - h)· ux,

-In8 A (xo
l
/

8
xs ) II (Yo: Ys ) . ux,

r jex dVo,
lvo

io -InsA(x
o
l
/
8
x

s
) II (yo:Ys) ·uxdVo,

-Ins W . ux, (3.89)

where ns is the index of the rooftop basis function that is located at (xo, Yo, h). Combining
Eq. (3.81) with Eq. (3.89) results in

__1_ r Eex. jex* dVt
IIex l2 Jvo 0

-IIns~12 io II (Yo: Ys) b(xo - xs, zo - h) . -I~sA (xol/SX
s
) II (Yo: Ys) dVo

I~s 1II2 (YO - Ys) dyo
IIns wl 2

Yo W

I~sw

IIns w/ 2

1

Insw'
(3.90)

Results

The elements of the Z-matrix (Eq. (3.88)) are evaluated using the numerical approach of Sec
tion 3.3.6, with K p = 100ko. For the nominal frequency of 60 GHz, the resulting current distrib
ution is plotted in Fig. 3.9. The directivity of the structure is calculated using Eq. (B.1), (B.6)
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Figure 3.9: Current distribution the dipole; magnitude (left) and angle (right)

and (3.51). The result is shown in Fig. 3.10. The radiation efficiency is calculated using Eq. (B.9)
and is equal to 0.84. The input impedance of the structure is calculated using Eq. (3.81) for the
frequency band of 40 GHz - 80 GHz. The result is shown in Fig. 3.11. For 60 GHz, the input
impedance is equal to 75.6 - j12.1 Sl.

3.6 Conclusion

To model a simplified alternative for the final deflector element, the modelling and analysis of
generic planar structures on top of a grounded dielectric slab has been performed. To this end, the
field solution of a system containing only isotropic, homogeneous, linear, time-invariant materials
have been given. The vector potential and Green's function have been introduced. The field
solution of the grounded dielectric slab has been given, using the Green's function, found by
applying the proper boundary conditions. A generic structure on top ofthe slab has been modelled,
using the Method of Moments. To illustrate this, a microstrip dipole antenna has been given as
an example.
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Chapter 4

Optimization of antenna
structures

4.1 Introduction

To obtain an optimized design for the deflector element, an optimization method is presented. The
design is optimized by maximising or minimising a certain cost junction, that itself is a function
of a predefined parameter vector. This parameter vector consists of several antenna parameters,
that can be adjusted to optimize the antenna structure. One challenge in optimizing an antenna
structure is to find a global optimum (within a predefined domain), rather than a local optimum.
In Section 4.2, an optimization approach is introduced. The cost function and a convenient form
of it is given in Section 4.3. In Section 4.4, the method is applied to the example of the microstrip
dipole, given in Chapter 3, and results are given.

4.2 Approach

In general, the cost function is not available in closed form. The global optimum is obtained
by finding a closed-form approximation of the cost function by means of a Taylor expansion
(App. C). We assume that the Taylor expansion converges on the domain of interest. Once
this closed-form approximation is available, finding a global optimum is straightforward, if one
optimization parameter is considered. Other (iterative) methods often yield a local optimum,
which is not necessarily global.

4.3 Cost function

4.3.1 Definition

The cost function is defined as a real valued function that maps a parameter vector to a cost value.
This can be written as

f:p---.,. (4.1)

The particular choice of p that results in a global optimum ,* is denoted by p *. In general, the
cost function is both a direct and an implicit function of the parameters. This will be clarified by
an example in Section 4.4. We express this relation as

f(P) = f(p, ((P)), (4.2)

where f(p, .) denotes the direct dependence of f on p and f(-, ((p)) the implicit dependence on p.
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4.3.2 Least squares cost function

The purpose of optimization is often to make a certain characteristic of the structure approach
an optimal value as close as possible. This can be done by choosing a least squares cost function,
which has the form

r(p, ((P)) = If(p, ((P)) - foptl 2
,

where I . I is the modulus and fopt denotes an optimal value.

4.3.3 Derivatives

(4.3)

In order to find a Taylor expansion of the cost function, the derivatives need to be calculated. The
derivatives of the least squares cost function (Eq. (4.3)) can be expressed in terms of the complex
element-wise product (App. F). Therefore, we express the cost function as (Eq. (F.11))

r(p, ((p)) = If(p, ((P)) - foptl 2

= {(f(p,((P)) - fopt) ® (f(p,((P)) - fopt)}

= {f(p, ((P)) ® f(p, ((P)) - 2f(p, ((P)) ® fopt + fopt ® fopd· (4.4)

Taking the nth order derivative with respect to p of r(p, ((P)) results in (Eq. (F.9))

\7~r(p, ((P)) = \7~ {f(p, ((P)) ® f(p, ((P)) - 2f(p, ((P)) ® fopt + fopt ® fopd

= {\7~ [f(p, ((P)) ® f(p, ((P))] - 2\7~ [f(p, ((P)) ® fopt1 + \7fi [fopt ® foptJ}. (4.5)

Each of the terms in the equation above can be evaluated using the complex element-wise product
modified Leibniz rule (Eq. (F.8)), which results in an equation involving terms, either of the form

\7~f(p, ((P)), or

\7~foPt,

(4.6)

(4.7)

with 0 S; k S; n. This can easily be verified by inspecting Eq. (F.8). Evaluation of Eq. (4.7) is
straightforward, according to

\7F:.f = {fopt, k = 0 (4.8)
p opt 0, otherwise'

Evaluation of \7~f(p, ((P)) is a little more involved. For clarity, we denote the direct dependence
of f on p by Pd and the implicit dependence of f on p by pi, according to

f(p, ((P)) = f(Pd, ((pi)). (4.9)

(4.11 )

(4.10)

The derivative of Eq. (4.9) is

\7 pf(Pd, ((pi)) = \7Pdf(Pd, ((pi)) + \7 pif(Pd, ((pi)),

so that Eq. (4.6) becomes

\7~f(p, ((P)) = \7~f(Pd, ((pi))
k

= L (k) \7~d \7~-j f(Pd,((pi)).
j=O J

The derivatives to Pd and Pi are evaluated independently of each other. For a well-defined cost
function, it is straightforward to find the derivatives to Pd analytically. To evaluate the derivatives
to Pi, we use the multi-variable version of the formula of Faa di Bruno [42], which generalises the
chain rule to higher order derivatives of multiple variables:

where

an alql f alBI 9
-aX-l-a-X2-'-'-.a-x-

n
f(g(£)) = L -ag-Iql . II flEB aXj'

qEQ BEq J
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• q E Q means that q runs through the set Q of all partitions of the set {I, ... , n},

• B E q means that the variable B runs through the list of all of the 'blocks' of the partition
q, and

• IAI denotes the cardinality of the set A, so that Iql is the number of blocks in the partition
q and IBI is the size of the block B.

For an example of this formula, see Section 4.4. The formula holds regardless of whether the
variables Xl ... X n are all distinct, all identical, or partitioned into several distinguishable classes
of indistinguishable variables. So the nth order derivative to just one parameter Xv is found by
taking all Xl .. ,xn equal to xv' It is applied to Eq. (4.11) by taking 9 equal to (and by assigning
elements of pi to x, depending on which derivative is needed.

4.4 Example: microstrip dipole

As an example, the microstrip dipole of Section 3.5 is optimized to match a desired input impedance
(Zin) of 50n at 60GHz, by varying its length I. The fixed parameters are, like in Section 3.5,

M=7,

w = 0.05Ae!!,

h = 1 mm,

Crl = 2,

cr2 = 1,

6.y = w/2

where Ae! f = AO/..jE;l and AO ~ 5 mm. Because M = 7, 6.x = 1/8.

4.4.1 Cost function

(4.13)

The cost function is given by Eq. (4.3). Because we want to optimize the input impedance, we
use

f(p, ((p)) = Zin(W,!n. (w, I))
1

[Z-I(l)V(w)]n, . W

1

[Z-I]44 (l) . w 2

= f(w,((l)), (4.14)

where n s = 4, V(4) = w is the only non-zero component of V and ((l) = [Z-IL4 (l). Further, we
use

so

fopt = 50, (4.15)

(4.16)

where w is the width of the microstrip dipole and l is the length of the dipole. To optimize the
input impedance of the structure, the cost function (Eq. (4.16)) has to be minimised.
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4.4.2 Taylor approximation

A global minimum is found by calculating the Taylor approximation with respect to the length
of the structure l, about lo = 0.5Aeff = 1.768.10-3 m. The domain on which we perform the
optimization (Dopt , see App. C) is

Dopt = {l E lR 11.6.10-3 :S I :S 1.9 .1O-3}.

Therefore, the validation points are

v = {Iv E aDopt Ilv = {1.6· 10-3,1.9 .1O-3}}.

The approximation is considered acceptable for Ca = 0.01.

Derivatives

(4.17)

(4.18)

(4.19)

Calculating the Taylor expansion involves nth order derivatives of f(w, ((I)) to I, which are given
by (see Eq. (4.11) and Eq. (4.12))

an a1ql f alBI(
8lnf(w,((l)) = L f)ilql . IT fl. at"

qEQ'" BEq lEB

To illustrate the use of this formula, the first and second derivative are given as an example. For
the first derivative, n = 1 and Q = {{l}}, so the sum consists of only one term, with q = {I}. In
this single term, B = {I}. The first derivative is given by

a of a(
8l f (((I)) = a( . fil' (4.20)

which is the same result we would get by using the ordinary chain rule. For the second derivative,
n = 2 and Q = {{12}, {l, 2}}, so the sum consists of two terms, with q = {12} being the first
partition and q = {l,2} the second one. For the first term, B = {12} and for the second term,
B = {I} and B = {2}. So the second derivative is given by

The nth order derivative of f to ( is evaluated as

an an
a(n f(() = (a [Z- 1144)n f([Z-

l
L4)

- (a [Z~~144)n CZ-l~44W 2 )

(-l) n n!

and the nth order derivative of ( to l is evaluated as

an an
8ln ((l) = 8ln [Z-1]44 (l)

= :l:~ll (:1 [Z- lL4 (I))

= an
-

1 ([aZ-1(1)] )
8ln - 1 8l 44

= a
n

-
1

([_Z-l(l) aZ(l) Z-l(l)] )
8ln - 1 01 44
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(4.23)

where, for the fourth equality, we used the identity

(4.24)

(4.25)

where A is a matrix, whose elements are a function of parameter p.
Eq. (4.23) is further evaluated by the rule of Leibniz for higher order derivatives of products of
functions, which, eventually, yields an expression containing only the inverse of Z(l) and kth order
derivatives of Z(l), 1 :S k :S n. The latter is evaluated in an element-wise fashion. The kth order
derivative of Zmn (Eq. (3.70)) is

:l:Zmn = :l: r E~(fo,l)J:'(fo,l) dVoiVa
= r :l: (E~(fo,l)J:'(fo,l))d\fo.iVa

The exact result depends on the form of the Green's function and the basis functions used in the
MoM approach.

4.4.3 Results

Fig. 4.1 shows the result of the Taylor approximation. It turns out that three orders are sufficient
to obtain an acceptable approximation. Note how closely the approximation function matches
the original one on D opt . The closed-form approximation is used to find the optimum of the cost
function. Setting the first derivative to zero yields an optimum length of l = 1.739 . 10-3 . This
value is found using a numerical polynomial root-finding algorithm. With this length, the input
impedance of the microstrip dipole at 60GHz is equal to 71.5 - j17.2 n, which is the best match
possible, given the other parameter values. By comparison of the absolute values, it is indeed
closer to 50 n than the original input impedance of 75.6 - j12.1 n.

4.5 Conclusion

In order to optimize the design of the deflector element, an optimization method has been pre
sented. The characteristics of the design, which are of interest, are represented by a cost function.
A global optimum is found by approximating the cost function by means of a Taylor expansion.
Once the closed-form approximation is available, finding a global optimum is straightforward, if
one optimization parameter is considered. The general form of the cost function has been intro
duced and expressions for its higher order derivatives, used by the Taylor expansion, have been
given. As an example of the method, the length of a microstrip dipole has been optimized to
match a desired input impedance.
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Chapter 5

Analysis of a canonical element

5.1 Introduction

The deflector element is studied by considering a canonical element, which is a simplified alter
native for the final deflector element, presented in Chapter 6. The configuration of this canonical
element is given in Section 5.2. The field solution is found in Section 5.3 and 5.4. Transmission
of power is calculated for a typical element and results are given in Section 5.5. Because the
amount of transmission is an important aspect of the deflector element, the element is optimised
for maximum transmission of power at a frequency of 60 GHz in Section 5.6.

5.2 Configuration

Fig. 5.1 and Fig. 5.2 show the structure of the canonical element under analysis. It is based on the
design described in [2], where an antenna consisting of a patch, two coupling slots and a reflector
is discussed. This structure is chosen because the modelling can be performed with relative ease,
yet it is able to act as a basic deflector element, i.e. to receive and emit power. The power is
received on one side and coupled through the slots to the other side, where it is emitted. The
received power is modelled as an incident plane wave at one side of the element. The element is a
double back-to-back patch-on-grounded-dielectric-slab configuration, having a single ground plane
at z = 0, which contains two slots. The width of an object is defined as its size in the y-direction
and the length is defined as its size in the x-direction. The width of the patches is denoted by
W p and their length by L p • The width of the slots is denoted by W s , their length by L s and the
distance in the y-direction between the centre of the slots is denoted by D s . The top patch at
z = h carries current density J~l and the bottom patch at z = -h carries current density J~2'

which are both assumed to be y-directed. The electric field in the slots Es is also assumed to
be y-directed. The upper and lower dielectric slab, with permittivity 101, is assumed to extend to
infinity in both the x and y-direction.

5.2.1 Source

The source field is a plane wave with y-polarised electric field, incident on top of the element. The
plane wave is normal incident at z = h. The source field is described by

As shown in App.
(D.2), with

jk2 (z-h) -e u y ,

1 j k 2 (z-h) _-e u x .
Zz

D, the incident plane wave in medium 2 can be described by Eq.

E(z) E2 (z)
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J;2
~ z=-h-----'--_._- .

Figure 5.1: Configuration of the canonical element
in 3D

Figure 5.2: Front view of the canonical element

and choosing

which implies that E 2 (h) = E:;(h) = 1.

5.3 Field analysis

(5.2)

(5.3)

The field solution is found by solving a similar problem, which is obtained from application of
the extinction theorem [36]. This theorem is used to decompose all space into multiple regions, in
which the fields can be described independently. These separate field descriptions are combined to
the total field description by applying boundary conditions at the boundary between the separate
regions. The final field solution is found by solving the boundary conditions using a Method of
Moments approach.

5.3.1 Extinction theorem

Consider an imaginary closed surface S dividing all space in two regions Va and Vl , as shown in
Fig. 5.3. Region Va contains electric and magnetic current sources J""""a and Mo, which produce
fields E and ii in both regions Va and VI. By placing additional surface currents J~ = no x ii
and Ms = -no x E on the surface S, the fields inside region VI become 0. This is known as the
extinction theorem.

5.3.2 Similar problem

To model the canonical deflector element in a convenient way, a similar problem is considered.
In the similar problem, the slot layer is modelled with a finite thickness t s ' The reason for this
choice will become clear shortly. The extinction theorem is applied to decompose all space in
three regions VI, V2 and v.s, for which the fields can be described separately. This is depicted in
Fig. 5.4, which shows a close-up of one of the slots. The field solution of the original problem is
found by considering the solution of the similar problem in the limiting case that the slot thickness
t s ---. 0 and by applying appropriate boundary conditions. Region Vl is defined as all space above
the slot layer, i.e. z > t s /2, V2 as all space below the slot layer, Le. z < -ts /2 and v.s as all space
in the slot, for which -ts /2 < z < t s /2. At the boundary of VI, surface currents J~l = nI x ii
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J:=noxii

Ms = -no x E

Figure 5.3: Extinction theorem; initial situation (left); O-field in VI due to added surface
currents (right)

Figure 5.4: Space decomposition of the similar problem

45
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-~) 0

Figure 5.5: Similar problem configuration after replacing Vs with PEC and removing the
non-radiating electric surface currents

and lvIs1 -nl x E are placed to null out the fields in Vs and V2 , but leaving fields inside
V1 intact. The same is done at the boundary of V2, where surface currents J~2 = n2 x Hand
Ms2 = -n2 x E are placed, to null out the fields in Vs and V1 , but leaving the fields in V2 intact.
By the superposition principle, adding these surface currents to both the boundaries of V1 and V2 ,

the fields in V1 and V2 remain unchanged, while the fields in Vs become null.
The null field inside Vs allows us to replace Vs with PEC. This in turn allows for removing the
non-radiating electric surface currents. The resulting configuration is shown in Fig. 5.5. In this
configuration the fields in both V1 and V2 can be described separately, They are given by the field
solution of the grounded dielectric slab. The original problem is obtained from the similar problem
by considering the limiting case that the thickness of the slot layer goes to zero and Ys vanishes,
so that the boundaries of V1 and V2 collide, and by applying the boundary conditions

(5.4)

where Elt , Hlt denote the tangential fields at the boundary of V1 , just above the surface current
sources, and E2t , H2t the tangential fields at the boundary of V2, just below the surface current
sources. The final field solution is found by solving the boundary conditions for the slots (Eq. (5.4))
and the boundary conditions on the patches

nl x E = 0

n2 x E = 0

on patch 1,

on patch 2. (5.5)

To solve these boundary conditions, the source fields must be taken into account. Specifically, the
source magnetic field at z = 0 is required for the second boundary condition of Eq. (5.4) and the
source electric field at z = h is required for the boundary conditions of Eq. (5.5). Because in the
similar problem, the condition Uz x E is satisfied in the entire z = 0 plane, the analysis in App. D
is valid for region V1 . Therefore, the source electric field at z = h and the source magnetic field
at z = 0 in region V1 are given by (Eq. (D.9) and (D.10), using E:;(h) = 1)

(5.6)Hex(O)

T2(1 - e-2jklh) _

1 + Ple-2jklh u y ,

-2T2e-jk,h _

Zl(l + Ple-2jk,h) Ux ,

with the transmission and reflection coefficients (T and p) given in App. D. The final field
solution is found by solving the boundary conditions using a MoM approach. This solution is
valid everywhere inside V1 U V2 , the boundary excluded.
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(5.7)

(5.8)

5.4 MoM approach

In order to find the field solution using MoM, the currents on the patch and in the slots should be
modelled. The electric current on the patches is modelled using one entire domain basis function
(an educated guess) J~b, with transverse component f~(x, y), according to

~ b ~b b ~b

Jpi(f') = I el Jp (f') = lei Y p(x, y)b(z - h),
~ b ~b b ~b

Jp2 (f) = Ie2 Jp (f') = I e2Yp(x, y)b(z + h).

The magnetic current on the boundary of region V1 and V2 is modelled in a similar way, using
basis function Mi, with transverse component ~~(X1Y)' according to

~ b ~b b-b
Msi (f') = ImiMs (f') = Imi Wsex, y)b(z),
~ b ~b b-bM s2 (f') = Im2M s(f') = Im2Ws(x,y)b(z).

The transverse components of the basis functions can be written as

II(x/Lp)II(y/Wp) cos(ny/Wp)uy,

II(y/Ws)II(x/Ls )cos(nx/L s) * [bey + D s/2) + bey - D s/2)] ux, (5.9)

where ,*, denotes convolution. In the spectral domain, this results in

2 sin(kxL p/2) 2n/Wp (k W / ) ~
k

x
(n/W

p
)2 _ k~ cos y p 2 u y ,

2sin(kyWs/2) (k D /2) 2n/Ls (k L /2)~
k

y
2cos y s (n/L

s
)2 _ k'i, cos x s Ux '

The first boundary condition of (5.4) can be solved by forcing

(5.10)

(5.11)

Rp2 (kx , ky, -h)

Rs(kxl kYl 0)

Using the spectral domain expressions for the scattered fields (Eq. (3.45), the equivalent expres
sions for a magnetic source current distribution, (Eq. (E.8)) and the spectral domain expressions
for the source fields, i.e.

72(1 - e-2jk ,h) ~

jfex(kx,ky,h) 1 + Pie-2jk,h uy,

-272e-jk,h ~

fjex(kX1ky,0) Zl(1+Pie- 2jk,h)uX' (5.12)

in the remaining boundary conditions of (5.4) and (5.5) yield the spectral domain residues

jfeX(kx, kY1 h) +

I~i QEJ(kx , ky, h)Y~(kx, ky ) + I~QEM(kx, kYl h)Ji~(kx, ky ),

b ~ ~b b ~ ~b
Ie2 QEJ(kxl kYl h)Yp(kXl ky) + ImQEM (kXl kYl h)ws(kX1 ky),
~ b ~ ~b

Hex(kx, kYl 0) + lei Q HJ(k Xl ky,O)Y p(kXl ky) +
b ~ ~b b ~ ~b

2ImQHM(kx, ky,O)ws(kx, ky) + Ie2 QHJ(kxl kYl O)Yp(kx, ky), (5.13)

wher~ the required components of the Green's functions QEJ(kx , kYl h), QEM(kx , ky, h), QHJ(kx, kYl 0)

and QHJ(kxlky,O) are given in App. E. Weighing the residues to zero with basis functions 1;
and Mi in the spatial domain, which means evaluating integrals of the form

(5.14)
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results in the MoM spatial domain matrix equation

[V] + [Z][I] = 0,

with

[I] = [1~1 1~2 l~f,

and [V] and [Z] in the spectral domain having the form

(5.15)

(5.16)

(5.17)

(5.18)

where the subscript 'x' or 'y' denotes the respective cartesian component and the superscript '*'
denotes the complex conjugate. To solve Eq. (5.15) for the unknown current coefficient vector [I],
the elements of [V] and [Z] have to be evaluated in the spatial domain, by performing the inverse
Fourier transform on each element. For example, for Z11 this becomes:

(5.19)

which is evaluated, as explained in Section 3.3.6, by a coordinate transformation from (kx , ky ) to
(kp ,1/J). The resulting integral is solved numerically, where the integration over kp is performed
up to a certain finite K p .

5.5 Transmitted power for a typical element

As a measure for the transmitted power, the time average radiated power towards the broad
side direction at the downside of the element is used. For convenience, we define a new coor
dinate system, with cartesian coordinates (Xl, yl, Zl) = (-x, -y, -z) and spherical coordinates
(r',B',</>') = (r,B+7r,</>+7r), in which the broadside direction at the downside of the element can
be expressed as the direction (B' = 0, </>1 = 0). The time average radiated power Prad towards
direction (B' , </>1) is given by (Eq. (B.1))

P (B' ",I) = IE(r' ,B' ,</>IWr
I2

rad ,,+, 2Zo (5.20)

in which E(r' ,B' , </>1) can be expressed in terms of its spectral domain representation, according to
Eq. (3.51) as

E(r' B' </>1) - jkoe-jkor' ejkohcoslJ'U x (E(k k h) xu)), - 27Tr' r' x', y' ) r', (5.21)

with kx' = ko sin(B' ) COS(</>I) and ky' = ko sin(B' ) sin(</>'). Combining Eq. (5.20) and Eq. (5.21) and

using Ex' = 0, we obtain for broadside direction

k5 I A 1

2

Prad(O, O) = 87r2 Zo E y ' (0, 0, h) ,

which, in the original coordinate system, becomes
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Figure 5.6: Transmitted power for the typical deflector element

where By' = -By is used. The electric field in the spectral domain is evaluated in region V2 , at
z = -h. It is given by

(5.24)

Transmitted power is calculated in the frequency range from 50 to 70 GHz for a typical element,
with parameters

Wp = 1.7 mm

L p = 1.7 mm

W s = 0.23 mm

L s = 1.7 mm

D s = 2.5 mm,

h = 0.254 mm,

Crl = 2.17,

Cr2 = 1. (5.25)

The result is shown in Fig. 5.6. Simulations show that good performance is obtained if the width
of the patch (Wp ) and the length of the slots (L s ) are equal to half a wavelength in the substrate
at f = 60 GHz. The length of the patch (L p ) and the width of the slots (Ws ) are not so critical.

5.6 Optimisation

The element from Section 5.5 is optimised for maximum transmission of RF power at f = 60 GHz,
by varying the slot spacing D s , using the method described in Chapter 4.

5.6.1 Cost function and derivatives

To maximise the transmitted power, given by Eq. (5.23), we define the cost function

k5 2
r(Ds) = 81r2Zo If(Ds)1 ,

with

f(D s) = By(O, 0, -h, Ds),
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where the dependence of Ey on D s is written explicitly. The nth-order derivative of f to D s is
given by

(5.28)

which, using the product rule, can be written as an expression involving the terms \7k [I], \7kQ:,J ,
\7ky~,y, \7kQ:xM and \7k~~,x, with k = 0, ... ,n. These terms can all be evaluated in a straight
forward manner, except for \7k [I], which is evaluated according to

\7k[/] = \7k-l [\7 {-[Zr1[VJ}]

= \7k-l [-[Zr 1(\7[V]) + [Zr 1(\7[Z])[Zr 1[VJ] , (5.29)

where \7([Z]-l) = _[Z]-l(\7[Z])[Z]-l is used. The evaluation of (5.29) continues in a similar
manner, by using the product rule. The resulting expression consists of [Z]-l and \7k[Z] terms,
which are evaluated in an element-wise manner.

5.6.2 Results

As mentioned, the optimisation method is applied to the typical deflector element from Section 5.5,
with the same initial parameters. The cost function is approximated by a Taylor expansion
around D s = 2.5 mm, which results in Fig. 5.7. The 8th-order approximation is sufficient to
find the optimal slot spacing, which is D s = 2.3 mm. Fig. 5.8 shows the transmitted power in
the frequency range from 50 to 70 GHz for the optimised element. It is clear that this design is
optimised for maximum transmission at f = 60 GHz.

5.7 Conclusion

The modelling of a canonical element has been considered. The structure of the element has been
given and the source field has been modelled as a plane wave. The field solution has been found in
a number of a steps. First, the problem has been simplified by decomposing the solution domain
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into multiple sub domains, using the extinction theorem. Next, the field description in both sub
domains has been found to be equivalent to the closed-form field solution of the grounded dielectric
slab, as presented in Chapter 3. The total field description has been obtained by applying proper
boundary conditions at the interface between the sub domains. The final field solution has been
obtained by solving the boundary conditions using a Method of Moments approach. Using this
field solution, transmitted power for a typical element has been calculated in the frequency range
of 50 - 70 GHz. Finally, the canonical element has been optimised for maximum transmitted power
at 60 GHz, using the optimisation method presented in Chapter 4.
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Chapter 6

Realisation of a deflector

6.1 Introduction

A deflector is designed which deflects an EM wave by an angle of about 30 degrees. As mentioned
before, the deflector consists of elements, which apply a varying phase shift. The phase shifting
property of the element can be realised in a number of ways. This is explained in Section 6.2.
The design of a 9x5-element deflector is given in Section 6.3. The simulation results are given in
Section 6.4.

6.2 Phase-shifting deflector element

The canonical deflector element, optimised for transmission in Section 5.6, is used as starting
point for the design of the phase-shifting deflector element. An important design criterion is that
a phase shift in the full range of 0 to 360 degrees can be applied, while retaining good transmission
properties. The phase shifting property of the element can be realised by varying the size of the
patches, as explained in Section 6.2.1. Alternatively, it can be realised by adding transmission
lines with varying length. This is explained in Section 6.2.2.

6.2.1 Variable patch size

A variable phase shift of the transmitted wave can be realised by varying the size of the patches.
This idea is based on the design described in [41], where it is successfully applied in a reflectarray
[7]. In this design, the presence of a ground plane ensures full reflection of the incident wave. This
is not the case with the deflector element, where the wave is coupled through slots in the ground
plane to the other side of the element. The transmission coefficient varies considerably with the
size of the patches, not allowing for a practical design. In [14], multiple patches are used to obtain
more degrees of freedom in the design. Applying this idea to the design of the deflector element
yields a patch-patch-slot-patch configuration, which is shown in Fig. 6.1. With this configuration
it is possible to obtain better transmission properties than in the patch-slot-patch configuration
of the canonical element. Still, it is hard to obtain a design where phase shift over the full range
is possible, while retaining good transmission properties over a sufficiently large frequency band.
A major problem of using variable size patches to obtain an appropriate phase shift, is that the
phase shift and the transmission coefficient of an element can not be controlled independently. A
consequence of this dependence is that the magnitude of the transmission coefficient decreases near
the edges of the phase shift range. The modulus of the transmission coefficient of the element after
optimisation is shown in Fig. 6.2, for varying phase shift and frequency. Reasonable transmission
properties over the full phase range are only obtained for frequencies between 58 GHz and 61 GHz,
so the principle of varying patch size can not be applied successfully in the design of the deflector
element.
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6.2.2 Transmission lines

Independent control over transmission and phase shift can be obtained by using transmission lines
of varying length to provide the phase shifting property. In the canonical element, power from
the downside is coupled directly to the upside through a pair of slots. In this design, power
from the downside is coupled to a pair of transmission lines, which carry the power to a second
pair of slots. These slots couple the power to the upside of the element. The transmission lines
introduce a time delay, which is independent of frequency. The amount of delay is determined
by the length of the transmission lines. The design can be realised in a stack with four metal
layers, as shown in Fig. 6.3. The initial design, clearly showing the principle described above,
is shown in Fig. 6.4. To obtain a compact design, the patch and slots on the downside can be
rotated by 90 degrees and placed underneath the patch on the upside. This is shown in Fig. 6.5.
A problem in the design of Fig. 6.5 is that both pairs of slots emit undesired spurious radiation,
towards both the receiving and emitting side of the element. This problem can be solved by
extending the length of both patches, so that they shield off the spurious radiation. This does not
influence the transmission properties. The final design is shown in Fig. 6.6. The initial element
parameters have been found by the optimisation method described in Section 5.6. The complete
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structure, including transmission lines can be modelled and optimised as well with this approach,
but this is too involved for now. The structure is modelled with CST Microwave Studio, a fuIl
wave EM simulator. Three different elements incorporating transmission lines are designed, which
realise a phase shift of -120, 0 and 120 degrees at a frequency of 60 GHz, respectively. These
elements are shown in Fig. 6.7. The size of the elements is 3.2mm x 3.0mm, which corresponds
to 0.64>' x 0.60>' at 60 GHz. Simulations show that the element has good transmission properties
for frequencies between 57 GHz and 63 GHz, which is a 10% bandwidth within the 60 GHz band.
So the principle of transmission lines with varying length to obtain an appropriate phase shift can
be applied successfully in the design of the deflector element.

6.3 Design of the deflector

A 9 x 5-element deflector has been designed by placing multiple deflector elements in a regular
pattern. The three elements shown in Fig. 6.7 are placed in an alternating order along one
direction. Along the other direction, the elements are identical. The deflector is simulated with
plane wave excitation. The simulation program is not able to calculate a radiation pattern, if the
structure is excited with a perfect plane wave. Therefore, four horn antennas are used next to
each other to generate an approximated plane wave. By inspecting Eq. (2.1), it is clear that an
incident EM wave of 60 GHz is deflected by 34 degrees, if the element spacing is equal to 3.2 mm.
Because the transmission lines actually introduce a fixed time delay rather than a phase delay,
the angle towards which power is deflected is independent of frequency. This is verified by the
simulation results in the next section.

55



x

z
16

14

12

10

8

6

4

2

o
-2

-4

Directivity [dB]

Figure 6.8: Radiation pattern (3D); f = 60 GHz

6.4 Simulation results

20

15
- - f = 57 GH
-f=60GH

10
- - f = 63 GHc

i
o::l 5
:2.. ' ,
1;> 0
:~
u -5G)....
is -10

-15

-20 '-----_~__~__~_~__~_ ______.J

o 30 60 90 120 150 180
() [degrees] ---t

Figure 6.9: Radiation pattern (a-cut, ¢ = 0 deg);
f = 57 GHz (--), f = 60 GHz (-)
and f = 63 GHz (- .)

Fig. 6.8 and 6.9 show the resulting radiation patterns of the 9 x 5-element deflector for varying
frequency, when an approximated wave is incident from a= 0 degrees. The wave is deflected by
34 degrees, towards a= 146 degrees, independent of frequency. For f = 60 GHz, the -10 dB main
lobe width is 21 degrees. Side lobes are 12.4 dB lower than the main lobe. The directivity is
17.3 dBi. For f = 57 GHz and f = 63 GHz, the results are slightly different, but comparable.
These results clearly show the wideband behaviour of the deflector.

6.5 Conclusion

The optimised canonical deflector element has been used as starting point for the design of the
phase-shifting deflector element. The phase shifting property can be realised in two ways. It has
been shown that the principle of varying patch size is not a suitable option, because reasonable
transmission properties can only be obtained for the frequency range of 58 - 61 GHz. By using
transmission lines to realise the phase shifting property, good transmission properties have been
obtained for the frequency range of 57 - 63 GHz. Phase-shifting elements have been designed,
using transmission lines, which realise a relative phase shift of -120,0 and 120 degrees. Simulations
show that a deflector, consisting of these elements placed in a regular pattern, is able to deflect
an incoming EM wave by 34 degrees over the entire frequency band of 57 - 63 GHz. The resulting
directivity at 60 GHz is 17.3 dBi and side lobes are 12.4 dB lower than the main lobe.
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Chapter 7

Measurement and simulation
results

7.1 Introduction

To verify the performance of the deflector, two 9 x 9-element deflectors are constructed, which we
call deflector A and deflector B for convenience. The construction of the deflectors is discussed in
Section 7.2 and the measurement setup is discussed in Section 7.3. In Section 7.4, the measurement
results are given and compared to simulations.

7.2 Construction of the deflectors

Deflector A is constructed in the same way as the 9x5-element deflector of Chapter 6 and therefore
deflects incident waves by 34 degrees. Deflector B is constructed out of identical elements, for which
the middle element in Fig. 6.7 is used. This deflector does not change the phase distribution
of the incident wave and therefore the outgoing wave propagates in the same direction. Both
deflectors are realised in printed circuit board technique. The stack consists of four metal layers
with dielectric material in between, as shown in Fig. 6.3. The upper and lower dielectric have a
thickness of 0.254 mm and a relative permittivity of 2.17. The middle dielectric has a thickness
of 0.112 mm and a relative permittivity of 2.6. The dimensions of both deflectors are 28.8 mm x
27.0 mm.

7.3 Measurement setup

The measurement setup is shown in Fig. 7.1. The deflectors are excited by a conical horn. The
radius of the horn aperture is 11.0 mm. A HP/ Agilent E8361A PNA Network Analyzer is used
for S-parameter measurement up to a frequency of 67 GHz. To measure the radiation pattern, a
custom-made measurement setup is used, able to measure the far field radiation pattern of the
deflectors [3]. Averaging is used to limit the influence of noise and time gating is applied to remove
the influence of reflections from the environment. Due to space limitations of the measurement
setup, the horn is placed 13 mm away from the deflector. The deflector is therefore not in the
far field region of the horn. Absorbing material is placed around the deflector to prevent spurious
radiation from the horn from passing the deflector at the sides and thereby disturbing the radiation
pattern of the deflector. The conical horn is connected to the network analyser by a coaxial cable,
a coax-to-waveguide adapter, a rectangular-to-circular waveguide adapter and a piece of curved
circular waveguide. To measure the radiation pattern, an open-ended waveguide is used, connected
to the network analyser with the same type of coaxial cable and coax-to-waveguide adapter. \\Fe
are interested in the gain of the conical horn together with the deflector.
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Figure 7.1: Measurement setup; conical horn not shown

7.3.1 Calibration

In order to remove the effects of the coaxial cables, adapters and the open-ended waveguide, two
calibration measurements have been performed. In the first measurement, the S-parameters of
the coaxial cables together with the adapters are measured. The adapters are connected back
to-back. It is assumed that all components are perfectly matched. This way the gain, or 18121 2 ,

of one coaxial cable and adapter can be calculated. In the next measurement, an S-parameter
measurement is performed of two open-ended waveguides, placed opposite to each other in the
far field region. Friis equation is used to remove the effect of free space loss and the result of the
first measurement is used to calculate the gain of the open-ended waveguides. The gain of the
open-ended waveguide and the cables together with the adapter can be used to calculate the gain
of the conical horn together with the deflector. The rectangular-to-circular waveguide adapter and
the piece of curved circular waveguide are assumed to be lossless in this calculation.

7.4 Results

Fig. 7.2 and 7.3 show the gain as function of elevation angle efor both deflectors in the deflecting
plane at a frequency of 60 GHz. Deflector A has a clear peak at 34 degrees and Deflector B has a
clear peak at 0 degrees, as expected. Sidelobe levels are in the order of -10 dB. Fig. 7.4 shows the
results after normalisation. Good agreement between measured and simulated results is obtained
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Figure 7.3: Gain of deflector B (deflecting plane,
f = 60 GHz); measured (-);
simulated (- - )

for both deflectors. Fig. 7.5 shows the normalised gain for both deflectors as function of frequency,
measured at their peaks of e= 0 and e= 34 degrees. Deflector A, the 34-degrees deflector, shows
best performance for a frequency of 59 GHz and 62 GHz and deflector B, the O-degrees deflector,
shows best performance for a frequency of 56 GHz and 62 GHz. The transmission of deflector B
as function of frequency is slightly better than that of deflector A.

7.5 Discussion

Simulated results show a gain of 18-20 dB and measured results show a gain of 10-15 dB, which
is a large difference. There are a number of reasons that can explain these differences.

• The absorbing material around the deflector has not been included in the simulations. This
may account for some differences at angles further from the main beam angle.

• The rectangular-to-circular waveguide adapter and the piece of curved circular waveguide
are assumed to be lossless, but these components might introduce a few dB loss.

• During calibration, we calculated the gain of the open-ended waveguide and found a value
of 1 (0 dB). This value should be higher. Probably, some parts of the calibration procedure
need more attention. This could explain part of the difference.

7.6 Conclusion

Two 9x9-element deflectors have been constructed. One deflector deflects incident waves by 34 de
grees, the other deflector does not change the direction of incident waves. The measurement setup
has been described and the calibration procedure has been explained. Measured and simulated
results of both deflectors have been given. Good agreement exists between normalised measure
ment and simulation results. Both deflectors behave as expected, sidelobe levels are in the order
of -10 dB. The transmission of the O-degrees deflector as function of frequency is slightly better
than that of the 34-degrees deflector. Quite some differences in gain exist between simulated and
measured results. Several reasons have been given to explain these differences.
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Chapter 8

Conclusions and recommendations

A summary and conclusions of the work are given in Section 8.1. Recommendations for further
research are given in Section 8.2.

8.1 Conclusions

Wireless communication in the licence-free 60 GHz band requires a high gain, highly steerable
antenna configuration. The coverage of a single antenna array is limited. A deflector-based design
has been proposed to extend coverage. The proposed design consists of a steerable source and
multiple deflectors. Advantages of this design are its simplicity and low cost.
In order to extend coverage, the deflectors should be designed to achieve a suitable centre steering
angle and steerability. In Chapter 2, it has been investigated how the deflector should be designed
in order to achieve a desired steerability. It has been explained that the phase distribution on
the upside determines the deflecting behaviour and that a trade-off exists between directivity and
steerability. This has been clarified by defining two scenarios. The behaviour of the deflector to
gether with a source has been modelled and simulation results have been given for deflector designs
that are suitable for those scenarios. These simulation results confirm the trade-off. Coverage can
be extended to angles that can not be reached by the source itself, but in order to obtain beams
with high directivity, the desired steerability should not be too large.
The desired phase distribution on the upside of the deflector is achieved by multiple phase-shifting
elements, which change the phase distribution of the incident wave on the downside. An important
aspect of the deflector element is its transmission of power. This should be as large as possible for
the frequency band of interest. In order to gain insight into the behaviour of the deflector element,
a simplified version of the final element has been studied in Chapter 5. The field solution of this
canonical element has been found in a number of steps. First, the solution domain is decomposed
into multiple sub domains by using the extinction theorem. Next, the field description in both sub
domains has been found to be equivalent to the closed-form field solution of the grounded dielectric
slab, as presented in Chapter 3. The total field description has been obtained by applying proper
boundary conditions at the interface between the sub domains. The final field solution has been
obtained by solving the boundary conditions using a Method of Moments approach. This field
solution has been used to calculate transmitted power for an element with typical parameters in
the frequency range of 50 - 70 GHz.
In Chapter 4, an optimisation method has been presented, which can be used to find a global
optimum of a custom property. The property of interest is represented by a cost function. By
approximating the cost function in closed-form by means of a Taylor expansion, finding a global
optimum is straightforward, if one optimization parameter is considered. Finding the Taylor ap
proximation is the challenging part of the method. This optimisation method has been used to
optimise the canonical element for maximum transmitted power at 60 GHz.
In Chapter 6, the canonical deflector element is used as starting point for the design of a phase-
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shifting deflector element. The phase shifting property of the deflector element can be realised in
a number of ways. It has been shown that the principle of varying patch size is not a suitable
option, because reasonable transmission properties can only be obtained for the frequency range of
58 - 61 GHz. By using transmission lines to realise the phase shifting property, good transmission
properties have been obtained over a frequency band of 57 - 63 GHz. Phase-shifting elements
have been designed, using transmission lines, which realise a relative phase shift of -120,0 and 120
degrees. Simulations show that a 9 x 5-element deflector, consisting of these elements, placed in a
regular pattern, is able to deflect an incoming electromagnetic wave by 34 degrees over the entire
frequency band of 57 - 63 GHz. The resulting directivity at 60 GHz is 17.3 dBi and side lobes are
12.4 dB lower than the main lobe.
Two 9x9-element deflectors have been constructed in a printed circuit board technique consisting
of four metal layers. One deflector is constructed of three different phase-shifting elements and
deflects incident waves by 34 degrees. The second deflector is constructed of identical elements
and does not change the direction of incident waves. Measurement and simulation results have
been given in Chapter 7. Good agreement exists between normalised measurement and simulation
results. Both deflectors behave as expected, sidelobe levels are in the order of -10 dB. Differences
in gain exist between simulated and measured results. In particular, the measured gain is not as
high as expected. Several reasons have been given to explain these differences.
The measurements confirm that it is possible to create a passive planar structure that is able to
deflect waves and thereby able to extend the coverage of an antenna configuration.

8.2 Recommendations

In order to design a deflector that can be incorporated into a 3D structure as proposed in Chap
ter 1, some more research should be performed on a number of aspects.
In Chapter 6 and 7, deflector designs have been presented that are suitable for plane-wave in
cidence. To obtain optimal gain, the deflectors should be designed specifically to match the
wavefront originating from the source. If the source is a horn antenna, for example, the deflector
should be designed to match a spherical wave.
In Chapter 6, three different elements have been designed, which achieve a phase shift of -120,
o and 120 degrees. Therefore it was only possible to create a deflector that deflects an incident
wave by 34 degrees. In order to design a deflector with custom deflecting behaviour, phase-shifting
elements should be designed that are able to achieve a phase shift over the whole phase range of
0-360 degrees. To achieve a custom phase shift, the principle of transmission lines could be used,
but there might be another type of element that achieves the desired phase shift while remaining
good transmission properties.
Once elements with custom phase shift have been designed, it is possible to design a deflector
suitable for one of the scenarios presented in Chapter 2. It would be interesting to do full-wave
simulations, maybe even measurements, of such a deflector and compare the results with the re
sults presented in Chapter 2.
Another aspect that should be investigated is the effect of reflections. Even with careful design of
the deflector elements and the amount of phase shift they perform, reflections remain. Currently,
it is not clear what would happen with the reflected energy if the deflectors are incorporated into
a 3D structure. The reflected waves could be emitted by other deflectors and have a deteriorating
effect on the resulting radiation pattern, or they might even enhance it. To obtain a global idea
of the effects, an approximate simulation would be sufficient. If a simulation tool with more com
puting power would be available, even a full-wave simulation of a 3D structure could be possible.
Finally, for the construction of a 3D structure, the polarisation sensitivity of the deflector elements
should be taken into account. Depending on the source orientation, the elements might need to
be rotated to align with source fields.
The accuracy of the gain measurements should be improved. Currently, the difference in measured
and simulated results is too big. This is partly due to the fact that the loss of the waveguides and
the amount of spurious radiation produced by the conical horn are assumed to be zero. Some parts
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of the calibration procedure should be given more attention, as already indicated in Chapter 7.
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Appendix A

Plane waves and Fourier transform

A plane wave propagating in the positive x-direction can be written as

(A.I)

where Eo holds the amplitude and phase of the wave components and where kx is called the
propagation constant. In this form, the phase of the wave increases with increasing time and the
wave travels in the positive x-direction if Re(kx ) > O.
The Fourier transform between time and frequency is defined as

00

j(w) = F {f(t)} = Jf(t)e-jwtdt,
-00

(A.2)

f(t)

00

F- 1 {j(w) } = 2~ Jj(w)ejwtdw.
-00

(A.3)

The Fourier transform between space and spatial frequency is defined as

00

j(kx) = F {f(x)} = Jf(x)ejkxxdx,

-00

(A.4)

f(x)

00

F- 1 {j(kx)} = 2~ Jj(kx)e-jkxXdkx.
-00

(A.5)

In this way a physical plane wave will indeed contribute to the spatial frequency domain (also
called spectral domain) representation at a kx , whose real part is positive.
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Appendix B

Antenna Parameters

Some important characteristics of an antenna are discussed. They are the (normalised) power
pattern, the total radiated power, the average radiated power, the directive gain, the directivity, the
power gain and the radiation efficiency. We are only interested in the angular dependence, rather
than the radial dependence.

The time average radiated power, as a function of direction (e, ¢), radiated by the antenna, is
given by

Prad(e, ¢) = IE(r,:~:Wr2 [WI sr], (B.l)

where Zo is the characteristic impedance of vacuum, which is Zo = J !-to/co. The r-dependence

of IE(e, ¢, r)1 is cancelled by the multiplication with r. A plot of Eq. (B.l) is called the antenna
power pattern.
The normalised power pattern is obtained if Eq. (B.l) is divided by its maximum over (e,¢), i.e.

maX(Ii,q,) {Prad(e, ¢)}.

The total radiated power is found by integrating Eq. (B.l) over a sphere S:

(B.2)

P rad = Is Prad(r, e, ¢) dS

Z
I r {21r IE(r, e, ¢Wr2 dD

2 0 JIi=o J¢=o

Z
I r {21r IE(r, e, ¢Wr2sin e ded¢, (B.3)

2 0 J0=0 Jq,=0

where dD = sine ded¢ is the differential solid angle, measured in steradian (sr).
The average radiated power is obtained by dividing Eq. (B.3) by the total number of solid angles,
which is 41f:

Prad = P rad /41f. (B.4)

For the special case of an isotropic radiator, which radiates uniformly in all directions, the following
applies:

Prad,isotropic (e, ¢) Prad
P rad /41f. (B.5)

The directivity is defined as the power that an antenna radiates in a particular direction, divided
by the power that an isotropic radiator would radiate in that direction:

D(e,¢)
Prad,isotropic (e, ¢)
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= 411" Prad(B, ¢) .
P rad

The maximum directivity is defined as the maximum of the directive gain over (B, ¢):

Dmax max(9,¢) {D(B, ¢)}

= 41l' max(9,¢) {Prad(B, ¢)} .
P rad

(B.6)

(B.7)

The (maximum) directivity can be regarded as a measure for the ability of an antenna to direct
radiated power in a given direction.
The gain is defined as the ratio of the power that a certain antenna radiates in a particular
direction, divided by the input power per steradian:

The radiation efficiency of an antenna is defined as

P radTj- -
- Pin'

(B.8)

(B.9)

By comparing Eq. (B.6) and (B.8), a simple relation between the directivity and gain is obtained,
i.e.

G(B, ¢) = TjD(B, ¢). (B.lO)

Note that this relation is valid under perfect matching conditions between source and antenna.
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Appendix C

Taylor approximation

The Taylor approximation of order K (JK(X)) for a real valued continuous, differentiable function
of multiple variables (1(x), x E X), about the point x = xo, is defined as [6]

(C.l)

This approximation is exact if K -+ 00. For finite K, the approximation is exact for x = Xo only.
For x -I- xo, the approximation deviates from the original function. This deviation is called the
remainder and is defined as

RK(x) = f(x) - JK(X).

The domain on which the approximation is considered acceptable is defined as

DK = {x EX IIRK(X)I < ca1f(x)l} ,

(C.2)

(C.3)

for a sufficiently smalP positive real number Ca' As the order of approximation becomes higher
(larger K), the boundary of the domain, on which the approximation is acceptable, moves away
from xo. We express this as

(C.4)

A consequence of this is, that if the approximation is acceptable on D K, it is also acceptable on
D K - 1 . Extending the approximation to a higher order can be a computationally intensive task,
especially when the order of approximation is already high. Therefore, the question arises, how
large K should be chosen, to obtain a reliable approximation. The approximation is reliable, if
it can be used to find the optimum of the original function on a certain domain Dopt ' This is
possible if the approximation function has the same extrema within Dopt as the original function
and we state that this is true, if the approximation is acceptable within Dopt ' Therefore, K must
be chosen such, that

Dopt E DK, (C.5)

with fa sufficiently small. Considering the fact that the boundary of the domain, on which the ap
proximation is acceptable, moves away from xo, Eq. (C.5) holds if the approximation is acceptable
for every point in aDopt, the boundary of Dopt :

IRK(X)I < calf(x)1 I;j x E aDopt, (C.6)

In practice, it is not possible to verify this condition for all x E aDopt, so we define a finite subset
of validation points, V c aDopt. The original function is evaluated once for every Xv E V. For
every order of approximation, Eq. (C.5) is verified by evaluating Eq. (C.6) for every Xv E V.

lsee the explanation under remarks
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Figure C.l: False validation of a Taylor approximation

The main text states that the approximation of order K is acceptable on Dopt, if, on aDopt, the
remainder is a small fraction of the original function value (Eq. (C.6)). Although this condi
tion seems very plausible, it is not necessarily true. There are certain conditions, under which
Eq. (C.6) is true, while the approximation is not acceptable. Fig. C.l shows an example for the
single-variable case. In this example, (Eq. (C.6)) is true, because the approximation function
intersects the original function exactly in the validation points, while the approximation is clearly
not acceptable on the entire domain D opt = {x E lR I xv, :::; x :::; XV2}' The chance of such a false
validation can be minimised by choosing t:u sufficiently small, and by defining multiple validation
points (in a multi-variable case).
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Appendix D

Plane wave incident on a
grounded dielectric slab

The field solution of a plane wave, incident on a grounded dielectric slab, is considered. Assuming
the incident plane wave is propagating in the z-direction and is linearly polarised along the y
direction, the field solution can be written as the sum of a forward (towards positive z) and
backward (towards negative z) travelling component as

with

E(z)

H(z)
E(z)uy ,

H(z)ux , (D.1)

E(z) E+(z) + E-(z) = E+e- jkz + E-ejkz ,

H(z) ~ [E+(z) - E-(z)] = ~ [E+e- jkz
- E-ejkz

] ,

(D.2)

where the '+' and '-' superscripts denote the forward and backward travelling component, re
spectively, and Z = v;;re, the characteristic impedance of the medium. The components of the
electric field at the dielectric slab are shown in Fig. (D.1). The incident fields on the slab are E:;
and Et, the scattered fields are Et and E1. These fields are related according to

(D.3)

where {PI, 71} and {P2, 72} are the elementary reflection and transmission coefficients from medium
1 to medium 2 and from medium 2 to medium 1, respectively, which can be written in terms of

z
z=h

z=Q
'//7/////// / //7///7/77/7///7///77/7/ _m_m_h

_

h

___

Figure D.l: Electric field components at the dielectric slab
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refractive indices as

(D.4)

where n = y€; for dielectric material. The forward and backward travelling components in
medium 1 at z = 0 can be related to the respective components at z = h according to

E}(O)

Et(O)

= E1"(h)e- jk1 h,
Et(h)ejk,h. (D.S)

The forward and backward travelling components in medium 1 can be related to each other at
z = 0 by considering the boundary condition on the ground plane, i.e. Uz x E = 0, which results
in

E} (0) = -Et(O). (D.6)

Combining Eq. (D.S) and (D.6), the forward and backward travelling components in medium 1
can be related to each other at z = h as

Et(h) Et(O)e-jk,h

-E} (O)e-jk,h

_E}(h)e-2jk,h. (D.7)

Furthermore, the backward travelling wave in medium 1 can be related to the backward travelling
wave in medium 2 by (Eq. (D.3) and (D.7))

E1"(h) P1Et(h) + T2 E;(h)
_P1e-2jk,hE} (h) + T2E; (h).

Rearranging results in

(D.8)

(1 + P1e-2jk,h)E} (h)

E}(h)

T2 E;(h)

1'2 E-(h)
1+p1e-2jklh 2 .

We continue by evaluating the electric field at z = h and the magnetic field at z = 0 in terms of
the backward travelling wave in medium 2. Because the tangential field are continuous at the top
of the dielectric slab, the electric field at z = h can be evaluated in both media. In this analysis,
it is evaluated in medium 1. Using Eq. (D.7) and (D.8), this yields

E1"(h) + Et(h)
(1 - e-2jk ,h)E1"(h)

1'2(1 - e-2jk,h) _
1 + P1e-2jk,h E2 (h).

The magnetic field at z = 0 is evaluated as (using Eq. (D.5), (D.6) and (D.8))

(D.9)

~1 [Et(O) - E}(O)]

2
- Z1 E1"(O)

-:1 e-jk,hE} (h)

-27' e-jk,h
2 E- (h)

ZI(1 + Pl e- 2jk,h) 2 .
(D.10)
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Appendix E

Spectral domain Green's functions
of the grounded dielectric slab
with magnetic sources

Consider a grounded dielectric slab of height z = h. Maxwell's equations with magnetic sources
only in the frequency domain are given by [44]

V' x E(f)

V' x H(f)

V' . E(f)

V'.H(f)

-jwp,H(f) - M(f),

jwc:E(f)

0,

(E.1)

Together with the continuity equation

V' . M(f) + jWPm(f) = O. (E.2)

In analogy with the derivation in Chapter 3, the fields can be written in terms of the electric
vector potential F and the scalar potential ¢. Using the Lorenz gauge

V' . H(f) = -jwp,¢(f) ,

the fields can be expressed in terms of the electric vector potential only, i.e.

(E.3)

-V' x F(f),

-~~c: [k 2 + V'V'.] F(f). (E.4)

Using Eq. (E.1), (E.3) and (E.4), the Helmholtz equation for F is obtained, i.e.

(V'2 + e)F(f) = -M(f). (E.5)

The electric vector potential is related to the source magnetic current distribution through the
Green's function eM (i, io), which is the field response due to a magnetic point source, according
to

(E.6)

Combining Eq. (E.4) and (E.6), the fields are written in terms of the source current distribution
according to
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H(f') (E.7)

In case of a planar source magnetic current distribution at z = zs, the fields can be evaluated in
the spectral domain using

H(f') (E.8)

wher~ W(kx , ky ) is the spectral-domain form of the planar source magnetic current distribution

and Q(kx , ky, z) the spectral domain dyadic Green's function that links the fields to the planar
source magnetic current distribution at z = zs. The fixed source coordinate is omitted from the
argument list. The Green's function eM (r, ro) is found by solving the Helmholtz equation (Eq.
(E.5)), using (Eq. (E.6)), for M(f') = ui<5(r - To), with i equal to x, y or z, and applying the
boundary conditions of the dielectric slab. Then the spectral domain equations (Eq. (E.8)) are
obtained form the spatial domain equations (Eq. (E.7)) by Fourier transformation.
We are interested in the Green's functions that link electric and magnetic fields in the slab to
magnetic current sources at the boundary of the slab. If we only consider a magnetic current
distribution Mo on z = 0, which is at the lower boundary of the slab, the Helmholtz equation for
fields in the slab becomes (Eq. (E.5))

(E.9)

and the boundary conditions become

z = 0,

z = h, (E.IO)

(E.12)

(E.ll)

where z = h is the location of the interface between the dielectric slab and the background medium.
Assuming we need to link y-directed electric field at z = h and x-directed magnetic field at z = 0
to x-directed source magnetic current at z = 0, this can be done by means of Green's function
components, which are found by substituting Eq. (E.7) into the boundary conditions (Eq. (E.IO)),
with eM (r, To) found by solving the Helmholtz equation (Eq. (E.9)). This is the same approach
as followed in Chapter 3. The resulting Green's function components are

QEMyx(kx, ky, h) Te~m [kz1Tm + jk~(cr2 - Cd) sin(kz1h)] ,

" 1 [ 2 2QHMxx(kx, ky,0) = Z k k T T (Crl - cr2)kxkz1 -
o 0 zi e m

(ki - k;)(cr2 kzl cos(kz1h) + jCrlkz2 sin(kz1h)Te)] ,

where the vacuum impedance Zo = J fJ-o/cO and the other terms as defined in Chapter 3. Linking
the respective fields to source electric current at z = h is done by means of the Green's function
components

.Zosin(kz1h) [ 2 2 ..] ( )
-J koTeT

m
koTm - ky(kz2 cos(kz1h) + Jkz1 sm(kz1h)) , E.13

- Te~m [kz1Tm + jk~(cr2 - crl) sin(kz1h)] . (E.14)
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Appendix F

Complex element-wise product

The complex element-wise product is an operation that acts on 2 complex numbers to yield a new
complex number.

F.! Definition

The complex element-wise product (®) of two complex numbers A and B is defined as

A ® B = ~(A)~(B) + j'J(A)'J(B),

where ~(.) and 'J(.) denote the real and imaginary part, respectively.
Furthermore, the element-wise sum of a complex numbers A is defined as

{A} = ~(A) + 'J(A),

F.2 Properties

Some useful properties of the '®' operator are:

F.2.1 Commutativity

The '®' operator exhibits commutativity:

A ® B = ~(A)~(B) + j'J(A)'J(B)

= ~(B)~(A) + j'J(B)'J(A)

=B®A.

F.2.2 Associativity

The '®' operator exhibits associativity:

A ® (B ® C) = A ® (~(B)~(C) + j'J(B)'J(C))

= ~(A)~(B)~(C) + j'J(A)'J(B)'J(C)

= (~(A)~(B) + j'J(A)'J(B)) ® C

= (A®B) ®C.
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F .2.3 Distributivity

The '®' operator exhibits distributivity over addition:

A ® (B + C) = A®(~(B) + fs(B) + ~(C) + j8'(C))

= A ® ([~(B) + ~(C)] + j[8'(B) + 8'(C)])

= ~(A)[~(B) + ~(C)] + j8'(A) [8'(B) + 8'(C)]

= ~(A)~(B) + j8'(A)8'(B) + ~(A)~(C) + j8'(A)8'(C)

= A ® B + A ® C. (F.5)

F.2.4 Derivation

If fA and f B are two (analytic) complex functions, the 'V' operator (derivation) exhibits distrib
utivity over the ® operator:

V(fA ® f B) = V [~(fAm(fB) + j8'(fA)8'(fB)]

= [(V~(fA))~(fB) + ~(fA)(V~(fB))] + j [(V8'(fA))8'(fB) + 8'(fA) (V8'(fB))]

= [(V~(fA))~(fB) + j(V8'(fA))8'(fB)] + [~(fA)(V~(fB)) + j8'(fA) (V8'(fB))]

= (VfA)®fB+fA®(VfB). (F.6)

This property is very similar to the ordinary product rule, which states that

(F.7)

which is the basis for the Leibniz rule [1] to calculate the nth order derivation of a product of two
functions. This similarity enables us to calculate the nth order derivation of a complex element
wise product of two complex functions, through a slightly modified Leibniz rule:

n

Vn(fA ® fB) = L (~) (VkfA) ® (Vn-kfB).
k=O

The 'V' (derivation) and '{.}' (element-wise sum) operators can be interchanged:

V{fA} = V(~(fA) + 8'(fA))

= V~(fA) + V8'(fA)

= ~(V fA) + 8'(V fA)

= {VfA}'

F.2.5 Relation with ordinary modulus

(F.8)

(F.9)

The element-wise sum of the complex element-wise product of two complex numbers A and B
results in

{A®B} = {~(A)~(B) + j8'(A)8'(B)}

= ~(A)~(B) + 8'(A)8'(B).

If B = A, Eq. (F.IO) reduces to the following relation:

{A®A} = ~(A)2 + 8'(A)2

= IAI2
,

where I .I denotes the ordinary modulus, Le. the absolute value of the complex number A.
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