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Abstract

The advancement of silicon IC processes opens up new opportunities to develop new consumer
microwave applications. The cut-off frequencies of silicon IC processes evolve to higher frequen
cies and therefore offer the possibility to develop new applications. In this project antennas for
an automotive radar system at 24 GHz and a wireless personal area network at 60 GHz have
been designed. The most severe requirements on the antennas were the large bandwidth, high
gain and in the case of the automotive radar system the gain above a fixed elevation angle. Prior
to this project a substrate stack was selected. A tradeoffwas made between a substrate optimized
for antenna performance and a substrate optimized for the performance of integrated circuits.

Transmission lines play a key role in the design of antennas especially at high frequencies.
The propagation constant, attenuation factor and characteristic impedance of the microstrip line
and the coplanar waveguide have been determined using so-called dispersive models and simu
lations in ADS Momentum. The coplanar waveguide has a higher degree of freedom in design
and the possibility to be designed with a lower attenuation factor than the microstrip line.

A comparison was performed between antennas based on the microstrip patch design, a
planar variant of the hom antenna called the tapered slot antenna and a slot antenna called bow
tie slot antenna. The latter two antennas were selected based on the wide return loss bandwidth.
A tapered slot antenna and a bow-tie slot antenna both for 24 GHz as well as a scaled version
of the bow-tie slot antenna designed for 60 GHz were fabricated. The return loss bandwidth
as well as the radiation patterns of the fabricated antennas were measured. The measurements
showed that the bandwidth requirement was met. The measured gains were comparable to the
simulations in the case of the bow-tie slot antenna for 24 GHz but were higher in the case of the
tapered slot antenna. However the gain requirement was not met by both antennas. In addition
the gain requirement at a fixed elevation angle was not met.

Small-scale indoor radio channel measurements have been performed. An omni directional
antenna, fan beam antenna and bow-tie slot antenna have been used as receive antennas and a
omni directional antenna was used as transmit antenna. The radio channel was measured in a
line of sight and in a non line of sight situation. The fan beam receive antenna had the highest
received power and the lowest delay spread. The bow-tie slot antenna had the lowest received
power and the highest delay spread. The coherence bandwidth could not be obtained by directly
calculating the correlation in the frequency domain. Therefore two approximations based on the
RMS delay spread have been used. The fan beam antenna had the largest coherence bandwidth
followed by the omni directional antenna and the bow-tie slot antenna. A Ricean distribution was
fitted to the absolute value of the received signaL The lowest Ricean k-factor was observed for
the omni directional and the bow-tie slot antennas. The k-factor of these antennas in the NLOS
situation was higher. The opposite behavior was observed for the fan beam antenna.



Contents

I Introduction

2 Applications
2.1 24 GHz short range radar
2.2 Wireless 60 GHz network.

3 Antenna requirements and substrate technology
3-I Requirements.................

3.1.1 Short range radar at 24 GHz requirements
3.2 Substrate technology . . . . . . . . . . . . . . . . .

4 Transmission lines
4.1 Microstrip lines .
4.2 Coplanar waveguide . . . . . . . . . . . . . . . . . . . . . . . . . . .

4.2.1 Comparison between microstrip line and coplanar waveguide
4.3 Cascaded transmission lines. . . . . . . . . . . . . . . . . . . .
4.4 Coplanar waveguide transitions . . . . . . . . . . . . . . . . . .
4.5 Conclusions concerning transmission lines at high frequencies

5 Microstrip antennas
5.1 The transmission line model
5.2 Microstrip patch antenna ..
5.3 Double stacked rectangular patch.
5.4 Rectangular microstrip patch with a V-shaped slot
5.5 Summary.................. .....

6 Ultra wideband antenna designs
6.1 The tapered slot antenna ..

6.1.1 Principles of operation
6.1.2 Design process .....
6.1.3 Simulated results of the V-LTSA

6.2 Bow-tie slot antenna with tuning stub
6.2.1 Principles of operation ...
6.2.2 Design process . . . . . . . .
6.2.3 Simulated results at 24 GHz
6.2.4 Simulated results at 60 GHz

7

9

10
10
13

47
48

48
52
55
59
59
60
62

65



8

7 Antenna results
7.1 Probe station measurement .
7.2 Measurement results ofthe antenna with connector
7.3 Antenna radiation pattern and gain measurement.
7.4 Summary antenna measurement .

8 Small-scale indoor radio channel measurements
8.1 Indoor radio channels . . . .
8.2 Measurement setup . . . . .
8.3 Time dispersion parameters .
8.4 Small-scale fading . .
8.5 Measurement results.
8.6 Conclusions .....

9 Conclusions and recommendations
9.1 Conclusions concerning the antennas .... .
9.2 Conclusions concerning indoor radio channels
9·3 Recommendations................

References

Appendices

A Transmission line equations

B Electromagnetic modelling

C Extracting transmission line parameters from s-parameter data

D Photo's

E Small-scale indoor radio channels

CONTENTS

102

102

1°3
1°4

109

110

110

112

121

123

Antenna design and radio channels for emerging microwave applications



Chapter I

Introduction

The advancement of silicon IC processes opens up new opportunities to develop new consumer
microwave applications. The cut-off frequencies of silicon IC processes evolve to higher frequen
cies and therefore offer the possibility to develop applications in the 24 GHz (short range radar),
60 GHz (wireless personal area network), 77 GHz (long range radar) and 79 GHz (short range
radar) frequency bands. In addition the envisioned applications require a large bandwidth. This
bandwidth is not available at lower frequencies. In the integrated transceiver group at Philips Re
search demonstrators will be developed for microwave radar and radio applications. The circuits
and the antenna ofthe demonstrator will be integrated into a module. Therefore a substrate was
chosen prior to this project. The substrate choice is a tradeoff between the performance of the
circuits and the performance of the antenna.
In this report the results ofan investigation into microwaves antennas and transmission lines for
short range automotive radar at 24 GHz and a wireless PAN at 60 GHz are presented. In order
to be able to design the wireless PAN at 60 GHz the properties of the indoor radio channel at
this frequency have to be known. Therefore several experiments using omni directional and fan
beam antennas as well as the antenna designed in this project have been performed. The results
of these experiments are presented in the second part of this report.
Prior to this project a literature survey was performed. The aim of this literature survey was to
find antenna designs which can be used for short range radar at 24 GHz or wireless PAN at 60
GHz. Based on this literature search a pre-selection was made. The pre-selected antenna designs
are used in this project.

This report has the following layout, the envisioned applications are presented in Chapter 2.

These applications place strong demands on the design of the antenna. These requirements are
presented in Chapter 3. The transmission lines play an important role in the design ofantennas
especially at high frequencies and are therefore treated in Chapter 4. Two basic designs have
been used in this project. The first design is the microstrip patch antenna the second design is
based on a slot in a ground plane. The results of the antennas based on the microstrip patch
design are presented in Chapter 5. The design and simulation results of the designs based on a
slot in a ground plane are treated in Chapter 6. The fabricated antennas were tested on return
loss bandwidth, radiation pattern and gain. The results ofthese tests are presented in Chapter 7.
In the second part ofthis report the properties ofa 60 GHz indoor radio channel are investigated.
The results of this investigation are presented in Chapter 8. In Chapter 9 the most important re
sults ofthis project have been summarized and the main conclusions ofthe project are presented.
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Chapter 2

Applications

The antennas that have been developed in this project are intended for two applications. The first
application is an automotive radar at 24 GHz. This radar system can be used as a safety feature on
automobiles and as a parking aid. The second application is a high speed wireless data network
at 60 GHz. This network should push wireless data speeds into the Gigabits per seconds range.
In this chapter the 24 GHz short range radar and the wireless data network at 60 GHz will be
treated.

2.1 24 GHz short range radar

The first considered application is a vehicular radar system. With this system the position and
speed of vehicles or objects around the concerning vehicle can be detected. Using this system a
vehicle can be equipped with a 3600 radar map. Currently systems are available that offer similar
possibilities. These systems are based on ultrasonic or laser technology and are therefore not
immune to bad weather conditions, when these systems are needed most. In addition a radar
sensor could be hidden behind a plastic bumper which is transparent for the electromagnetic
waves, see references [I] and [2].

Several features can be offered by the radar system. The first feature is a collision warning
system in which the system alerts the driver to dangerous situations. A collision warning system
has to give to the driver information indicating the need for urgent action to avoid a collision. The
warning has to be provided in the advanced phases of a dangerous situation in order to warn the
driver for the need to perform emergency braking, lane changing or other emergency avoidance
manoeuvres. The second feature is a parking aid which gives the driver an accurate measure of
the range of objects surrounding the car. Other features are: a lane change assistant, blind spot
detection and automatic cruise control, these features are illustrated in Figure 2.1.

The implementation of vehicle based radar systems started with a 77 GHz long range radar
system that provided automated cruise control for vehicles in the high price class. With the
progress made in silicon IC process there are possibilities to develop automotive radar systems
suitable for mass production. It is expected that technologies operating at 77 GHz will remain
too expensive for mass production in the coming years. However a 24 GHz frequency band
for automotive short range radar has been allocated by the European Commission and the FCC.
These agencies have identified automotive short range radar as a significant technology for the
improvement of road safety. The 24 GHz band overlaps existing bands i.e. the 23.6 GHz till 24
GHz band used by radio astronomy. Therefore the allocation of the 24 GHz band is temporary
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2.1. 24 GHz short range radar
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Figure 2.1: Different types of applications for short range radar.

and will end in 2013. Only Europe has this end-date, there the 79 GHz band will be used for short
range radar in the future, see reference [I]. The 24 GHz band is strictly regulated, an overview of
the regulations is given in Table p and in Figure p.

At Philips Research the choice was made to use a radar system based on pseudo-noise cod
ing. Other systems are based on a pulse radar system or a frequency sweep radar system. The
schematic of the system is depicted in Figure 2.2. As can be seen a 24 GHz carrier signal is

-- T1aHII'I"d ..au~

'\"J---~----~

)

Figure 2.2: Schematic of the pseudo-noise automotive radar system.

multiplied by a N bit pseudo random code which switches between +I and -I. This multiplication
can thus be seen as pseudo-noise phase shift keying (PN-PSK). This signal is then transmitted
by the antenna. The transmitted signal is reflected by the target and received by the antenna.
The received signal is then multiplied by the pseudo-noise sequence, delayed by tlt seconds and
mixed down by the 24 GHz carrier signal, by splitting the obtained signal in an in-phase and
quadrature component the speed and distance are obtained. The time delay is varied so all dis
tances are covered. If the delay tlt is equal to the round trip time of the transmitted signal a low
frequency signal will be obtained. If the delay is not equal to the round trip time a signal will be

Antenna design and radio channels for emerging microwave applications



12 Chapter 2. Applications

obtained that has a spread spectrum. A low pass filter can thus be used to check which delay time
corresponded to the round trip time of the signal. The round trip time of the signal is given by:

(2.1)

where c is the speed oflight. The autocorrelation of the received PN code with the shifted refer
ence PN code is given in reference [3] by:

(2.2)

where CRX(t - Td) is the received PN code, CRE(t - T) is the reference code shifted by T and
Tseq = N / F ch where Fch is the chip rate of the PN code and N is its length. The reference PN
code is shifted by fixed steps T s. The range resolution can now be given as:

Rmin = ±c· T s/2

If T s = 1/Fch , that is the shift in time is equal to one chip, the Nyquist bandwidth of this system
is 2· Fch. In the worst case the correlation function is evaluated for every shift ofthe reference PN
code. The processing time, which is the reciprocal of the number of range updates per second,
is now given as:

The received power is given by the radar transmission equation, see reference [4].

The power is reflected by the target which has a radar cross section (Jradar, the antenna gain is
given by Cd, Prad is the power in W radiated by the antenna, N is the length of the PN code and
R is the distance to the target. In Equation 2.5 it is assumed that one antenna, with antenna gain
Cd is used to transmit and receive the signal, this explains the quadratic term for the antenna
gain. Since the radiated power is limited to the maximum allowed power the received power can
be increased by increasing the antenna gain or increasing the length of the N bit pseudo noise
sequence. Increasing N leads to an increase in the integration time, (thus in received power)
but also in the time between two consecutive updates of the range and speed, see Equation 2.4.
When only one antenna is used and the antenna gain is increased then the power delivered to
the antenna has to be decreased to keep the maximum allowed transmitted power below the fixed
level.
The advantage of using a pseudo-noise based radar over a pulse radar or CW-FM radar is the
robustness. Since there will be less interference between different cars due to different codes
used in each car. In addition by using spread spectrum techniques the system is less sensitive to
narrowband interference. By increasing the length of the pseudo-noise sequence the integration
time is increased. This leads to an increase in processing gain.

Antenna design and radio channels for emerging microwave applications



2..2.. Wireless 60 GHz network

2.2 Wireless 60 GHz network

13

The second application of the antenna designs presented in this report is a high speed wireless
network at 60 GHz. This application is currently developed within the Sigi-Spot project. The
goal ofthis project is to develop an ultra fast wireless data network using low priced components.
The license free 60 GHz band is used to achieve the high data rate. This wireless network will be
designed to have a data speed of I GB/s or higher. This can be achieved because there is a large
bandwidth available at 60 GHz. The allocated spectrum for 60 GHz ranges from 59 GHz to 64
GHz for mobile applications. The investigation of the 60 GHz channel has been started before
this project. This investigation indicates a high path loss. This property of the 60 GHz channel
leads to small cells in which this bandwidth can be used. This again leads to the opportunity to
reuse the same frequency many times in a small area. Since the antenna for the 60 GHz wireless
network also requires a large bandwidth an attempt will be made to construct a scaled version
of one of the antennas designed for the 24 GHz short range radar that will operate at 60 GHz.
This antenna will then be used to perform indoor radio channel measurements at 60 GHz. This
project has started before the official start date ofthe Sigi-Spot project. Therefore no hard require
ments for the antenna were available, except for the bandwidth requirement of 5 GHz and high
gain.
Possible applications for the 60 GHz band could be: wireless Gigabit Ethernet, wireless transmis
sion ofdigital high definition television signals (Wireless HDMI) and high speed synchronization
with portables devices Le. PDA's, digital cameras or portable audio devices.

Antenna design and radio channels for emerging microwave applications



Chapter 3

Antenna requirements and substrate
technology

The type of application detennines the requirements on the antenna. In this chapter these re
quirements will be given and explained. In design of integrated antennas the choice of the sub
strate technology and the layout plays an important role. In this project the choice for the sub
strate technology had been made prior to the start of this project. As a consequence antenna
designs had to be searched that meet the requirements and can be implemented using the given
substrate. The chosen substrate technology is treated in Section 3.2.

3.1 Requirements

The requirements on the antenna are not the same for the two applications that were discussed
in Chapter 2. The requirements for the antennas to be used for the short range radar were
well defined and will be treated in detail. The requirements for the antennas to be used in the
high speed wireless network at 60 GHz were not well defined at the beginning of this project.
Therefore the choice was made to use a scaled version of one of the antennas designed for the
short range radar. The strongest demand for this scaled version was that the bandwidth should
be at least 5 GHz.

3.1.1 Short range radar at 24 GHz requirements

The most important requirement on the short range radar is to accurately measure the distance
between the vehicle and the objects surrounding the car. The parking aid feature demands the
highest range resolution. Typically a resolution of 5 cm is required. To obtain a range resolution
of5 cm a time shift T s of1/3·1O-9 , see Equation 2.3, is needed thus Fch = 3.109, and the Nyquist
bandwidth is 6 GHz.
The radiation above the horizon for the 23.6 to 24 GHz band, is limited because of the interfer
ence with the radio astronomy band. This limitation will become more severe during the years,
see Table p. The emission spectrum is depicted in Figure p. The regulations of the 23.6 to 24
GHz band are also included in this figure.



3.1. Requirements

.. - January 1st 2005
January 1st 2005 - January 1st 2010
January 1st 2010 - January 1st 2014
January 1st 2014 - ..

25 dB
25 dB

30dB
35 dB

Table p: European emission rules for the 23.6 GHz - 24 GHz (radio astronomy) band.
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Figure 3-1: Emission spectrum as set by ETSI

To estimate the required antenna gain a link budget calculation is presented in Table 3.2. The
free space loss has been calculated using Equation 2.5 and is very high. The effective isotropic
radiated power of the antenna is limited by the ETSI regulation to -41.3 dBm in I MHz of band
width, see Figure 3.1. Since it is assumed that only one antenna is used to transmit and receive
the signal this poses a problem. This can be solved by increasing the antenna gain and simulta
neously reducing the transmitted power in order to maintain a maximum EIRP of -4I.3 dBm. In
addition the spread spectrum technique introduces a compression gain of30 dB ifa PN code with
a length of 1024 bits is used. The total received power now is -96.5 dBm. By using an antenna
with a gain of 6.5 dBi or higher, and reducing the power delivered to the antenna to stay below
the maximum EIRP, the required received power can be obtained.

CJradar

Required maximum range
Free space wavelength
Receiving antenna gain
Transmitted power
Free space loss
Received power
Compression gain
Required receiving antenna gain
Total received power required

o dBi
2dBm
-128.5 dB
-126.5 dBm
30 dB
6.5/16.5 dBi
-80/90 dBm

Table 3-2: Link budget calculation for the 24 GHz band.

Antenna design and radio channels for emerging microwave applications



Chapter 3- Antenna requirements and substrate technology

Philips Research intends to demonstrate the RF part of the PN coded radar system. The RF
part will be placed inside a module. No high frequency signals will be transferred outside this
module. Therefore the antenna has to be small enough to be incorporated into a module. This
requirement rules out the use oflarge metal antennas like hom antennas.

3.2 Substrate technology

In this section a short description of the substrate stack that was used for the design and con
struction of the feeding structure and the antennas is given. No other stacks have been used.
The substrate stack was provided by Philips Research. Since this substrate should be used for the
driving circuits as well as for the antenna a comprise is made. Common antenna designs, i.e.
microtrip patch antennas, usually require an electrically thick substrate with a low permittivity
while microwave circuitry requires a thin substrate with high permittivity. In addition the devel
oped circuits and antennas are intended to be used in a mass production process. This requires
a low cost substrate stack.

Signal 1:

Substrate 1:
5, = 3.8

Signal 2:

q = 3xl Q' )

taut=ooq

a = 3x 10'

11 2.5xlO·
5

m

4.0x10·5 m

1 2.8x10·5 m

2.5x10" m

Substrate 2: ta n (I =0 0 q
5, =4.2

Signal 3:

Substrate 3:
5, = 3.8

Ground

a=3xlO'
tan8=0.012

)

1 2.8xlO·5 m

1'1 4.0x10·5 m

,J.. 2.5x10·5 m

Figure 3.2: Three dimensional representation of the substrate stack that was provided by Philips
Research.

The chosen substrate stack is depicted in Figure 3.2. The stack consists of three signal layers
made out of copper separated by three dielectric substrates ofvarying thickness. The three signal
layers and the ground plane can be connected to each other by vias. The conductivity, CT, of the
metal layers is 3 x 107 Siemens/m. The bottom of the stack can be closed with a metal ground

Antenna design and radio channels for emerging microwave applications



Chapter 4

Transmission lines

At high frequencies transmission lines play an important role in the design of antennas. To be
able to design a good antenna it is important that the transmission line which connects the an
tenna to the rest of the system is well designed. Therefore transmission lines were investigated.
In the first part ofthis chapter the theory used to describe the properties of the transmission lines
is treated. In the second part models, based on empirical data, were implemented in Matlab.
These models have been used to simulate the transmission lines. The obtained data is compared
to other simulators. In the last part tapered transitions are treated. These transitions can be used
to connect transmission lines with different dimensions to each other. The transmission line
plays a key role in antenna design. It connects the antenna with the other parts of the circuit.
If the transmission line is not well designed reflections will occur which will seriously degrade
the performance of the antenna. It is assumed that all the circuits that drive the antenna have
an output impedance of 50 n. Therefore, the transmission line and the antenna also need to
have a characteristic impedance of 50 n to prevent reflections. Another possibility is the use of
circuits that convert a line with a different impedance to a 50 n line. These circuits have not been
considered.
In this chapter the equations governing lossy transmission lines will be treated. There are two
methods of calculating the characteristic impedance and the propagation constant. The first
method that is used, is a quasi static method. The second method follows from a full wave
analysis. The most important outcome is the dispersive nature or frequency dependency of the
characteristic impedance and propagation constant. However the full wave analysis is a compli
cated process and is beyond the scope ofthis project. Therefore quasi empirical methods, known
as the dispersive models, have been used. The obtained frequency dependent values then substi
tute the quasi static values.
Two types of transmission lines were used, the microstrip line and the coplanar waveguide. The
treated model, for the microstrip line as well as for the coplanar waveguide, has been imple
mented in Matlab from Mathworks. The outcome of these models is compared to the outcome
ofcomputer aided design (CAD) programs often used in industry and scientific environments as
well as to results obtained with Advanced Design System from Agilent Technologies.
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3.2. Substrate technology

plane. The signal one layer can be covered by a protecting moulding layer, not depicted in Figure
3.2, with a relative permittivity of Er = 3 and loss tangent tan 8 = O. The smallest structure that
can be made has to be at least 50 J-lm wide. As can be seen the permittivity ofthe inner conductor,
Er = 3.8 is different from the permittivity of the two outer conductors, Er = 4.2. The loss tangent
of the dielectric substrates is tan 8 = 0.012. In this project extensive use has been made of ADS
Momentum. In this simulator it is assumed that the substrate extends to infinity.
In the next chapter several transmission line models will be discussed. These models are com
pared with the results of commercial computer programs. The tested computer programs are
limited in the number of layers in the substrate stack. Therefore a simplified representation of
the stack will be used in the transmission line models. The simplified stack consists of only one
substrate with a permittivity of Er = 4 and with a height equal to the combined height ofthe three
substrate layers, h = 330J-lm.

The colors that have been used to indicate the different materials and layers in Figure 3.2 are
used in the remainder of this report.

Antenna design and radio channels for emerging microwave applications



4.1. Microstrip lines

4.1 Microstrip lines

Microstrip lines belong to the parallel-plate group. They consist of a metal strip and a metal
ground plane separated by a dielectric substrate. The width of the strip line is given by Wand
the height of the substrate is given by h. In Figure 4.1 a cross section of the microstrip line is de-

W=6x10" m

II

t ~.' JI t 1=2.50:10-5 m
".........

Substrale2

".........,
Ground 1

h =3.3x1Q-4 m

Figure 4.1: Cross section of the microstrip line.

picted. However, most of the CAD programs do not support a multi-layered substrate. Therefore
a single substrate with Er = 4 and a total height of the combined heights of the three substrate
layers is used. The strip line is not completely surrounded by a homogeneous dielectric substrate.
Therefore the electromagnetic (EM) field is not only confined to the substrate between the strip
line and the ground plane but is also present in the air above the strip line. Due to the fringing

Side view

( w )

E )
H ~

Er =4 }= 3.3x1O"'m

Figure 4.2: The fringing field of a microstrip line

fields, see picture 4.2, at the dielectric-air interface it is not possible to support a pure TEM, TE
or TM mode. Since the fringing fields are much smaller than the main field (between the strip
and the ground plane), the microstrip line is often referred to as quasi-TEM mode. For more
information about the equations describing transmission lines see Appendix A. To be able to use
the theory described in Appendix A the resistance, inductance and capacitance of the transmis
sion line have to be known. These parameters could be obtained by use of a full wave analysis.
However this is beyond the scope of this project. Therefore dosed form equations are used that
have been obtained by curve fitting the results of a numerical simulation. The equations were
taken from reference [5].
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20 Chapter 4. Transmission lines

Because of the fringing fields, see Figure 4.2, in the material above the strip the relative per
mittivity has to be adjusted in order to calculate the capacitance and inductance. An effective
permittivity, Ereff, is introduced for W / h ~ 1 and is given by:

Er + 1 Er - 1
Ereff = -- + (4·r)

2 2V1 + 12~

There are two approximations for the characteristic impedance depending on the ratio of 3Jt.

{

---.2.Q.......ln(..§..!1.. + 0.25~ ) if W < 1;Z vt7'e!! We h h -
o = _1_ 12071' if W > 1

vtre!! [~+1.393+0.667In(~+1.444)J h - .

where We is introduced to account for the finite thickness of the metal strip.

We = { W + l;~t(l +In(47rtW)) if W ~ 1/27r.;
h ~ + 1.25t (1 + In(2h)) if ~ > 1/27r.·h 7rh t h - ,

The last effect that has to be included is dispersion. The effective permittivity, Ereff depends on
the frequency.

Ereff(f)
Er - Ereff

E
r

- 1 + (L)m
150

fk,™o
0.75 + {0.75 - (0.332/EP3)} v::
ctan-1(Er tel)

tr-tre!!

m

mO

fk,™o
27rhJEr - Ereff

mome

1 1 3
1 + /W + 0.32( /W)

l+ y !f l+ y !f

{

I + 1.4 {0.15 - 0.235exp(-0.45 f )} if W < 0.7
me = 1+ 'f 150 h - .

1 if v:: ~ 0.7

where Ereff is the static effective permittivity obtained in Equation 4.r and c is the speed oflight
which was taken to be 3· 108m/s. A plot of the frequency dependency of the relative permittivity
is depicted in Figure 4.3- For frequencies below r GHz the quasi static value of Er seems to
provide a good approximation. The effective relative permittivity approaches the value of the
permittivity of the dielectric substrates for very high frequencies. When the effective relative
permittivity obtained in Equation 4.r is filled in Equation 4.2 a frequency dependent equation
is obtained for the characteristic impedance. A simulated result of the frequency dependence is
depicted in Figure 4+ With the obtained effective relative permittivity the phase constant {3 and
the attenuation factor a can be calculated.

(3 = wJEr·eff(f)
C

The losses in a microstrip line, at in dBm- 1, can be split into two parts. The losses in the
dielectric substrate, ad and the losses in the conductor strip, a e .
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Frequency dependence of the permittivity for different widths
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Figure 4.r Relative permittivity of the microstrip line for different widths W plotted against the
frequency (scale 1 GHz till 80 GHz), the dashed lines indicate the quasi static approximation of
the relative permittivity.

w=400 f..Lm
w= 500 f..Lm
w=600f..Lm

W=700 f..Lm
w= 800 f..Lm

w=9oo f..Lm

2·95
3-00

3- 0 5
3-08

3-12

F5

3-0 4
FO
F5
F9
3.2 4
3.2 7

3- 21
3.2 9

3-35
3.40

3-44
3.48

3.30

3·37
3.42

3·47
3.51

3·55

3.0 5 %

3·33 %
3-28 %
3·57 %
3-85 %
3.81 %

8.81 %
9.67%
9.84%
10·39 %
10.26 %
10.48 %

II.86 %

12·33 %
12.13 %
12.66 %
12.50 %
12.70 %

Table 4.1: Difference in percentages between the static permittivity and the frequency dependent
permittivity for different widths of the microstrip line and at the three frequencies considered in
this project.

The losses in the conductor, Qc, are calculated by:

{

1.38A --l.i.s..- 32-( F)2 dB /unit length if w
h
~ 1

hZom 32+(T-)2
Q c = {W } (4.8)6.1 x 10-5A RsZOmEreU(J) ~ + O.

667X dB/unit length if w
h

2: 1
h h ~+1.444
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Frequency dependency of the impedance for different widths
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Figure 4+ Characteristic impedance of the microstrip line for different widths W plotted against
the frequency

pc

B =

V7r!J.LOPc
resistivity of the strip

h{ 1.25 2B}A = 1+- 1+-1n-
We 7r t

{
h if w > .l..

h - 27r
27rW if.!::!:::. < .l..h - 27r

The losses in the dielectric are given by:

27 3
f.r f.rejj(J) - 1 tanb dB/ . I th

ad = ,-- -- umt eng
f. r - 1 Vf.reff(J) Ao

The results for the phase constant (3 and the attenuation factor a are depicted in figures 4.5 and
4.6. Since the height h is fixed the only parameter that can be varied is W. In Figure 4-4 a plot of
the impedance plotted against the width of the strip is given. As can be seen a width of700 J.Lm
yields an impedance of 50 D. In the past however microstrips with a width of 600 J.Lm were used
by Philips Research. In Figure 4-4 can be seen that this width does not result in an impedance
of 50 D. However since the microstrip lines that were simulated were covered with a moulding
layer, see Section 3.2, with f. r = 3 the value of 50 D could still be obtained.
A number of computer aided design (CAD) programs were used to compare the results. The
CAD programs assume that there is air above the strip. To be able to make a good comparison
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Frequency dependency of the phase constant for different widths
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Figure 4-5= Phase constant of the microstrip line for different widths W plotted against the fre
quency

simulations in ADS were performed on a microstrip line with a width of 700 j..Lm and no cover
ing moulding layer as well. The programs TX-line from Applied Wave Research, inc., Polar SI
9000 Field Solver from Polar Instruments and Appcad from Agilent Technologies were used. To
perform a frequency dependent simulation Advanced Design Systems from Agilent was used, as
well as a tool Linecalc included in the ADS package. The Appcad program is not able to calculate
the attenuation factor. The model described above was implemented in Matlab from Mathworks.
The results from the CAD programs are displayed in Table 4.2. As can be seen in Table 4.2, the

Zo
Ere!
a
f3

49.62 n
3.2 5
48-42 dB/m
906.6 rad/m

48.21 n
J.I4
N.A.
890.6 rad/m

48.24 n
3.12
50.09 dB/m
891.7 rad/m

47·8n

3·°4
48.7 dB/m
877 rad/m

5°.98 n
J.I9
51.92 dB/m
9°4.2 rad/m

49.90 n
3. 21

53.99 dB/m
917.5 rad/m

Table 4.2: Comparison between line calculation programs for a microstrip line at 24 GHz, with
dimensions: W = 700 j..Lm, t = 28 j..Lm, h = 330 j..Lm, Er = 4.

values for the characteristic impedance agree reasonably well for all the investigated programs.
The largest difference from the mean value of 49.13 n can be found with the program written
in Matlab and is 1.86 n which is 3.77% of the mean value. The Appcad and Linecalc programs
seem to agree very well on the relation between relative permittivity and characteristic impedance
and phase constant. There is a difference in method of calculation between the TX-line program
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Frequency dependency of the anenualion factor for different widths
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Figure 4.6: Attenuation factor of the microstrip line for different widths W plotted against the
frequency

and the method implemented in Matlab. This can be seen in the relation between the relative
permittivity and the characteristic impedance. The model used in TX-line is however not publicly
available.
The values in the ADS column were obtained by making use of a special port and a build in
model. This so called single port is an external port and is calibrated so no undesired reactive
effects of the port excitations exists. For more information about this process see Appendix B.
Since a full wave simulator was available the propagation constant and characteristic impedance
can also be obtained by extracting these parameters from the simulated s-parameters. This is a
complicated process. To maintain continuity this is described in Appendix C in row la. The values
calculated with ADS seem to agree with the programs that use a model to calculate the parame
ters. It can be concluded that the investigated programs can be used as tools for fast prediction
of the characteristic impedance, attenuation factor and phase constant of a microstrip line. The
effective permittivity in the ADS column was obtained with:
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4.2. Coplanar waveguide

4.2 Coplanar waveguide

In a coplanar waveguide (CPW) the ground is located at the same side of the dielectric substrate
as the strip conductor. The cross section of the coplanar waveguide is depicted in Figure 4-7. The

W=O.50mm

Substrate 2

G= O.075mm S= infinite

~

h= 3.3x10" m

Figure 4-T cross section of the coplanar waveguide

CPW consists of two slots of width S and a metal strip with width W. The signal is connected to
the metal strip between the slots. The CPW feed lines were used in antenna designs which have
a slot. One of the advantages of the coplanar structure is that it can be easily connected to other
components which have a coplanar structure, i.e. MESFETS. Consequently they are suitable
for integration in monolithic microwave integrated circuits (MMICs). The metal strips along

Side view E ---7
... ---'-__ H_)

-- ~--

! --- - ----=-- - --J!
,

t= 2.5x1()5•h= 3.3x10"

.. ~ II
G w • II

Figure 4.8: The electromagnetic field of a coplanar waveguide

the outer edges of the slots are connected to ground. The electromagnetic fields of a coplanar
waveguide are displayed in Figure +8. The calculation of the characteristic impedance of the
CPW involves conformal mapping. Conformal mapping is a complicated process which is beyond
the scope of this text. For more details about the conformal mapping process see reference [5].
In this Section formulas will be given that can be used to calculate the characteristic impedance,
effective relative permittivity, propagation constant and the attenuation factor. The equations were
also obtained by curve fitting to numerical simulations and are described in reference [5]. The
quasi-static approximation ofthe characteristic impedance, ZOcpw, with an infinite thick dielectric
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substrate is given by:

ZOcpw
307r K(kD-----
..jE;; K(k1)

kl
W

2G+W

k~ )1- kr

Er + 1
Ere --

2

Ere

where K(k) is the complete elliptic integral of the first kind and K(k') is its complement. The
used substrate has a finite thickness h. Therefore a modified relative permittivity is introduced.

Er - 1 K(k2) K(k~)

1 + -2-K(kD K(k1)

sinh(7raj2h)
sinh(7rb j2h)

The equations for a and bare given below. The Ere obtained in (4.16) is substituted, in (4.12). The
obtained values are only valid for an infinitesimally thin metallic strip conductor. The CPW used
has a strip conductor with thickness t. To account for this effect, effective values for the width of
the slot, G, and the width of the strip conductor, W, are introduced.

Ge G+~ (4.18)

We = W-~ (4.19)

~ = (1.25tj7r)[1 + In(47rGjt)J (4. 20)

t 0.7(Ere - l)tjG
(4.21)Ere = Ere - K(k)

[K(k,)J + 0.7tjG

The values for Ge and We obtained in (4.18) and (4.19) replace the old widths in Equation (4.13).
The value for E~e obtained in (4.21) is filled in, in Equation (4.12). The quasi-static approximations
are now complete. A frequency depended value for E~e is now introduced.

JEre (f)
~ yE; - JEre(O)

(4.22)Ere(O) + 1 + D(f j !50)-1.8

D eU In(2a/(b-a))+v

U 0.54 - 0.64p + 0.015p2

v 0.43 - 0.86p + 0.54p2

p In(2ajh)

a Wje

b (W + 2G)j2

The cutoff frequency for the TEo mode is !50 and is given by:

C

!50=4h~
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Frequency dependence of the effective relative permittivity for different widths
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Figure 4.9: Relative permittivity of the coplanar waveguide for different widths Wand G, plot
ted against the frequency (scale 1 GHz till 80 GHz), the dashed lines indicate the quasi static
approximation of the relative permittivity.

A typical value of the cutoff frequency on the substrate described in Section 3.2 is 131 GHz. The
value for Er was set to 4 and the height of the substrate was set to 330 Mm. This frequency
is well above the frequencies used in this report. A plot of the frequency dependent relative
permittivity is depicted in Figure 4.9. In Figure 4.9 can be seen that for frequencies lower than 1

GHz the static value of the relative permittivity becomes comparable to the frequency dependent
permittivity. The frequency dependent relative permittivity exhibits an asymptotic behavior for
high frequencies. The permittivity converges to the relative permittivity ofthe dielectric substrate.
The frequency dependent value of Ere(j) can now be used to calculate the frequency dependent
ZOcpw by filling in the value of Ere(j) from Equation 4.22, into Equation 4.12. The frequency
dependent characteristic impedance is depicted in Figure 4.10. The value of Ere (j) from Equation
4.22 can also be used to calculate the propagation constant f3 similar to way it was calculated
for the microstrip line. The value for the attenuation constant due to the losses in the dielectric
substrate, Qd, is given by 4.10 with Ere (j) obtained in Equation 4-22. The value for the attenuation
due to the imperfect conductor, Qc, is given by:

8.68RsVEre (j)
4801l'K(kdK'(kI)(1 - kr)

{ ~ [1l' + In (81l'a(1 - kd )] + ~ [1l' + In (81l'b(1 - kd )]}
a t(l + kd b t(l + k1)

The result for the phase constant and attenuation factor are depicted in figures 4.11 and 4.12.
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Frequency dependence of the impedance for different widths
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Figure 4.10: Characteristic impedance of the coplanar waveguide for different strip and gap
widths.
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I I I I I I I I
w = 400 J.Lm 2·°9 2.II 2.19 2.24 0.96% 4.78 % 7.18 %
g = 75 J.Lm
w = 500 J.Lm 2.06 2·°9 2.20 2.26 1.46% 6.80% 9.71%
g = 75 J.Lm
w= 600 J.Lm 2·°4 2·°7 2.21 2.29 1.47% 8,33 % 12.25 %
g = 75 J.Lm
w = 500 J.Lm 2·°3 2·°5 2.14 2.20 0·99% 5.42 % 8·37%
g = 50 J.Lm
w = 500 J.Lm 2·°7 2.10 2.22 2·3° 1.45 % 7.25 % I1.II %
g = 100 J.Lm
w = 500 J.Lm 2.07 2.10 2.24 2.32 1-45% 8.21 % 12.08 %

g = 125 J.Lm

Table 4.3: Difference in percentages between the static permittivity and the frequency dependent
permittivity for different widths of the strip and the gap of the coplanar waveguide at the three
frequencies considered in this project.

Frequency dependence of the phase constant for different widths
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Figure 4.II: Phase constant of the coplanar waveguide for different strip and gap widths.
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Comparison of the attenuation factor
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Figure 4-12: Attenuation factor of the coplanar waveguide for different strip and gap widths.
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In addition to the dielectric loss and the conductor loss other forms of loss exist in coplanar
waveguides. These losses are called the radiation and surface wave losses. Radiation loss comes
from parasitic modes. The parasitic mode in a coplanar waveguide is the odd mode, the voltages
in the slots are in anti-phase. This can be avoided by using symmetric circuits. Surface wave loss
comes from another parasitic mode in the dielectric substrate.
The obtained values are also compared to results obtained with the same CAD programs used for
the microstrip line. The obtained values are given in Table 4+

I I I I I I
Zo 50.68 n 30.5 n 5°.01 n 50 n 50.18 n 52.21 n

Ere! 2.12 2.26 2.12 N.A. 2·°7 2.00
a 42.01 dBjm N.A. 46.71 dBjm 58,4 dBjm 44·04 dBjm 22.89 dBjm
j3 731.8 radjm 760 radjm 732.2 radjm 735 radjm 722.6 radjm 710.00 radjm

Table 4.4: Comparison between line calculation programs for a coplanar waveguide at 24 GHz,
with dimensions: W = 500jLm, G = 75jLm, t = 28jLm, h = 330jLm and Er = 4

The Appcad program produces wrong results when the thickness of the conductor strip is large.
When the thickness ofthe conductor strip is reduced Appcad produces comparable results as the
other programs. Problems arise when modelling the finite thickness in the method of moments
simulator. This problem was investigated by testing different methods to extract the transmission
line parameters from the s-parameters. To maintain continuity here this problem is treated in
Appendix C. The values of the last column were obtained by simulating the CPW with thick
conductors and internal ports. Thereafter a second CPW which was slightly longer was simulated.
The two simulations were then combined. This method is treated in more detail in Appendix C.
The values correspond to the values of row 6 in this appendix. In the last column can be seen that
the value for the attenuation differs strongly from the values of the attenuation factors obtained
with the CAD programs. Further research is needed to solve this problem.

Antenna design and radio channels for emerging microwave applications



32 Chapter 4. Transmission lines

4.2.1 Comparison between microstrip line and coplanar waveguide

In this Section the losses of the microstrip line will be compared to the losses of the coplanar
waveguide. Therefore the losses of the microstrip line and the coplanar waveguide have been
plotted, see Figure 4.13. Every line is designed to have an characteristic impedance of 50 n.

Comparison of the attenuation factor

200r-;::=====:c======:c==~-,----r-----r-----'----I

180

160

--CPW w=750um g=1 OOum
--CPW w=500um g=75um
--CPW w=250um g=50um
--CPW w=125um g=35um
--Microstrip line w=700um

764 5
Frequency in Hz

32
O'------L-------'-- --'- .L- ....I.- ---'- --'

1

Figure 4.13: Comparison of the attenuation factor of the coplanar waveguide and the microstrip
line with characteristic impedances of 50 n.

As can be seen the coplanar waveguide with a wide conductor strip has the lowest losses. It is
expected that by further widening the strip a decrease in attenuation can be achieved. However
the model that was implemented in Matlab does not perform well with structures larger than
depicted. Therefore the optimum coplanar waveguide cannot be depicted.

CPW
CPW
CPW
CPW
Microstrip line

w = 750J.tm, 9 = lO0J.tm
w = 500J.tm, 9 = 75J.tm
w = 250J.tm, 9 = 50J.tm
w = 125J.tm, 9 = 35J.tm
w = 700J.tm

0.°38 dB per mm
0.044 dB per mm
0.059 dB per mm
0.084 dB per mm
0.°51 dB per mm

0.°92 dB per mm
0.099 dB per mm
0.12 dB per mm
0.15 dB per mm
0.13 dB per mm

Table 4.5: The attenuation factor at 24 and 60 GHz for the coplanar waveguide and the microstrip
line, with a characteristic impedance of50 n and different sizes.
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4.3. Cascaded transmission lines 33

When constructing a microstrip line with a characteristic impedance of 50 n there is only one
suitable width. The coplanar waveguide however, offers more freedom to chose the size of the
strip and the size ofthe gap. This freedom can then be used to construct a transmission line with
a lower loss. When a transmission line is required with a certain characteristic impedance and
attenuation factor, this kind offigure could also be used as a guide to find a suitable structure.

4.3 Cascaded transmission lines

A transmission line can be seen as a two port network. Consequently a transmission line can be
described by:

[
Vo(z) ] = Tp [ Vi(z) ]
Io(z) Ii(z)

where Vo(z) and Io(z) are the output voltage and current respectively and Vi(z) and Ii(z) are
the input voltage and current respectively. Tp is a 2X2 transmission matrix called the forward
transmission matrix. Recalling that the voltage V(z) and current I(z) at a distance z from the
point of excitation are given by:

where the time factor ejwt has been omitted. The values for Vo+ and Vo- can be derived using the
lumped circuit depicted in Figure A.I. Where the transmission line is driven by a voltage Vo and
a current 10.

V+ = Vo+ ZoIo
2

V- = Vo - ZoIo
2

The current at a distance z from the source can now be written as:

Vo + ZoIo -"tZ Vo - ZoIo "tZ

2Zo e + 2Zo e

After rearranging the terms and applying: ekx +e-kx = 2cosh(kx) and ekx - e- kx = 2sinh(kx),
Equation 4.28 can be written as:

(
Vo) .Is(z) = 10 cosh(,z) + Zo smh(,z)

And the voltage can be written as:

Vo + ZoIo -"(Z Vo - ZoIo "tZ
2 e + 2 e

Vocosh(,z) + ZoIosinh(,z)

Combining equations 4.29 and 4.31 the matrix Tp is obtained as:

[

AK B K ] [ cosh(,z) Zo sinh(,z) ]
Tp,k = CK DK = (io) sinh(,z) cosh(,z)
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Figure 4.14: Coupled transmission line with different sections

The forward transmission matrix can also be used to describe a network depicted in Figure 4.14.
In this network N transmission lines are connected. Since the transmission matrix describes the
relation between the two ports it can be easily used to calculate an equivalent transmission matrix
for the connected transmission lines:

N

TFtot = II Tn

n=l

Where Tn is the forward transmission matrix of the nth segment, with ZOn' length In and propa
gation constant In. The cascade of transmission lines can now be described with the total forward
transmission matrix, TFtot.

4.4 Coplanar waveguide transitions

In this Section the problem of connecting two coplanar waveguides with the same ratio of W to
G, the same characteristic impedance, but with a different width W of the strip is treated. As
can be seen in Figure 4.12, it can be advantageous to use a wide strip in order to achieve a low
loss. When such a low loss cpw has to be connected to a standard component, i.e. a connec
tor, it might be necessary to change the width of the strip while keeping the same characteristic
impedance. To achieve such a connection a tapered transition element as depicted in Figure 4.15

Figure 4.15: Transition element with dimensions: Wl= 500 J-Lm, Gl=74 J-Lm, W2=260 J-Lm and
G2=75 J-Lm and t= 25 J-Lm.

can be used. The theory treated in Section 4.3 is used to calculate the characteristic impedance of
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4+ Coplanar waveguide transitions 35

this transition. Therefore the transition is divided into N sections with width Wn and gap width
Gn . Then the transmission matrix of each section is calculated. Thereafter the theory of cou
pled transmission lines is used, the load impedance of the transition is equal to the characteristic
impedance of the transmission line on the right hand side, which is assumed to be 50 n. This
coplanar waveguide has a ground plane. When the dimensions ofthe coplanar waveguide on the
right are filled in one of the CAD programs described in Section 4.2 a characteristic impedance is
obtained which is not 50 n. The ground plane however changes the characteristic impedance into
50 n. The coplanar waveguide on the left side and the transition element do not have a ground
plane. Simulations of the coplanar waveguide with ground plane done at Philips Research in
the past indicate that the attenuation factor of the lines with a ground plane is 0.06 dB/mm at
24 GHz which is comparable to the attenuation factor of coplanar waveguides without a ground
plane, see Table 4.5 row 3. A sketch of the connector is depicted in Figure 4.16. A simulation

,
~

I

OVERHANG ALLOWS -----~

GROUND TO BE ~CKED UP
CLOSE TO LAUNCH POINT

~N CENTERED ON TRACE

VIA'S

Figure 4.16: The used connector, the length of the grounded coplanar waveguide used in these
designs is 5.2 mm

of characteristics of the transition has been made by implementing the cascaded transmission
lines theory in Matlab. The model described in 4.2 was used to compute the characteristics of
each section. The implementation was first tested on a transmission line without a taper. The
results agreed with the results obtained by using the model described in 4.2. Next the cascaded
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Figure 4.17: Sectioned transition with dimensions: WI= 500p,m, GI=74 p,m, W2=26o p,m and
G2=75 p,m and t= 25 p,m.

model was used to find the characteristics of the tapered transition. The results are depicted in
the figures below. Because the calibration technique using two lines that slightly differ in length
cannot be applied to the transitions. The choice was made to model the transition as two slots
excited by two calibrated ports.
The result from the Matlab model is depicted in blue in Figure 4.18, the result from ADS is
depicted in red.

S 11 plot ol1ht tap4l1ltd coplanar wewguide lJarlsilion
-16.----~-___,__-~--~-_._-~-__,

-20

-26

-46,L-~---:---~4'---76--:----:------'.
Frequency in Hz J( 10'0

Figure 4.18: The Sn plot of the tapered coplanar waveguide transition with sizes: WI= 500p,m,

GI=74 p,m, W2=26o p,m and G2=75 p,m and t= 25 p,m.
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Smith chart 811 of the tapered coplanar waveguide lransition

37

lin real is red. imag is blue
6Or--~--'--~--"":"---"--------'-----,--------50~--~===-::::::-=====---------~
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Figure 4.19: The smith chart of the tapered Figure 4.20: The input impedance of the
coplanar waveguide transition with sizes: WI= tapered coplanar waveguide transition with
500 11m , GI=74 11m, W2=260 11m and G2=75 sizes: WI= 500l1m, GI=74 11m , W2=260 11m

11m and t= 25 11m . and G2=75 11m and t= 25 11m .

The Sn return loss from the Matlab model is depicted in red in Figure 4.19, the Sn return loss
from ADS is depicted in blue. The real part of the input impedance, obtained with the Matlab
model, in Figure 4.20 is depicted in red, the imaginary part is depicted in blue. The real part ofthe
input impedance, obtained with the ADS, in Figure 4.20 is depicted in green, the imaginary part
is depicted in black. Two set of simulations were done. In the first set the thickness of the metal
strips was set to 25 11m. These results are compared to the results obtained with ADS Momentum.
As is explained in Appendix C, the metal thickness is not modelled with this configuration. This is
the cause ofthe difference in values. To verifY the results a second set ofmeasurements was made.
In this set the metal thickness was set to 0 11m. With this configuration the results from the model
implemented in Matlab and the results of ADS Momentum are comparable. The Sn return loss

511 plOI o1lhe tapered coplanar waveguide lransilion
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Figure 4.21: The Sn plot ofthe the tapered coplanar waveguide transition with sizes: WI= 500l1m,

GI=74 11m , W2=260 11m and G2=75 11m and t= o 11m.
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from the Matlab model is depicted in blue in Figure 4.21, the Sn return loss from ADS is depicted
in red.
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Figure 4-23: The input impedance of the
tapered coplanar waveguide transition with
sizes: W1= 500J.Lm, G1=74 J.Lm, W2=260 J.Lm
and G2=75 J.Lm and t= 0 J.Lm.

Figure 4.22: The smith chart of the tapered
coplanar waveguide transition with sizes: W1=
500 J.Lm, G1=74 J.Lm, W2=260 J.Lm and G2=75
J.Lm and t= 0 J.Lm.

The result from the Matlab model is depicted in red in Figure 4.22, the result from ADS is
depicted in blue. The real part of the input impedance, obtained with the Matlab model, in Fig
ure 4.23 is depicted in red, the imaginary part is depicted in blue. The real part of the input
impedance, obtained with the ADS, in Figure 4.23 is depicted in green, the imaginary part is
depicted in black.
The model implemented in Matlab, with t= 25 J.Lm, produces the most accurate results for the
real configuration wherein the thickness of the metal strip is not zero. The tapered transition
elements do not produce serious reflections and are matched reasonably well to the characteristic
impedance of 50 n.

4.5 Conclusions concerning transmission lines at high frequencies

In this section the results of the investigation of transmission lines were presented. In this Sec"
tion the conclusions of this chapter are summarized. The first transmission line that was inves
tigated was the microstrip line. The frequencies used in this project are high compared to the
frequencies used in the past by Philips Research. Therefore the frequency dependency of the
transmission line parameters Zo, " f3 and a were investigated. It was found that a microstrip
line with a width of 700 J.Lm has a characteristic impedance of 50 n. The frequency dependent
behavior is summarized in Table 4.6. Several CAD programmes were tested. These CAD pro
grammes work well. The result ofthis test is summarized in Table 4.2.
The coplanar waveguide transmission line was also investigated. The coplanar transmission line
with dimensions W = 500 J.Lm and G = 75 J.Lm was chosen. The frequency dependent behavior
of the effective permittivity was investigated. In Table 4.7 the frequency dependent behavior of
the the chosen waveguide is given. The CAD programs that were tested with the microstrip line
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I I I I I I I
7 J.L 3 3 9 34 347 357 39

Table 4.6: Difference in percentages between the static permittivity and the frequency dependent
permittivity for the chosen microstrip line at the three frequencies considered in this project.

Table 4.T Difference in percentages between the static permittivity and the frequency dependent
permittivity of the chosen coplanar waveguide at the three frequencies considered in this project.

were also tested with the coplanar waveguide. The results were given in Table 4+ One of these
programs, Appcad, was not able to model a coplanar waveguide with a finite metal thickness.
The other programs performed well. Problems arose when the transmission line parameters
were extracted from ADS. This problem was treated in Appendix C. A solution was found by us
ing two coplanar waveguides which slightly differ in length. However the attenuation per meter
was lower than expected. Further investigation is needed to solve this problem. The connector,
transition element and transmission line form a chain which is connected to an antenna. Further
in this report, Chapter 6 and Chapter 5 two types of antennas are described. These antennas
use a coplanar waveguide and a microstrip line respectively. The characteristics of the feeding
structure based on the coplanar waveguide is summarized in Table 4.8.

Table 4.8: Characteristics of the feeding structure based on the coplanar waveguide with dimen
sions: w = 500 J.Lm and g =75 J.Lm. Values based on the model implemented in Matlab. The values
for the connector were simulated in ADS.

The feeding structure based on the microstrip line was not connected to a connector. The mi
crostrip line has to be transformed into a coplanar waveguide to be connected to the connector.
In this report no such feeding structure was developed.
A comparison of the microstrip line and the coplanar waveguide was presented. It was shown
that the loss per mm in dB was lower for a coplanar waveguide see Table 4-5.
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Microstrip antennas

In this chapter a short summary will be given of the antenna designs that are based on the mi
crostrip patch antenna design. The microstrip patch antenna was the first design that was sim
ulated in this project. This design was chosen as a starting point because of its simplicity. The
structure consists of a metal patch and a ground plane separated by a dielectric substrate. The
principles of operation of the microstrip antenna (MSA) are described in Section p using the
transmission line model. Next the results of the MSA are presented in Section 5.2. In sections 5.3
and 5.4 two variations of the MSA are presented. In the last Section conclusions are drawn about
the performance of the discussed antennas.

5.1 The transmission line model

A microstrip antenna confines wave energy to a small region. This is achieved with the resonant
behavior of a finite guided structure that supports a standing wave mode. The electromagnetic
energy radiates from that part of the antenna where it is open to free space. When the character
istic impedance of the feeding structure matches the characteristic impedance of the microstrip
antenna the power is delivered from the feed line to the antenna. In this case there is little reflec
tion. The incoming power is then radiated by the antenna into free space.

The transmission line model assumes that the microstrip patch antenna can be represented
by a transmission line with two radiating slots at the ends, see reference [6]. As was the case with
the microstrip line the patch antenna supports a quasi·TEM mode. To support the fundamental
T MlO mode the length of the patch must be slightly smaller than Ad/2. Where Ad is the wave
length in the dielectric medium. Because the main mode is the T M lO there is no variation of the
electric field along the width of the patch, W. However the field various one Ad/2 cycle along the
length ofthe patch, L, see Figure p. The fields along the edges ofthe patch can be separated into
tangential and normal fields with respect to the ground plane. The normal components along the
width are in opposite directions and thus 180

0 out of phase since the patch is Ad/210ng. There
fore these fields cancel each other in the broadside direction. The tangential fields are in phase
and hence combine to give a radiating field normal to the ground plane. As can be seen in the
side view image in Figure 5.1, most of the electric field lines reside in the substrate and parts of
some lines reside in the air. Therefore the material surrounding the patch antenna can not be



5.2. Microstrip patch antenna

.... L

Top view

..
L

Side view

Figure 5.1: The EM fields of the patch antenna

considered homogeneous. To solve this problem an effective permittivity, Ereff is introduced:

Er + 1 Er - 1 1
Ereff = -2- + -2- /

VI + lOa,

where Er is the permittivity of the substrate, see reference [6]. Because of the fringing fields along
the width of the antenna, the electrical width of the patch, L eff' is larger than the physical width.
The effective width, Leff' is be given by:

/),L

L eff L + 2/),L

(EreJj + 0.3)(1f + 0.264)
= 0.4l2h . IV

(Ereff - 0.258)( h + 0.8)

The resonant frequency, fa, of the antenna can now be calculated:

(5. 2 )

(5·3)

(5·4)
c

fo=-----
2Leff JEreff

The microstrip patch antenna radiates in the direction normal to the plane of the patch. This can
be seen in Figure 5.1 by taking the outer product of the magnetic and the horizontally orientated
electric field.
The transmission line model is very intuitive and simple but ignores some important effects, i.e.
field variations along radiating edges. The length of the radiating slot is in practice slightly longer
since there are also fringing fields along the width of the patch. There are more accurate models
to describe the microstrip patch antenna such as the cavity model or the Multi port Network Model
(MNM). However the antenna designs described in this chapter are presented as alternatives and
can be sufficiently explained with the transmission line model.

5.2 Microstrip patch antenna

A microstrip patch antenna was designed to operate at 24 GHz. The multi layered substrate stack
described in Section 3.2 was used. On top of this stack was a moulding layer with Er = 3. The
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design is depicted in Figure 5.2. The following sizes were used: W = 2.85 mm, L = 2.85 mm,
S = 0.175 mm, Ls = 0.87 mm and Wm = 0.6 mm.
To obtain the length of the inset L s the parameter analysis described in reference [7] was used.
The position where the feeding line attaches to the patch determines the impedance of the mi
crostrip patch. This can be explained by looking at the field distribution depicted in Figure p.
The field in the middle of the patch is smaller than the field at the edge of the patch which indi
cates that a feeding line attaching to the center of the patch sees a lower impedance than a line
attaching to the edge of the patch.

sl t..

T
w

L

Figure 5.2: The microstrip patch antenna with feed inset, sizes: W = 2.85 mm, L = 2.85 mm,
S = 0.175 mm, L s = 0.87 mm and Wm = 0.6 mm

This design was simulated with ADS. The return loss plot is depicted in Figure 5-3- The return
loss bandwidth is 1.23 GHz which is 5.125% of the operating frequency. The gain and directivity
are summarized in Table 5.1.
One of the biggest drawbacks of the MSA design is the small bandwidth due to the small electri
cal size. Several methods are described in literature to increase the return loss bandwidth of the
microstrip patch antenna. One way of increasing the bandwidth is by using a different substrate
stack with a lower permittivity and/or a larger height, see reference [6]. This option was however
not available since the substrate choice was already made. In addition the use of a thick substrate
causes surface wave excitation which degrades the performance of the antenna.
An other possibility is the use of parasitically coupled elements. This configuration produces a
double-tuned resonance. These elements can be rectangular patches with a different size than
the main patch. These extra patches can be positioned in the same plane as the main patch or in
the plane above or below the main patch. Because of the increase in size of the antenna in the
horizontal plane the first option was not investigated.
The doubled tune resonance can also be obtained by feeding the rectangular patch via a slot in the
metal ground plane. In this configuration a microstrip line is located on one side of the ground
plane and the resonating patch is located on the other side of the patch. The length of the slot in
the ground plane is a length which corresponds to a resonance close to the resonance ofthe patch.
Several attempts have been made to obtain a large bandwidth with this antenna type. However
none of the attempts obtained a bandwidth larger than 1.23 GHz. One possible explanation could
be the thin spacing between the resonating patch and the ground plane.
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Figure 5+ The Sn return loss plot of the MSA with sizes: W = 2.85 mm, L = 2.85 mm,
S = 0.175 mm, Ls = 0.87 mm and Wm = 0.6 mm

5.3 Double stacked rectangular patch

The configuration of the double stacked microstrip patch antenna (SMSA) is depicted in Figure
5+ It is a variation of the MSA described in the previous Section. A second patch with a width
W2 is placed below the upper patch with width WI > W2 . The second patch is coupled parasit
ically to the upper driving patch. Because of the smaller width of the lower patch the resonance
frequency of this patch will be higher than the resonance frequency of the upper patch. In this
way a double resonance is obtained and the bandwidth is increased.

)

Statrale2

I S~nle3 H
H ::l"'==J~~C=:::::::j1'"' d1na a erC1

f
(

L
)

Top view Side view

Figure 5+ The microstrip stacked patch antenna with feed inset:WI = 2.8 mm, W2 = 2.53
mm, L = 2.88 mm, S = 0.173 mm, L s = 0.95 mm and Wm = 600j.Lm, for the side view:
Hdl = 40j.Lm, Hd2 = 250j.Lm, Hc1 = 25j.Lm and H c2 = 28j.Lm
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44 Chapter 5. Microstrip antennas

A design guide, see reference [8] was used to find a design on the available substrate. The di
mensions of the configuration in Figure 5.4 are: WI = 2.8 mm, W2 = 2.53 mm, L = 2.88 mm,
S = 0.173 mm, L s = 0.95 mm and Wm = 600j.Lm. The SMSA was also covered with a moulding
layer with Er = 3. The substrate stack was described in Section 3.2. The plot of the return loss
curve is depicted in Figure 5.5. The double resonance can be clearly seen. The upper patch res-
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Figure 5.5: The Sn return loss plot of the SMSA with sizes: WI = 2.8 mm, W2

L = 2.88 mm, S = 0.173 mm, L s = 0.95 mm and Wm = 600j.Lm.
2.53 mm,

onates at 22.45 GHz and the lower patch resonates at 23.65 GHz. By choosing the widths of the
patches almost equal the two resonances can be combined. In this way a bandwidth of 2.16 GHz
has been obtained which is equal to 9% of the operating frequency. The possibility of adding
an extra patch on signal layer three has not been investigated. Placing the lower patch at signal
layer three has been investigated. However since the separation between the lower patch and the
ground plane is only 40j.Lm the bandwidth of the upper resonance is very small. It is expected
that adding a third resonance will not produce a bandwidth of 5 GHz. The gain and directivity
are summarized in Table 5.1.

5.4 Rectangular microstrip patch with a U-shaped slot

The last design that has been investigated was a rectangular slot, without inset, in which an
V-shaped slot was cut out, see Figure 5.6. This design was originally proposed by Huynh in
reference [9]. The slot provides another resonating frequency. The sizes of this configuration
are W = 4.685 mm, L = 2.797 mm, L s = 1.40 mm, H in = 0.68 mm, H out = 1.10 mm and
Ws = 0.21 mm. The substrate stack was described in Section 3.2, again the moulding layer was
placed over the antenna.
The bandwidth of this antenna is 5.24 GHz, which is 21.8 % of the operating frequency. As
can be seen in Figure 5.7 the bandwidth is not centered around 24 GHz. The two resonances are
located at 20.58 GHz and at 23.96 GHz. The total mean length ofthe slot is 2.20 mm. The upper
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Figure 5.6: The microstrip patch antenna with an V-shaped slot, W = 4.685 mm, L = 2.797
mm, L s = 1.40 mm, H in = 0.68 mm, H out = 1.10 mm, W s = 0.21 mm, Xsource = 1.15 mm
and ~ource = 2.34 mm.
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Figure S.T The Su return loss plot of the MSA with an V-shaped slot: W = 4.685 mm, L = 2.797
mm, L s = 1.40 mm, H in = 0.68 mm, H out = 1.10 mm, W s = 0.21 mm, Xsource = 1.15 mm
and ~ource = 2.34 mm.

resonance is controlled by the slot length and the lower resonance is controlled by the width W.
Several attempts have been made to connect the antenna to a feeding line, i.e. a microstrip
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line coupled to the edge of the patch or a microstrip line coupled trough a slot. However all of
these feeding structures severely degrade the performance of the antenna. The simulations were
obtained by placing a measuring port directly on the antenna. The position of this probe was
X source = 1.15 mm and Ysource = 2.34 mm. Since no suitable connection to a feeding circuit
was available the investigation of this design was abandoned.

5.5 Summary

In this chapter the principles of operation of the microstrip patch antenna have been treated.
These principles were explained using the transmission line model, which provides an approx
imation of the resonant frequency of the MSA. Thereafter the microstrip patch antenna design
was presented. The results of this antenna were also presented. It was concluded that the band
width of the MSA was too small. A possible solution to this problem was investigated. This
solution uses a multi-resonator approach. Two variations of the MSA that use this principle were
investigated. One ofthe presented designs, the double stacked MSA, did not meet the bandwidth
requirement. The MSA with an U-shaped slot met the bandwidth requirement of 5 GHz. How
ever no suitable feeding structure was found for this design. The results of the presented designs
are summarized in Table 5.1. An error occurs when determining the efficiency in ADS. The cal
rulation of the gain and directivity for these antennas results in equal values for the gain and
directivity. This is not expected for a real antenna. Because the gain is equal to the directivity the
efficiency is found to be 100 %. This problem has to be investigated further. It can be concluded

I I I I I I I
MSA Microstrip 1.23 GHz 23.22 GHz 24.45 GHz 6.76 dB 6.70 100%

Stacked MSA Microstrip 2.16 GHz 22-45 GHz 23.65 GHz 7.01 dB 6.92 100 %

U-slot MSA Probe 5.24 GHz 20.58 GHz 23-96 GHz 6.70 dB 6.70 100%

Table 5.1: The antenna characteristic of the microstrip patch antenna and variations thereof.

that no suitable design using a microstrip patch antenna has been found. Two variations were
tested which use an extra patch or a slot in the patch. However these designs did not meet the
bandwidth requirement or did not have a suitable connection. The small bandwidth can mainly
be attributed to the used substrate technology. The substrate stack with a relative permittivity of
4 in combination with the thin dielectric substrate of 330 J-Lm cannot produce a large bandwidth
when the microstrip patch antennas are used.
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Ultra wideband antenna designs

Prior to this project a literature search concerning antenna design has been performed. The aim
of this search was to find antenna designs that exhibit wideband behavior. The search resulted
in a list of publications concerning antenna designs that have a wide bandwidth. Based on the
results reported in these publications a pre-selection was made. Further requirements for the
design were the complexity of the antenna structure, the size of the antenna and the used sub
strate technology. Based on these requirements designs containing a spiral or a thick foam based
substrate were rejected. The designs that were selected from the pre-selection were: the stacked
rectangular patch antenna, the aperture coupled rectangular patch antenna, the rectangular v
slot antenna, the tapered slot antenna and the bow-tie slot antenna. In all cases the substrate
technology as described in literature was very different from the substrate technology that had to
be used in this project and is described in Section 3.2. Therefore no precise conclusions could
be drawn on the performance of these antenna types on the available substrate technology. Be
cause a computer aided design program, ADS, was available fast implementation and simulation
of the antenna design was possible. During the literature search publications containing design
guidelines had been found. These guidelines were used to convert and to adapt the design to the
new substrate technology. After optimizing the designs a comparison between the performance
of the antenna designs could be made. A Table with the advantages and drawbacks of each de
sign is presented in Table 6.!. The advantages and drawbacks are based on simulated results that

Tapered Slot

Bow-tie Slot

Stacked Patch
V-Slot Patch
Aperture coupled patch

wideband,

wideband

small structure
wideband small structure
small structure

Low gain/ large dimensions of
single element
Low gain/ large dimensions of
single element
small bandwidth
difficult feeding structure
small bandwidth

Table 6.1: The advantages and drawbacks of different types of antenna designs.

will be presented later. Based on this comparison the tapered slot antenna and the bow-tie slot
antenna were selected for further development and fabrication. In this chapter these designs will
be treated in detail. The designs that have been rejected were treated in Chapter 5.
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6.1 The tapered slot antenna

In this chapter the tapered slot antenna will be treated. The tapered slot antenna is an end-fire
antenna with a large bandwidth. The design consists of a tapered slot etched on a thin film
of metal which can be based on a thin substrate on one side of the film. The slot is narrow
towards one end for efficient coupling. Moving away from this end the slot is tapered and a
travelling wave radiates in the end-fire direction. It can be said that the tapered slot antenna
is the printed circuit equivalent of the hom antenna. Where the waveguide structure of the
hom antenna is represented by the tapered slot. Different types of tapering profiles have been
presented during the years. Gibson introduced an exponentially tapered slot, called the Vivaldi
antenna, see reference [10], this antenna had a reported bandwidth of 32 GHz. Later the linearly
tapered slot antenna, LTSA, was introduced by Prasad, see reference [II]. A constant width tapered
slot antenna, CWSA, was introduced by Yngvesson, see reference [12]. Simons introduced a V
shaped linear tapered slot antenna, V-LTSA, see reference [13]. More variations on these designs
have been reported in literature however have not been included here. In this project the choice

r---- ~
'"-- V--.......

a b c d

Figure 6.1: Top side view of tapered slot antenna designs: linearly tapered slot antenna (a), con
stant width tapered slot antenna (b), exponentially tapered slot (c), V shaped linear tapered slot
antenna (d).

was made to use the V-LTSA based on the simple connection with a coplanar waveguide and the
well documented design of this antenna. In the remainder of this report the V-LTSA is referred
to as TSA. In this section the principles of operation of the tapered slot antenna are treated and
the simulated results are presented. The design that was used as a starting point was provided
by Philips Research. The modifications that have been made to this design will be treated. The
results for the tapered slot antenna will be presented in the last Section.

6.1.1 Principles of operation

The tapered slot antenna is a member ofthe travelling wave structures ofthe "surface wave type".
In this type of travelling wave structure the phase velocity is smaller than the speed of light,
Vph ::; c, where the phase velocity is given by:

(6.1)

with f3 the phase constant and w = 271"J. The planar transmission lines described in Chapter 4
apply to this condition. The tapered slot antenna can be seen as a flared slot or a flared coplanar
waveguide, in the case of the V-LTSA. In these structures the electromagnetic waves are guided
down the antenna. At the base of the antenna, where the width of the slot G is small compared
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to the wavelength >'0 the waves are tightly bound. As the width of the slot increases the bonding
becomes weaker and the waves are radiated away from the antenna, thus producing end-fire ra
diation. The width of the slot changes along the length of the antenna. As a consequence each
part of the antenna radiates at a different frequency. An infinitely long TSA can thus be seen as
a frequency independent antenna. Because of the flaring the phase constant, and thus the phase
velocity, is dependent on the structure of the transmission line and is in this case not constant
along the antenna as was described in Chapter 4. Energy is lost along the slot due to radiation
perpendicular to the slot and losses in the conductors and the dielectric substrate. The radiation
losses, in contrast to the transmission lines where these losses are neglected, are the main losses
in the TSA.

y

Figure 6.2: Three dimensional image of the V-LTSA. The corresponding coordinate system is
depicted as well.

Several methods of analysis of the tapered slot antenna have been reported. Most of the methods
approximate the behavior of the antenna by dividing the slot in N sections. To each section a
uniform width is assigned and then analyzed. Different methods of analysis have been applied,
i.e. coupled transmission lines or full wave analysis. Thereafter the sections are recombined and
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the antenna characteristics are computed. This approach has been applied by Janaswamy in ref
erence [14]. The first step in this approach is to find the tangential component of the electrical
field in one section of the slot. These slots are then connected end to end. The power flowing
out of one section is taken as the input power of the next section. The backward travelling wave
arising from the discontinuities of the section junctions has not been taken into account in this
approach. The electric field is obtained by using the Galerkin method in the spectral domain.
The field distribution is then used to find the radiated field. This is accomplished by using the
half plane Green's functions. This approach is valid for any smooth taper profile.
Wang applied a different approach to the problem in [15]. In this approach the method of mo
ments was applied. For more information about the Method of Moments see Appendix B. Roof
top and sinusoidal basis functions where used to model the currents on the antenna structure
and the Galerkin method was applied to find the interaction matrix. The method was applied to
an open-ended slot line and the LTSA. Wang also applied this approach to the V-LTSA in [16].
Oraizi also applied the stepped transmission line approach to find the antenna characteristics of
the TSA in [17]. In this approach the theory of coupled transmission lines as described in 4.3 is
applied. Because this theory was already investigated in this project for a CPW transition in Sec
tion 4.4, an extension was made to model the designed TSA. The approach is treated in detail and
applied to the V-LTSA. Although the publication presents a method to find the optimum design
of a TSA this has not been attempted. Oraizi has used a LTSA for his model. In this project a
V-LTSA is used. When comparing the structure of the V-LTSA to the LTSA it is obvious to use the
model of a coplanar waveguide as a basis instead of the slot line.
The load impedance of the coupled transmission lines was taken to be 1207T. the impedance of
free space. The frequency domain is divided into K sections. Recalling from Section 4.3 that a
coupled transmission line can be described as:

(6.2)

where Tp,k represents the forward transmission matrix for the kth frequency. The input impedance
can now be given as:

Z. _ AkZL,k + Bk
tn,k - C Z + D

k L,k K

where Zin,k and ZL,k are the input and load impedance, respectively. To obtain the bandwidth
of the antenna the input reflection coefficient is observed. The input reflection coefficient is the
ratio of the magnitude of the inserted wave to the magnitude of the reflected wave on the same
port. The bandwidth is defined by that part of the frequency spectrum where 10% or less of the
input wave is reflected. The input reflection coefficient, or 8 11 parameter is given by:

811(k) = Zin,k - Zo

Zin,k + Zo

where Zo represents the characteristic impedance, in this case 50 n. The bandwidth is defined
as that part of the frequency spectrum where the 8 11 curve is below -10 dB. The return loss plot
is depicted in Figure 6+ These plots have been simulated without a moulding layer covering the
antenna.
From figures 6.3, 6-4 and 6.5 is clear that the used model is not accurate enough. One explanation
could be the impedance with which the tapered CPW is terminated. In this model it is assumed
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Figure 6+ The smith chart of the TSA model (blue) and the simulated results of ADS (red)
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Figure 6.5: The input impedance of the TSA model and the simulated results ofADS
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that the TSA is terminated with a real impedance equal to the impedance of free space. In reality
there is also a capacitance due to the fringing fields at the end of the antenna. This has not been
modelled and could explain the difference between the model and the simulated result. This
kind of coplanar waveguide termination is not common and no models for this termination have
been found in literature. The modelling of this termination is beyond the scope of this project.
Therefore the Method of Moments simulator is used to design the TSA.

6.1 .2 Design process

Within Philips the V-LTSA design had already been designed on a different substrate technology.
This technology was modelled as follows: two perfectly conducting metal layers separated by a
635 f..Lm thick dielectric substrate with permittivity, tr = 9.6 and loss tangent tan 8 = O. This
design was taken as the starting point. The TSA has two important parameters: the length of the
slot L and the flaring angle, a. As a start these parameters were copied to the substrate described
in Section 3.2. However no ground plane was included in the design. The V-LTSA can be directly
connected to a coplanar waveguide. To achieve this, the connection of the original design had
to be modified in such a way that a CPW with W = 500 f..Lm and G = 75f..Lm could be attached.
In Section 4.2 was shown that a coplanar waveguide with these dimensions has a characteristic
impedance of50 n. Now the feeding lines were attached the obtained design could be optimized.
Therefore the design presented in reference [13] was taken as a reference. The length L and the
width G in this design were chosen as 1.7 AO and 0.32 AO. The angle a was 12.5°. As substrate a
250 f..Lm thick substrate with tr = 10.5 was used. Only the dimensions of the antenna were used
from this reference. The substrate described in Section 3.2 with a moulding layer was used for
the simulations.
The required bandwidth is large at 24 GHz. Therefore the focus during the design process has
mostly been on requiring the maximum bandwidth. The first parameter that was varied is the
angle a. The results are depicted in figures 6.6 and 6.7. Here can be seen that varying the flaring
angle has a large effect on the bandwidth of the antenna. In the final design the angle was set at
a = 12.4°. As can be seen in Figure 6.6 this results in the lowest peak at 24 GHz. The advantage
of this angle can also be seen in Figure 6.7, the matching of the antenna with this angle is better
than the matching of the antennas with different flaring angles. The gain and directivity of the
designs used in this parameter analysis are presented in Table 6.2. The designs were covered
with the moulding layer.
In reference [18] measurements were presented for varying length, L, and substrate thickness, h
of the Vivaldi, LTSA and CWSA. One of the conclusions was that the 3 dB beam width decreases
with increasing length in addition the antenna gain also increases. Since the antenna that has
to be designed is restricted in size an optimum length has to be found. Therefore the length of
the V-LTSA is varied. The gain of these designs is given in Table 6.2. A strange effect occurred
during the simulations. the gain is in two cases higher than the directivity. This is however not
possible, the error needs to be investigated further. In Table 6.2 can be seen that the gain of the
antenna increases with increasing length of the TSA. In Figure 6.8 can be seen that the length
of the TSA can not be decreased below 9.08 mm. Decreasing the length further would result
in an antenna that would not meet with the required bandwidth of 5 GHz. The antenna with
length L = 14 mm could not be simulated with an adaptive frequency scale and therefore looks
less smooth than the other lines. However the difference in behavior is still clear. In Figure 6.10
the dimensions of the final design are depicted. These dimensions were chosen based on the
parameter analysis that was performed and was presented in the section above.
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freq, GHz

53

Figure 6.6: The V-LTSA for different angles a, green: a
a = 9.8°

14.5°, blue: a 12.4° and red:

Figure 6.7: The V-LTSA for different angles a, green: a
a = 9.8°'

14.5°, blue: a 12.4° and red:

V-LTSA a = 14.5° length =9.08 mm 7.3
V-LTSA a = 12.4° length =9.08 mm 8.5
V-LTSA a = 9.8° length =9.08 mm 8.5
V-LTSA a = 9.8° length =7 mm 7.6
V-LTSA a = 9.8° length = 14 mm 7.3

7.5 dBi
5.2 dBi
5.5 dBi
4.5 dBi
7.3 dBi

Table 6.2: Gain and directivity of the V-LTSA designs.
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Figure 6.8: The V-LTSA for different lengths L, green: L = 7 mm, blue: L = 9.08 mm and red: L
=I4 mm

Figure 6.9: The V-LTSA for different lengths L, green: L = 7 mm, blue: L = 9.08 mm and red: L
=I4 mm

Figure 6.10: The V-LTSA and its dimensions: L
a = 12.4° and {3 = 23.00°.

9.1 mm, W = 4.64 mm, G 2.00 mm,
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6.1. The tapered slot antenna 55

6.1.3 Simulated results of the V-LTSA

In this section the simulated results of the tapered slot antenna will be presented. The results
have been obtained by simulating the tapered slot antenna in ADS Momentum. In the previous
section the simulated results were obtained with a tapered slot antenna without a connector. In
this section the connector has been simulated as well. However since ADS is not a full three di
mensional simulator only the footprint of the connector is modelled. The results presented here
do not include the shading and reflection effects that can be caused by the connector.
The SII return loss plot is depicted in Figure 6.11. The bandwidth of the antenna is 8.12 GHz
which is 33.8 % of the operating frequency. The lower frequency is located at 20.80 GHz and
the upper frequency is located at 28.92 GHz. The plot shows a peak at 23.84 GHz. This can
be attributed to the connector since it is not visible in the plot without a connector. The Smith
chart is depicted in Figure 6.12 and shows that the antenna is matched to 50 0 reasonably well.
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Figure 6.11: The SII return loss plot of the V
LTSA

Figure 6.12: The Smith chart of the V-LTSA

The three dimensional radiation pattern of the combined co- and cross polar electric fields is
presented below. The normalized intensity is represented by the color, where red represents a
large intensity and green represents a small intensity. Also depicted below is the structure of the
antenna, with the connector, on which the currents are depicted.

Figure 6.13: Current on the tapered slot antenna

The radiation color scheme is also used to represent the magnitude of the current. The holes
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that are usually present in the connector are covered. This represents a more accurate descrip
tion since the holes will usually be filled with screws. In the figure depicting the currents 6.13, can
be seen that the current propagates along the edges of the slot.
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L I·
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Figure 6.14: The combined co- and cross po
lar electrical fields of the tapered slot antenna
depicted in a three dimensional plot. The de
picted angle is ¢.
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Figure 6.15: The coordination system that was
used. The TSA is depicted viewed from the
connector side.
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180

Figure 6.16: The polar plot of the tapered
slot antenna with ¢ = 1290 and the eangle
swept over 3600.

270

Figure 6.17: The polar plot of the tapered
slot antenna with e= 1290 and the ¢ angle
swept over 3600.

From the three dimensional radiation pattern, see Figure 6.14 can be seen that the antenna radi
ates in four directions and has a null in the XY plane. Given the two slots of the structure, see
Figure 6.2 two beams are expected. The null which divides the two beams can be explained by the
electric fields in the slots which are in anti-phase. The three dimensional radiation pattern has
been cut. This cut has been made by setting ¢ = 1290 and rotating e. In red the co polar compo-
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nent and the in blue the cross polar component are depicted, see Figure 6.15 for the orientation of
the co- and cross polar component. The null at e= 90° can be clearly seen. The radiation pattern
has also been cut by setting e= 129° and rotating ¢ over 360°, see Figure 6.17. The two beams at
129° and 240° can been seen. The antenna radiation characteristics at 24 GHz are given in Table
6-3- Remember that a restriction on the gain at an angle of 30° above the horizon was placed.
This requirement is not met. This can be seen in Figure 6.16, at e= 30° where the normalized
gain is equal to ° dB.
In the two figures below the gain is plotted for two different angles. For more information about
the used angles see Figure 6.2. Since the radiation intensity is very low in the e= 90° plane the e
angle was set to 129°. At this angle maximum radiation occurs. The ¢ angle is then rotated over
360°. In Figure 6.18 the gain is depicted. The two beams are clearly visible at 129° and 240°. The
gains from the two beams are not equal this could be attributed to a small non symmetry in the de
sign.
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Figure 6.18: The gain and directivity plot ofthe
TSA with the e= 129°.

Figure 6.19: The gain and directivity plot ofthe
TSA with the ¢ = 129°.

Since there are regulations that restrict the amount of power that is radiated above an elevation
angle of 30° it is interesting to observe the gain along the eaxis. Therefore the ¢ angle was set
to the angle with maximum radiation, 129°. The gain and directivity are depicted in Figure 6.19.
The small gain that was mentioned above can be clearly seen at 90°. In Figure 6.19 can also be
seen that the gain is larger than zero at e> 90° this can be explained by the absence of a ground
plane.
In the applications for this design the shape of a pulse transmitted or received with this antenna
is important. The shape of a pulse is distorted when different frequency components arrive at
different points in time. This effect can be depicted by a plot of the group delay of an antenna.
The group delay is defined as the negative derivative of the phase to frequency of the SII param
eter. The group delay is plotted in Figure 6.20. The average group delay was calculated by taking
the average of the modulus of the group delay in the band 22 to 29 GHz. The maximum delay
is determined in the same band by taking the maximum of the modulus of the group delay. The
difference between the maximum delay and mean delay is important. It represents the maximum
spread in time with which different frequency components are passed trough the antenna. These
parameters are usually used in filter design. In most narrow band antennas this parameter is not
considered important. However when using wide bandwidth designs the received signal could
be distorted, the received pulse could be smeared out in time causing inter symbol interference
in digital transmissions. In the table below a summarization of the antenna parameters is given.
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The group delay of the Tapered Slot Antenna
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Figure 6.20: The group delay of the TSA

Directivity
Gain
Angle of Maximum radiation (B, ¢)
Efficiency
Bandwidth
Lower frequency of the bandwidth
Upper frequency of the bandwidth
Average group delay
Maximum group delay

6.00 dBi
3.40 dBi
129 °,129°
55%
8.12 GHz
20.80 GHz
28.92 GHz
0.13 ns
-0.51 ns

Table 6.3: Antenna parameters of the tapered slot antenna with sizes: L
12.5°.

9.08 mm and B =
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6.2 Bow-tie slot antenna with tuning stub

59

The bow-tie slot antenna is the second antenna that was chosen for further investigation. The
choice was made based on the large bandwidth that was demonstrated in literature. The bow-tie
slot antenna consists of a thin sheet of metal in which a bow-tie shaped slot was cut out. The
feeding line is based on a coplanar waveguide. To obtain more freedom in designing the antenna
two metal stubs were added to the design. This design was first proposed in reference [19]. The
antenna design for the 60 GHz band is depicted in Figure 6.21. The printed bow-tie antenna,

Figure 6.21: The bow-tie slot antenna for 60 GHz. The corresponding coordinate system is
depicted as well.

without a metal stub, is a planar variant of the dipole antenna. The bow-tie shape of the slot
increases the bandwidth. A parameter analysis of the metal stub was performed in reference
[20]. The addition of the metal stub offers the designer extra freedom to tune the antenna. In
addition to this freedom this type of antenna can be directly connected to a coplanar waveguide.
Therefore no balun is needed.

6.2.1 Principles of operation

The bow-tie slot antenna used in this project can be seen as a bow-tie slot antenna to which a metal
stub has been added. A bow-tie slot antenna without stub can be seen as a planar variant ofthe bi
conical hom. The bow-tie shape is chosen to increase the bandwidth. The effect ofadding a metal
stub can be described best with the equivalent magnetic current in the slot. The direction of the
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current can be found by taking the outer product ofthe Efield with the z-axis. The equivalent mag
netic currents ofa bow-tie slot antenna without a metal stub are depicted in Figure 6.23. The main
resonance frequency is shifted to a lower frequency. This can be explained by the increase in path
length of the magnetic current see Figure 6.22 and Figure 6.23. The electric currents are depicted
in figures 6.28 and 6-38.

l
. '1
'. I,

Figure 6.22: Magnetic current in the slot of the
the bow-tie slot antenna with a metal stub at 24
GHz

Figure 6.2} Magnetic current in the slot of
the bow-tie slot antenna at 24 GHz without the
metal stub

The resonances are mainly controlled by the spacing between the top of the slot and top of the
metal stub Hspacing = Hslot - Lstub. Increasing this spacing wi! increase the bandwidth. In
addition by increasing the upper width of the metal stub Whstub, the path length can also be
increased. The other dimensions have an influence on the bandwidth of the antenna as well.
A parameter analysis has been performed in reference [20]. This analysis has provided enough
information to design the antennas.

6.2.2 Design process

In Figure 6.24 the antenna designed for the 24 GHz short range radar band is depicted. To obtain
this design the antenna proposed in reference [20] was first scaled to operate at 24 GHz. This was
done by dividing all dimensions (expect the dimensions ofthe substrate) by the ratio of the center
frequency of the short range radar to the center frequency of the original design which was 10

GHz. This ratio was taken to be i6gZ~ = 2.4. In reference [20] a parameter analysis of the metal
stub was performed. This parameter analysis was used as a guide to find the final design. The
most important parameters were the width of the metal stub Whstub , and the spacing between
the top of the slot and top of the metal stub Hspacing = H s10t - Lstub. The antenna for the short
range radar was designed first. The final design is depicted in Figure 6.24. Next this design was
scaled linearly with ~~gZ~ = 2.5. The dimensions of the stub where then varied until a 5 GHz
bandwidth around 60 GHz was obtained. The final design is depicted in 6.25. The substrate of
the bow-tie slot antennas do not have a ground plane.
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Figure 6.24: The bow-tie slot antenna for 24 GHz. Dimensions: Hantenna = 10.50 mm,
Whslot = 4.26 mm, Wls10t = 1.20 mm, H s10t = 4.95 mm, Whstub = 1.55 mm, Wlstub = 0.91
mm and H stub = 4.30 mm.

Figure 6.25: The bow-tie slot antenna for 60 GHz. Dimensions: Hantenna = 4.125 mm,
Whslot = 1.35 mm, Wls10t = 0.52 mm, H s10t = 1.76 mm, Whstub = 0.88 mm, Wlstub = 0.37
mm, Hstub = 1.75 mm, HI = 0.5 mm, H 2 = 0.65 mm and W = 0.09 mm.
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6.2.3 Simulated results at 24 GHz

In this Section the simulated results of the bow-tie antenna designed at 24 GHz are presented.
The SII return loss plot is depicted in Figure 6.26 . The bandwidth of the antenna is 14.8 GHz
which is 61.6 % of the operating frequency. The lower frequency is located at 15.32 GHz and
the upper frequency is located at 30.11 GHz. The bow-tie slot antenna is designed to have two
main resonances. The first resonance can be found around 18 GHz the second resonance around
29 GHz is less clear. The Smith chart is depicted in Figure 6.27.
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Figure 6.2T The Smith chart of the bow-tie
slot antenna at 24 GHz

Figure 6.26: The SII return loss plot of the
bow-tie slot antenna at 24 GHz

In the figure depicting the currents, 6.28, can be seen that the current propagates along the
two metal stubs and to some extend along the direction of the coplanar waveguide.

Figure 6.28: Current on the bow-tie slot antenna at 24 GHz

In the three dimensional radiation pattern, see Figure 6.29 can be seen that the antenna radiates
in two directions and has a null at e= 90°.
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o

/

z

Figure 6.30: The coordination system. The
bow·tie slot is depicted viewed from the front
in the horizontal position

Figure 6.29: The combined co· and cross polar
electrical fields ofthe bow-tie slot antenna at 24
GHz depicted in a three dimensional plot. The
depicted angle is ¢.

The three dimensional radiation pattern has been cut. The first cut has been made by setting
¢ = 282° and rotating e see Figure 6.31. In green the co polar component and in red the cross
polar component are depicted, see Figure 6.30. The radiation pattern has also been cut by set
ting e = 150° and rotating ¢, see Figure 6.p. The co polar component is depicted in blue and
the cross polar component is depicted in red. The gain at an elevation angle of30° is at most·6 dB
which still exceeds the maximum gain at this angle.
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Figure 6.31: The polar plot of the bow-tie slot Figure 6-32: The polar plot of the bow·tie slot
antenna at 24 GHz with ¢ = 282° and the e antenna at 24 GHz with e = 150° and the ¢
angle swept over 360°. angle swept over 360°.

The gain and directivity plots are given in figures 6.33 and 6.34. The plots are obtained by setting
the eto the angle ofmaximum radiation, 150° and rotating the phi angle over 360° and setting the
¢ angle to 282 ° and rotating the eangle over 360°, respectively.
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Figure 6.33: The gain and directivity plot of Figure 6.34: The gain and directivity plot of
the bow-tie slot antenna at 24 GHz with the the bow-tie slot antenna at 24 GHz with the
e= 150°. ¢ = 282°.

The group delay is plotted in Figure 6.35. The average group delay was calculated by taking
the average of the modulus of the group delay in the band 22 to 29 GHz. The maximum delay is
determined in the same band. In Table 6.5 the simulated radiation characteristics are presented.
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Figure 6.3S: The group delay of the bow-tie slot antenna at 24 GHz
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Directivity
Gain
Angle of Maximum radiation (0, ¢)
Efficiency
Bandwidth
Lower frequency of the bandwidth
Upper frequency of the bandwidth
Average group delay
Maximum group delay

6,4 dBi
4.71 dBi
150 °,282°
67.76%
14.8 GHz
15.32 GHz
30.11 GHz
0.16 ns
0.32 ns

Table 6+ Antenna parameters of the bow-tie slot antenna at 24 GHz with dimensions:
Hantenna = 10.50mm, Whs10t = 4.26mm, Wlslot = 1.20mm,Hslot = 4.95mm, Whstub = 1.55
mm, Wlstub = 0.91 mm and Hstub = 4.30 mm.

6.2.4 Simulated results at 60 GHz

In this Section the simulated results of the bow-tie antenna designed at 60 GHz are presented. In
Table 6.5 the simulated radiation characteristics are presented. This antenna had to be simulated
without the connector because the amount of memory that was available was insufficient. The
SII return loss plot is depicted in Figure 6-36. The bandwidth of the antenna is 17.21 GHz which
is 28.7 % of the operating frequency. The lower frequency is located at 48.02 GHz and the upper
frequency is located at 65.23 GHz. The bow-tie antenna clearly has two resonances, the first is
located at 52 GHz, the second is located at 63 GHz. The Smith chart is depicted in Figure 6-37.
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Figure 6.36: The SII return loss plot of the Figure 6'3T The Smith chart of the bow-tie
bow-tie slot antenna at 60 GHz slot antenna at 60 GHz
The three dimensional radiation pattern is depicted in Figure 6.39. In contrast to the bow-tie an
tenna at 24 GHz the radiation pattern does not have two clear beams in which it radiates in the XY
plane. The current is depicted in Figure 6'38.
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Figure 6-38: Current on the bow-tie slot antenna at 60 GHz

z

x

Figure 6.40: The coordination system. The
bow-tie slot at 60 GHz is depicted viewed from
the connector side in the horizontal position

Figure 6.39: The combined co- and cross polar
electrical fields of the bow-tie slot antenna at
60 GHz depicted in a three dimensional plot.
The depicted angle is ¢.

The three dimensional radiation pattern has been cut. The first cut has been made by setting ¢ =
3000 and rotating (), see Figure 6.41. In red the co polar component and in blue the cross polar
component are depicted, see Figure 6.40' The radiation pattern has also been cut by setting () =

1500 and rotating ¢, see Figure 6-42. The co polar component is depicted in red and the cross po
lar component is depicted in blue. For the antenna operating at 60 GHz no limits were set to the
gain at a specific elevation angle.
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o 90

-90

180

90 180

270

o

Figure 6.41: The polar plot of the bow-tie slot Figure 6.42: The polar plot of the bow-tie slot
antenna at 60 GHz with ¢ = 300° and the e antenna at 60 GHz with e = 150° and the ¢
angle swept over 360°. angle swept over 360°.

The gain and directivity plots are given in figures 6-43 and 6.44. The plots are obtained by setting
the eto the angle of maximum radiation, 153° and rotating the ¢ angle over 360° and setting the
¢ angle to 293 ° and rotating the eangle over 360° respectively.

Figure 6-43: The gain and directivity plot of
the bow-tie slot antenna at 60 GHz with the
e= 150°.

Figure 6.44: The gain and directivity plot of
the bow-tie slot antenna at 60 GHz with the
¢ = 300°,
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68 Chapter 6. Ultra wideband antenna designs

The group delay is plotted in Figure 6.45. The average group delay was calculated by taking the
average of the modulus of the group delay in the band 59 to 65 GHz. The maximum delay is
determined in the same band.

Group Delay
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Figure 6.45: The group delay of the bow-tie slot antenna at 60 GHz

Directivity
Gain
Angle of Maximum radiation (e, <P)

Efficiency
Bandwidth
Lower frequency of the bandwidth
Upper frequency of the bandwidth
Average group delay
Maximum group delay

4.69 dBi
2.70 dBi
153 °,293°
63. 2 4%
17.21 GHz
48.02 GHz
65.23 GHz
0.097 ns
0.12 ns

Table 6.s; Antenna parameters of the bow-tie slot antenna at 60 GHz with
dimensions:Hantenna = 4.125 mm, Whslot = 1.35 mm, Wls10t = 0.52 mm, H s10t = 1.76
mm, Whstub = 0.88 mm, Wl stub = 0.37 mm, Hstub = 1.75 mm, HI = 0.5 mm, H2 = 0.65 mm
and W = 0.09 mm.

Since a scaled version of the bow-tie slot antenna was used at 60 GHz the same radiation pattern
was expected. However the radiation characteristics of the two bow-tie slot antennas are slightly
different. The most noticeable difference was found in the radiation pattern at a fixed eangle. In
the design for 24 GHz there is only one strong component. In the design for 60 GHz there are
two strong components. The strongest polarization has been determined in ADS. For the bow-tie
slot antenna at 24 GHz this found to be the polarization along Eco , see Figure 6.30 and for the
bow-tie slot antenna at 60 GHz this was found to be the polarization along Eco see Figure 6.40.
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Chapter 7

Antenna results

The ultra wideband antennas that were presented in Chapter 6 were fabricated together with sev
eral other designs. These fabricated antennas were available for measurement. In the previous
chapter results of the ultra wideband antennas were presented that were obtained with ADS Mo
mentum from Agilent. In this chapter the results of the measurement ofthe fabricated antennas
will be presented. Two sets of return loss bandwidth measurements were performed. In the first
set the entire board, see Figure 7.14, was placed in a probe station.

Bow-tie antenna
for 24GHz

Bow-tie antenna
for60GHz

TSA for 24GHz

Figure 7.1: The total board with the designed antennas on the right side.



Chapter 7. Antenna results

A probe was placed on a special pad that was placed on the side of the connector footprint, see
Figure 4-16. The probe was connected to a vector network analyzer. In the second measurement
the antennas were cut out of the board and the connector as described in Section 4-4 was con
nected to the antenna. The antenna was then connected to a vector network analyzer with coax
cables.
In this chapter the results of the measurements will be presented starting with the probe station
measurement in Section 7.1 followed by the measurement performed on the antenna with the
connector in Section 7.2. Then the results from a radiation pattern measurement and an antenna
gain measurement will be presented in Section 7.3. In the last Section 7.4, a summary of the
measured antenna parameters is given. In addition to the results conclusions will be drawn
on the performance of the antennas with regard to the requirements set in Chapter 3 and the
simulations performed in ADS Momentum presented in Chapter 6.

•

•

Figure 7.2: Photo of the total board with the designed antennas on the right side.

7.1 Probe station measurement

In this Section the results of the first set ofmeasurements will be presented. In this set the board
was placed inside a probe station and a probe was placed on a special pad connected to the anten
nas. Only one board was available for measuring. In figures 7.3 and 7.4 the Sn return loss plot
and the Smith chart ofthe tapered slot antenna are depicted respectively. It is clear that return loss
is different from the original simulation, also depicted in figures 7.3 and 7-4-
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Figure 7.3: The Sn return loss plot of the ta
pered slot antenna measured in the probe sta
tion.

Figure 7.4: The Smith chart of the tapered
slot antenna measured in the probe station.
The frequency scale has been adjusted in or-
der to depict the part with the best match.

There are several reasons for the difference in performance between the simulated and mea
sured results. The first reason is the environment in which the measurement is performed. The
board is placed on a metal plate connected to ground. In addition the board is placed in a space
which is enclosed by metal. The ground plane and metal box were not simulated. To test the
addition of a ground plane to the tapered slot antenna a simulation was performed in ADS. In
this simulation the original design was copied and a ground plane was added to the design. The
results of this simulation are also included in figures 7.3 and 7+ In figures 7·3 and 7-4 can
be seen that there is a difference between the simulation of the tapered slot antenna with the
ground plane and the probe measurement of the tapered slot antenna. Therefore more factors
most contribute to the difference. A possible factor could be the substrate on which the antenna
is placed. In the simulation there are no other metallic structures surrounding the antenna in
this case however there are several large metallic structures see Figure 7.14. The tapered slot
antenna is an end-fire antenna, therefore the antenna radiates into the board surrounding the an
tenna. This changes the load impedance of the antenna. This effect has not been tested. It is clear
that the tapered slot antenna does not meet the bandwidth requirement of5 GHz in this situation.
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Smith chart at one-port measurement
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Figure 7.5: The Srr return loss plot of the Figure 7.6: The Smith chart of the bow-
bow-tie slot antenna at 24 GHz measured in tie slot antenna at 24 GHz measured in the
the probe station. probe station.

The second antenna that was measured is the bow-tie slot antenna designed for the 24 GHz
band. The measurement procedure was similar to the measurement of the tapered slot antenna.
The results are depicted in figures 7.5 and 7.6. The addition of the ground plane and the metallic
structures on the substrate change the return loss bandwidth considerably. It is also clear that
the bow-tie antenna at 24 GHz does not meet the bandwidth requirement of 5 GHz in this case.
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Figure 7.7= The Srr return loss plot of the Figure 7.8: The Smith chart ofthe bow-tie slot
bow-tie slot antenna at 60 GHz measured in antenna at 60 GHz measured in the probe
the probe station. station.

The last antenna that was measured is the bow-tie slot antenna designed for the 60 GHz band.
The measurement procedure was similar to the measurement of the tapered slot antenna. The
results are depicted in figures 7.7 and 7.8. In this case the effect of the ground plane can be
clearly seen. The effects of the environment are smaller than in the other two measurements.
The bandwidth requirement of 5 GHz is met in this case. The results of the bow-tie antenna at
24 GHz are dissimilar to the results of the bow-tie antenna at 60 GHz. In the former the effect
of the ground plane was stronger.
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7.2 Measurement results of the antenna with connector

73

The second set of measurements was performed on the antenna with the connector. The anten
nas were connected via a coax cable to a vector network analyzer. Two types of network analyzers
were used, the first was able the measure signals up to 50 GHz and was used to measure the
tapered slot and the bow-tie antenna at 24 GHz. The second network analyzer that was used was
able to measure signals up to 67 GHz. The measurements were stored on a pc and loaded in to
Matlab for further processing. The simulated results from ADS are also added to each figure for
easy comparison. Three samples per antenna type were available for testing. However in some
cases the connection between the connector and the coplanar waveguide ofthe antennas was not
good. This happened in the case of the bow-tie antennas. See Section 4.4 for more information
about the connector.
The first antenna that was measured was the tapered slot antenna. The Sn return loss plot and
the Sn smith chart are depicted below. With this measurement there was no ground plane below
the antenna. Therefore it is not necessary to depict the results of the ADS simulation with a
ground plane added to the antenna designs.

Figure 7.9: Photo of the bow-tie antenna for 24 GHz(upper) and the TSA (lower).

In Figure 7.10 can be seen that the tapered slot antenna meets the bandwidth requirement. How
ever the lower frequency of the antenna is too high. Furthermore it is clear that there is some
spread in the production process. The measured antennas outperform the simulated antennas
on the width ofthe return loss bandwidth. In addition the measured antennas have a lower return
loss.
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Smi1h chan of one-port measurement
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Figure 7.10: The Sn return loss plot of the Figure 7.n: The Smith chart of the tapered
tapered slot antenna at 24 GHz. slot antenna at 24 GHz.

In figures 7.12 and 7.13 the results of the bow-tie antenna at 24 GHz are depicted. The band
width requirement is met several times over and the return loss is lower than was predicted by the
simulations in ADS.

Smith chart of one-port measurement
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Figure 7.12: The Sn return loss plot of the Figure 7.13: The Smith chart of the bow-tie
bow-tie slot antenna at 24 GHz. slot antenna at 24 GHz.

In Figures 7.15 and 7.16 the results of the bow-tie antenna at 60 GHz are depicted. Also for
this antenna there is only one working sample. The working example has a wide bandwidth
of 20.5 GHz which is more than the simulated bandwidth. The measured return loss plot
does not resemble the simulated return loss plot. In the probe station measurement the mea
sured and simulated return loss plots showed better resemblance. The differences between
the measured return loss plot depicted in Figure 7.15 and the simulated return loss plot could
be explained by the resonances in the connector. The connector that was used has been cer
tified up till 40 GHz. Another explanation could be the quality of the electronic calibration
kit which has been used for the return loss measurement of the antenna with connector.
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Figure 7.14: Photo of the bow-tie antenna for 60 GHz.
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Figure 7.15: The Sn return loss plot of the
bow-tie slot antenna at 60 GHz.

Figure 7.16: The Smith chart of the bow-tie
slot antenna at 60 GHz.

Tapered slot /1 25.2 GHz >40 GHz > 14.8 GHz
Tapered slot /2 25.1 GHz >40 GHz > 14.9 GHz
Tapered slot /3 25.1 GHz >40 GHz > 14.9 GHz
Bow-tie slot 24 /1 14.3 GHz 33.3 GHz 19 GHz
Bow-tie slot 60 /3 41.0 GHz 61.5 GHz 20.5 GHz

Table 7.1: The return loss characteristics of the measured tapered slot and bow-tie slot antennas.

In Table 7.1 the results of the return loss measurements are given. For every antenna type there
was at least one working sample which met the bandwidth requirement of5 GHz.
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7.3 Antenna radiation pattern and gain measurement

Philips Research offered the possibility to use an EMC test facility to measure the radiation pat
terns of the antennas designed for 24 GHz. This test facility is certified only up till 18 GHz.
The antennas were placed on a turntable Pantenna in front of a hom antenna at position Pprobe.

The antennas could be placed in a vertical position or in a horizontal position see pictures D.2
and D.l respectively. The hom antenna could be rotated 90° in order to measure the vertical
Pvertical and horizontal Phorizontal polarization see Figure 7.17. The turntable was rotated over
360° corresponding to ¢ and for each ¢ the power delivered from the antenna under test to the
hom antenna was registered. The angle resolution was 1°.

z

x

Figure 7.1T The coordination system used in the EMC measurement.

The radiation patterns of the tapered slot and bow-tie slot antenna at 24 GHz were measured.
Based on the simulation that has been performed in ADS Momentum it was expected that the
TSA would radiate most in the XY plane. Therefore the TSA was placed in the horizontal posi
tion, see picture D.l. Then the antenna was rotated over 360°, once to measure the polarization
orientated along Phorizontal and once to measure the polarization orientated along Pvertical.

The strongest radiation was found when the TSA was placed in the horizontal position and the
polarization along Phorizontal was measured. The cross polarization was determined by calcu
lating the difference between the maximum received power of the co polar component to the
maximum received power of the cross polar component. The cross polarization was 10 dB. The
simulation results from ADS Momentum were obtained by cutting the radiation pattern at an
angle of e = 29°. because in the simulations there is a null in the radiation pattern at e = 90°
see Figure 6.14. In Chapter 6 the TSA radiation pattern was cut at a different angle. The antenna
was re-simulated for the measurements in this section, there was no moulding layer covering the
antenna and the horizontal currents on thick metals were simulated. The strongest radiation was
now found for one of the two beams above the XY plane. The radiation pattern in Figures 7.18
and 7.19 is rotated 90 degrees clockwise compared to the Figure 6.17.
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--Measured antenna pattern, angle max; 35 degrees
--Simulated antenna pattern, angle max ; -33 degrees
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--Measured antenna pattern, angle rnax ; 4 degrees
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Figure 7.18: The radiation pattern of the TSA
in the horizontal position, polarization along
Phorizontal .

Figure 7.19: The radiation pattern of the TSA
in the horizontal position, polarization along
Pvertical.

Next the TSA was placed in the vertical position, in the YZ plane, see picture D.2. The antenna
was rotated over 3600 once to measure the polarization along Phorizontal and once to measure the
polarization along Pvertical. The strongest radiation was found for polarization along the Pvertical.

This polarization angle was not measured in the horizontal plane. The cross polarization was
found to be 8 dB.

Horizontal

,aoO

-- Measured antenna pattern, angle max = -41 degree
-- Simulated antenna pattern, angle max = -33 degrees

--Max =65 IdB~VI

Figure 7.20: The radiation pattern ofthe TSA
slot antenna in the vertical position, polariza
tion along the Phorizontal.

Vertical

,ao'

-- Measured antenna pattern, angle max = 87 degr
-- Simulated antenna pattern, angle max = 90 degrees
--Max =731d~VJ

Figure 7.21: The radiation pattern of the TSA
slot antenna in the vertical position, polariza
tion along Pvertical
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The second antenna that was measured was the bow-tie slot antenna designed for 24 GHz. In
the simulations there is a null in the horizontal e= 90° plane see Figure 6.29, to obtain the sim
ulated results the eangle was set to 60° corresponding to the maximum in the eplane. The ra
diation pattern in Figures 7.22 and 7.23 is rotated 90 degrees clockwise compared to Figure 6.32.

Horizontal

-- Measured antenna panem. angle max = 28 degree
-- SimuLaled antenna panam, angle max = 39 degrees
--Max:67 (dBjlVJ

Figure 7.22: The radiation pattern of the bow
tie slot antenna in the horizontal position, po
larization along Phorizcmtal'

Horizontal

0'
60

-- Measured antenna pranem. angle max = -150 degrees
-- SirrJJ.lated antenna pattern, angle max = -144 degrees
--Max = n \d8tJVJ

Figure 7.24: The radiation pattern of the bow
tie slot antenna in the vertical position, polar
ization along Phorizcmtal'

Vertical

if
80

_900 ..•

-- Measured antenna pattern, angle max = 176 degrees
-- Simulated antenna pattern, angle max =78 degrees
--Max; 72 !dB~VJ

Figure 7.23: The radiation pattern of the bow
tie slot antenna in the horizontal position, po
larization along Pvertical.

Vertical

:-.-:-=-1:.... :.... 1 90'

-- Measured antenna pattern. angle max = -13 degrees
-- Simuialed antenna panem, angle max :::: 132 degrees
--Max = 59 Id8tJVj

Figure 7.25: The radiation pattern ofthe bow
tie slot antenna in the upright position, polar
ization along Pvertical.

The cross polarization was found to be 5 dB. The radiation pattern has two main lobes and two
weaker lobes where the weaker lobes were found on the connection side of the antenna. For the
last measurement the bow-tie slot antenna was placed in the vertical position, in the YZ plane
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and the polarization along Phorizantal and the polarization along Pvertical were measured. The
strongest component was the polarization along Phorizantal' The radiation pattern in Figure 7.24
is rotated 90 degrees counter clockwise compared to Figure 6,31. The cross polarization was
found to be 18 dB.
There was no measurement equipment available to perform measurements on the bow-tie an
tenna designed for 60 GHz.
There were no possibilities to measure the absolute gain of the antennas in the EMC room.
However the relative gain ofthe antennas could be measured. Therefore a two port measurement
was made with a vector network analyzer. A patch antenna comparable to the antenna described
in Section 5.2 was used as a reference. The polarization was vertical and the gain of this antenna
is 6.7 dBi see Table 5.1. First the S21 parameter of two reference antennas was determined. Then
one of the reference antennas was replaced by the antenna under test and the S21 parameter
was measured. Thereafter the S21 parameter of two antennas under test was measured. Based
on these three measurements the relative gain could be determined. In all cases the antennas
were positioned in such a way that the S21 parameter between the antennas reached a maximum.
The results of the 24 GHz measurements are given in Table 7.2, in this case the power was
averaged over the bandwidth 23.5 to 26.5 GHz. A better bandwidth would have been 22 to 29 GHz
corresponding to the frequency band as presented in Section p.I. However the patch antenna
does not have a large bandwidth and measuring over the 22 to 29 GHz band would produce gains
that are too high. This can be explained by the higher return loss of the patch antenna when
measuring outside the radiation band. The upper frequency was fixed by the upper frequency of
the network analyzer which is 26.5 GHz.

TSA - TSA
Patch - TSA
Difference
Patch - Patch
Patch - TSA
Difference
Bow-tie 24 . Bow-tie 24
Patch - Bow-tie 24
Difference
Patch - Patch
Patch - Bow-tie 24
Difference

-40.3 dB
-38,9 dB
-1.4 dB
-39.2 dB
-38,9 dB
OJ dB
-42.2 dB
-41.4 dB
-0.8 dB
-39.2 dB
-41.4 dB
-2.2 dB

Table 7.2: The receive power for different antenna combinations of the bow-tie slot antenna and
the tapered slot antenna with the reference patch antenna in the frequency band 23-5 to 26.5
GHz.

In addition the measured maximum received power of the antennas under test were compared
to the maximum received power of the patch antenna. The results of this measurement are given
in Table 7-3- In this Table the gain based on the measurement in the EMC room is given.
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TSA -Hom
Patch Hom
Difference
Gain
Hom bow-tie 24
Hom patch
Difference
Gain

76.8 dBf,Lv
77.2 dBf,Lv
-0.4 dB
6.3 dBi
77.0 dBf,Lv
77.2 dBf,LV
-0.2 dB
6.5 dBi

Table 7.3: The maximum received power measured in the EMC room at 24 GHz.

In Table 7.4 the differences in power have been translated in to the gain of the antenna. There is
a spread of about 2 dB in the gain. This is inherent to the measurement.

Tapered slot
Bow-tie for 24 GHz

Table 7+ The measured antenna gains of the bow-tie slot antenna at 24 GHz and the tapered
slot antenna.

The same measurement procedure has been repeated for the bow-tie slot antenna at 60 GHz. The
reference antenna was the hom antenna that was used for the radio propagation experiments see
Table 8.1. Only one reference antenna was available. However this measurement failed due to
problems with finding the best alignment.

7.4 Summary antenna measurement

In Chapter 6 the simulated results of the antennas that were selected for fabrication were pre
sented. In this chapter the results of the measurements of the fabricated antennas have been
presented. In this Section the simulated and measured results will be compared. In addition the
performance of the antennas is compared to the requirements set in Chapter 3.
In the case of the TSA sample three was selected. This selection was based on the lower return
loss over the entire bandwidth. In Table 7.5 the requirements, simulated and measured results of
the antennas designed for the automotive radar system are given. The most important require
ment was the bandwidth requirement of 5 GHz. This requirement was met by the tapered slot
antenna and the bow-tie slot antenna based on the simulated and the measured return loss band
width. The bandwidth of the bow-tie slot antenna is correctly placed in the allocated spectrum.
In addition the bandwidth of the fabricated antenna is larger than the simulated bandwidth. The
return loss bandwidth of the tapered slot and was not placed correctly in the allocated spectrum
based on the measured data. The measured bandwidth of the tapered slot antenna is larger than
the simulated bandwidth. An antenna gain of at least 6.5 dBi is required. This requirement is not
met by the bow-tie slot antenna at 24 GHz. The measured and simulated gain are comparable.
In setup a gain was measured with the TSA that meets the requirement. There is however a large
spread in the gain measurements. The measured gain of the TSA is higher than the simulated
value. However the requirement gain is not met by these antennas.
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Bow-tie 24 GHz TSA
Parameter Requirement Simulated Measured Simulated Measured
flow 22 GHz 15.3 GHz 14.3 GHz 20.8 GHz 25.2 GHz
fhigh 29 GHz 30.1 GHz 33.3 GHz 28.9 GHz >40 GHz
BW 5 GHz 14.8 GHz 19.0 GHz 8.1 GHz >14.8 GHz
Gain > 6.5 dBi 4.7 dBi 4·5 - 5·9 dBi 3.4 dBi 5.3 -7.0 dBi
Directivity N.A. 6.4 dBi N.A. 6.0 dBi N.A.
Efficiency N.A. 67.8 % N.A. 55% N.A.
Mean Group delay N.A. 0.16 ns 1.8 ns 0.13 ns 2.3 ns
Max Group delay N.A. 0.32 ns 4.6 ns -0.51 ns 4.3 ns
Polarization N.A. Vertical Vertical Horizontal Horizontal
Cross polarization N.A. 4.21 dB 18 dB 4.76 dB 10 dB

Table 7.5: Simulated and measured antenna parameters of the antennas designed for 24 GHz.

The radiation pattern of the tapered slot antenna has two beams radiating along the x-axis, see
Figure 6.2. The two beams are polarized along the y-axis. This meets the expectations based on
the simulated results. The radiation pattern in the XZ plane see Figure 6.2 was not measured.
One measurement of the radiation pattern with e = 0° was available. The measured radiation
pattern was not below -35 dB of the radiation pattern measured in the ZX plane. Therefore this
requirement is not met.
The radiation pattern of the bow-tie antenna is more complicated. The antenna is placed along
the z-axis see Figure 6.21. The strongest radiation of the bow-tie antenna for 24 GHz is found in
the YZ plane and is orientated along the x-axis. The radiation pattern consist of 4 beams. There
is also a polarization component orientated along the z-axis which reaches its peak value at the
y-axis. The radiation in the XZ-plane was considerably less strong however the requirement of
-35 dB is not met.
A scaled version of the bow-tie slot antennas had been designed to operate at 60 GHz. The re
quirements in addition to the simulated and measured results are given in Table 7.6. The main

Bow-tie 60 GHz
Parameter Requirement Simulated Measured
flow 59 GHz 48.0 GHz 42.0 GHz
fhigh 64 GHz 65.2 GHz 61.5 GHz
BW 5 GHz 17.2 GHz 20.5 GHz
Gain N.A. 2.7 dBi N.A.
Directivity N.A. 4.7 dBi N.A.
Efficiency N.A. 63·2 % N.A.
Mean group delay N.A. 0.10 ns 1.3 ns
Max group delay N.A. 0.12 ns 3.2 ns
Polarization N.A. Horizontal Horizontal
Cross polarization N.A. 2.6 dB N.A.

Table 7.6: Simulated and measured antenna parameters ofthe antenna designed for 60 GHz.

requirement ofa return loss bandwidth ofat least 5 GHz was met by the simulated and fabricated
design. The upper frequency ofthe measured bandwidth is placed too low. The simulated gain of
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the bow-tie slot antenna for 60 GHz was 2.7 dBi. The measurement of the gain failed. Although
no requirement was set to the gain it is believed that this gain is too low since the path loss at 60
GHz is very high.
There are no measurements of the radiation pattern of the bow-tie slot antenna for 60 GHz. It
was exp.ected that the radiation pattern is comparable to the radiation pattern of the bow-tie slot
antenna for 24 GHz. This assumption is based on the fact that the bow-tie antenna for 60 GHz
is a scaled version ofthe bow-tie antenna for 24 GHz. Simulations have shown that the radiation
pattern is not the same as for the bow-tie slot antenna at 24 GHz. In addition while the polariza
tion of the bow-tie for 24 GHz is vertical a horizontal polarization was found for the bow-tie for
60 GHz. A simple measurement with the reference fan beam antenna has proofed the simulated
result. The difference can be explained by the dimensions of the stub and the slot. Although the
antenna was first scaled the width of the top end ofthe stub was later decreased.
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Chapter 8

Small-scale indoor radio channel
measurements

In wireless systems the transmitting antenna emits an electromagnetic wave that follows a path
through space and is received by the antenna ofthe receiver. The path ofthe electromagnetic wave
can be a direct line of sight (LOS) or can be an indirect non line of sight path (NLOS). The radio
coverage can be estimated with the large-scale propagation models. Large-scale models predict
the average received signal strength over large distances when compared with the wavelength.
The strength of the received signal over small distances, in the order of tens of wavelengths, is
predicted by the small-scale or fading models. This chapter focuses on the small-scale models.
In this project two frequencies are investigated, namely 24 GHz for the car radar system and
60 GHz for the wireless LAN system. The 24 GHz band is used in an outdoor environment.
This complicates the measurement procedure of small-scale measurements. In addition the en
visioned application does not need small-scale measurements. The 60 GHz band will be used
for an indoor wireless LAN system. Up till now there has not been much research in the field of
60 GHz small-scale measurements. In this chapter the theory of small-scale measurements and
the results ofmeasurements that were performed at the Eindhoven University ofTechnology will
be presented.

In the past large-scale measurements as well as ray tracing simulations have been performed
at the Eindhoven University of Technology. The room that was used for these measurements
has however changed since the last measurement. These simulations can nonetheless give an
idea of the expected values for the small-scale measurements for more information about these
measurements see reference [21].

In the first Section 8.1 the properties of an indoor radio channel will be treated. In the second
section the measurement setup will presented 8.2. In the next two sections 8.3 and 8-4 the time
dispersion parameters and the fading statistics will be treated respectively. The results ofthe mea
surements are presented in the next Section. In the last Section a summary of the measurement
results will be presented.

8.1 Indoor radio channels

The measurements performed in this project focus on an indoor environment in which the trans
mitting and receiving antenna are placed in the same room. In this environment the radio waves
travelling between the receiving and transmitting antenna are reflected, scattered or diffracted.
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Due to this specific nature of this environment a large number of paths exist between the receiv
ing and transmitting antenna. This fenomenon is commonly referred to as multipath propaga
tion. Indoor radio channel measurements are performed over two different ranges. In the first
range the separation between the antennas is varied with distances larger than the wavelength of
the transmitted signal. In the second range the separation between the antennas is varied with
distances smaller than the wavelength of the transmitted signal. The first range is referred to
as large-scale measurements, the second range is referred to as small-scale measurements. This
project focuses on the small-scale effects ofradio channels at 60 GHz. The large-scale effects of
outdoor environments are not considered.

In indoor radio channels rapid fluctuations in the amplitude, phase, or multipath delays of a
radio channel over a short period of time or travel distance exist, see reference [22]. These rapid
fluctuations are caused by the interference of one or more versions of the transmitted signal
which arrive at the receiver at slightly different times. This interference produces three effects.

I. Rapid changes in signal strength over a small distance or time interval.

2. Random frequency modulation due to varying Doppler shifts on different multipath sig
nals.

3. Time dispersion caused by multipath delays.

Four different factors can be distinguished that influence small-scale fading.

I. Multipath propagation: Objects might be placed along the transmission path. The emitted
radio signal is reflected or scattered by these objects. This results in the arrival of multiple
versions of the emitted radio signal that differ in magnitude, phase, angle of arrival and
time of arrival. These versions are added vectorially which results in fluctuations in signal
strength. This is illustrated by figures 8.2 and 8.3. In these figures the power ofthe received
signal in the XY plane at one frequency component is depicted. The large nulls and peaks
in the signal, which are typical in narrowband fading. are clearly visible. More informa
tion about the measurement of figures 8.2, 8.3, 8.4 and 8.5 can be found in Table 8,3 under
measurement M7.

Figure 8.1: Multipath propagation in an indoor environment.
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Figure 8.3: The power ofthe received signal
in the XY plane of one frequency compo
nent, 60 GHz depicted in a contour plot.

2. Bandwidth of the transmitted signal: A bandwidth can be defined for the radio channel in
which two frequency components have a strong amplitude correlation. If the bandwidth of
the transmitted signal is larger than the bandwidth of the radio channel, then the received
signal will be distorted. However the signal strength will not fade much over a small area.
This situation is referred to as frequency selective fading.
In the other case, the bandwidth of the signal is smaller than the bandwidth of the ra
dio channel, the amplitude of the received signal will vary rapidly over a small area. This
situation is referred to as flat fading. The signal will however not be distorted.
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Figure 8+ Three dimensional plot of the Figure 8.5: Contour plot of the power of the
power of the received signal in the fre- received signal in the frequency range 58-
quency range 58-60 GHz in the XY plane. 60 GHz in the XY plane.

The difference between the total energy over a frequency range and the power of one fre
quency component in the XY plane can be dearly seen by comparing figures 8.2 and 8.3
with figures 8-4 and 8.5. The figures 8.2 and 8.3 will vary for different frequencies, by
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taking the total power over the bandwidth under consideration the fading effects will be
averaged out. By increasing the bandwidth the fading will become less however the signal
distortion will increase.

3- Speed of the receiver: The relative speed between the transmitter and the receiver results
in a random frequency modulation due to Doppler shifts on each of the multipath compo
nents.

4- Speed of objects in the transmission path: the motion of objects along the transmission
path induces a time varying Doppler shift on the multipath components.

The measurements performed in this project where performed during hours when there were no
employees at work. The speed of the receiving antenna, the transmitting antenna as well as the
objects in the environment during the measurements was zero. Therefore the factors indicated
with number 3 and 4 as described above can be neglected. As a consequence the radio channel
can be considered as wide sense stationairy. Moreover it is assumed that the waves arriving at the
receiver and following different paths are uncorrelated in attenuation, phase shift and time delay.
This is referred to as uncorrelated scattering. This type of radio channels is referred to as wide
sense stationary uncorrelated scattering (WS SUS) channels.

In reference [22] a general model for the radio channel is given. Here the radio channel is
modelled as a linear filter with a time varying impulse response. The time variation is caused
by the movement of the receiver or objects along the transmission path. The filtering nature of
the channel is caused by the summation of the amplitudes of multipath components and the
delays of the multipath components. The received signal, y(d, t), is given by the convolution of
the transmitted signal, x(t), with the impulse response of the radio channel, h(d, t).

y(d, t) = x(t) * h(d, t) = lt
oo

x(t)h(d, t - T)dT (8.1)

where d represents the location of the receiver and T represents the delay in seconds due to the
multipath propagation. In this case the excess delay is taken, that is the amount of time after the
arrival of the first multipath component. This excess time delay can be divided into N bins. The
resolution in the time domain is dependent on the bandwidth of the measurement B.

6.f
B
N
271"

N
1

N6.f

The width of a bin is given by 6.T and represents the time resolution.
The baseband impulse response of the radio channel can be given by:

N-l

h(t, T) = L ai(t, T)e?¢Ji(t,T)b(T - Ti)
i=O

(8.2)

where ai(t,T) represents the real amplitude of the i th multipath component, Ti(t) is the excess
delay of the i th bin and ¢i (t, T) represents the additional phase shifts that were encountered in
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the channel at time t. In this project the radio channel was assumed to be wide sense stationary,
therefore the time dependence t can be removed. The simplified version is given by:

N-l

h(T) = L ai(T)eB;(7)S(T - Ti)
i=O

In the next the used measurement setup will be treated.

8.2 Measurement setup

In this Section the used measurement setup is described. An important parameter of the radio
channel is the distribution of the amplitude of the received signal. To obtain the distribution
a large number of measurements have to be performed in a small area. In this project a XY
table was used to precisely move the receiving antenna over fractions of the wavelength. The
receiving antenna can be moved on the Table with steps which can be as small as a fraction ofthe
wavelength corresponding to the upper frequency of the measurement that is performed. The
area over which the transmit antenna can be moved is 1.02 m by 0.82 m. On each point on
the XY table the frequency transfer function is measured by a vector analyzer (HP 8SIOC). Each
measured frequency transfer is transferred to a PC where it is stored for further processing. The
measurement setup is depicted in Figure 8.6. This network analyzer can not measure signals up
to 60 GHz. Therefore two mixers are used which up convert the signal to 60 GHz.

Receive antenna
Transmit antenna Network analyzer

x:Y table

Mixer

Figure 8.6: Measurement setup.
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The transmit antenna is connected to the network analyzer by waveguides. The receive antenna
is connected by semi rigid cables to enable displacement of the antenna. Three different anten
nas have been used. In Table 8.1 the parameters of the used antennas are included. The omni
directional and fan beam antennas were the same antennas as used in reference [21]. The fan

Half power beam width
Type of antenna Vertical-plane Horizontal-plane Gain
Omni directional 9.0° omni directional 6.5 dBi
Fan beam 12.0° 7°.0° 16.5 dBi
Bow tie N.A. N.A. 2.7 dBi (simulated)

Table 8.1: The parameters of the antennas used in the measurements.

beam antenna was pointed at the transmit antenna in the LOS situation or was pointed along the
shortest path in the NLOS situation. The bow-tie antenna was placed in the XZ plane see Figure
6.21 where the y-axis is aligned with the shortest path for the LOS and NLOS situations.
Two types of measurements have been performed. In the first type a direct line of sight path
existed, in the second type there was no direct line of sight path. In addition of the six measure
ments (two types times three antennas) two measurements have been performed with a higher
resolution in the frequency domain and more data points in the spatial domain. In total eight
measurements have been performed.

Bndl; wall sIde ,

2,3mx 1,Om

Vector network enalyzer
1.7 mll: 0,13 m

'.
f LegendE

!:;:
2.3mx1.0m O.8m

I I
Bnc::t< wall Me\al cabtnet

side 3anel

I IE 1,3 mll: 0.6 m

1.5m:.: 1.2m ~

1,1m

13,7 m

Figure 8.T Topography of the measurement room at the Technical University of Eindhoven for
the line of sight measurement.

The dimensions of the room are 11.2 x 6.0 x 3.2m3 . The long sides are made offbrick walls. The
window side consists ofwindow glasses with a metallic frame ranging from one meter above the
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Figure 8.8: Topography of the measurement room at the Technical University of Eindhoven for
the non line of sight measurement.

floor up to the ceiling and a metal heating radiator below the windows. Outside the building, the
windows are covered with a thin cool shade curtain made of copper, not depicted in the figure.
The floor is made of concrete covered with linoleum and the ceiling is also made of concrete but
covered with aluminium plates and light holders. Two aligned cabinets are located in the middle
of the room. To create a true NLOS area, a cabinet is moved to elongate the cabinet wall and the
spaces between the cabinets and the ceiling are blocked by aluminium foil. The antennas were
placed at a height of 2 meters above the ground. The topography of the measurement room is
depicted in Figure 8.7 for the LOS setup and in Figure 8.8 for the NLOS setup.

The network analyzer measures the S2I parameter in the frequency domain. The maximum
number of points in the frequency domain was 801. The network analyzer was calibrated before
each measurement. Therefore the antennas were removed from the setup and the waveguides
were connected at the end points, thus the reference plane was placed at the connection point of
the antennas. The network analyzer was calibrated with a thm calibration. I Next the S2I parame
ter is measured and recorded at each point in the measurement area. The database with recorded
S2I parameters is then loaded into Matlab for further processing. The recorded S2I parameters
are multiplied by a Gaussian window with a = O.886B where B represents the bandwidth. This
results in a sidelobe level of -42 dB, see reference [23]. This filter is not causal, therefore a delay
is added. Thereafter the discrete Fourier is applied to the filtered S2I parameter.

In Table 8.2 the configuration ofmeasurement MI up till M6 is presented where 0 stands for
omni directional, F for Fan beam and BT for bow-tie. In each measurement only one parameter

'The bow-tie antenna is fitted with a coax connector. Therefore an adapter is used to connect this antenna to the
waveguide. The calibration of this setup is performed without the adapter.
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Antenna type 0-0 O-BT O-F 0-0 O-BT O-F
Environment LOS LOS LOS NLOS NLOS NLOS
Antenna height 2m 2m 2m 2m 2m 2m
Shortest path length 6m 6m 6m 10m 10m 10m
Lower frequency 58 GHz 58 GHz 58 GHz 58 GHz 58 GHz 58 GHz
Upper frequency 60GHz 60GHz 60GHz 60GHz 60GHz 60GHz
N 201 201 201 201 201 201
Time resolution 0.5 ns 0.5 ns 0.5 ns 0.5 ns 0.5 ns 0.5 ns
Total measurement 100 ns 100 ns 100 ns 100 ns 100 ns 100 ns
time
Number of wave- 4 4 4 4 4 4
lengths x direction
Number of wave- 4 4 4 4 4 4
lengths y direction
Points per wave- 10 10 10 10 10 10
length
Runtime 9.5 h 9.5 h 9.5 h 9·5 h 9.5 h 9.5 h

Table 8.2: The parameters of the measurement where 0 stands for omni directional, F for fan
beam and BT for bow-tie.

is changed which makes it easier to compare the results. In M4 up till M6 the space above
the cabinets has been shielded with aluminium foil to construct a true NLOS situation. All the
measurements presented in this Table have been performed during the night. Because of the
absence ofmovement in and around the measurement room the radio channel can be considered
stationary. However even during the day it is likely that the channel is stationary since signals at
60 GHz will not penetrate the walls. The choice of the number ofpoints in the frequency domain
and the number ofdata points is a compromise. To perform a statistical analysis it is important to
have a large number ofdata points. This would however result in a very long runtime. This could
be solved by measuring over less points in the frequency domain. Measuring over less points
in the frequency domain would decrease the accuracy of the measurement. Taking into account
both considerations a comprise has been made. In addition to the six measurements two other
measurements were made. The settings of these two measurements are given in Table 8+ The
aim of these measurements was to obtain data at a higher resolution. This data has been used
to calculate the coherence bandwidth. However no accurate value for the coherence bandwidth
could be obtained with these settings. The reason is that the used vector network analyzer can
only measure over 801 points and the measurement bandwidth is 2 GHz. Measurements M7
and M8 have also been used to plot the three dimensional plots of the strength of the received
signal.
In the next two sections the parameters that are commonly used to describe the indoor small
scale radio channel will be treated.
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Antenna type a-a 0-0
Environment LOS NLOS
Antenna height 2m 2m
Shortest path length 6m rom
Lower frequency 58 GHz 58 GHz
Upper frequency 60GHz 60GHz
N 80r 80r
Time resolution 0.5 ns 0.5 ns
Totalmeasurementtirne 400ns 400 ns
Number ofwavelengths x direction 5 5
Number ofwavelengths y direction 5 5
Points per wavelength ro ro
Runtime 65 h 65 h

Table 8.3: The parameters of the measurement where a stands for omni directional

8.3 Time dispersion parameters

The power delay profile (PDP) is an important tool for the evaluation of a radio channel. The
PDP is given by the ensemble average of the squared absolute value of the transfer function
PPDD(T) = Ed(lh(d) 1

2
) over an area in the order of several wavelengths. It represents the power

output of the radio channel as a function of the excess delay T with respect to a fixed time delay
reference. The PDP at one position PPDD(T,d) = Ih(T,d)1 2 is commonly called the local PDP.
The radio channel can be characterized by parameters derived from the PDP and the Fourier
transform of the PDP. The power delay profile from a LOS measurement using two omni di
rectional antennas is depicted in Figure 8.9. More information about this measurement can be
found in Table 8.2 under measurement Mr.
The local mean excess delay time is defined as:

(d) = 2:k aZTk
T, '\' 2

LJkak

This is the first moment of the power delay profile. In Equation 8.4 it is assumed that the trans
mitted pulses can be described by Dirac pulses. However in most practical situations the pulses
can not be described by Dirac pulses. Therefore a second method is used to calculate the local
mean delay of the signal:

()
JoOOtPPDD(T,d)dT

Td-~=-----
- JoooPPDD(T,d)dT

The second moment of the PDP is called the root mean square (RMS) delay spread and is defined
as:

(jT (d) = J;2 (d) - T2(d)

where

(8.6)
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Figure 8.9: Power delay profile averaged over all measured points in the XY-plane, LOS measure
ment using two omni directional antennas, see Table 8.2 measurement MI for more details.

The RMS delay spread can also be calculated by using integrals, the equation for the local RMS
delay spread is then given by:

(00 [ _ .foe<) tPPDD(T,d)dT] 2 P ()d
)0 7 .1';' PPDD(T,d)dT PDD 7 7

10
00

PPDD(7,d)d7

The RMS delay spread and the mean delay spread are measured from the time that the maximum
signal arrives 70. The last time dispersion parameter from the PDP is the maximum excess delay
7 x . This time is defined as the excess delay for which the received signal energy falls to x dB
below the maximum received energy of one of the multipath components. In this report the x
dB was calculated as the time that the first peak of the PDP falls below x dB off the maximum
received signa1. The time dispersion parameters have so far been defined at a certain place d in
the XY-plane. They are referred to as local time dispersion parameters. A more practical value for
these parameters is obtained by taking the ensemble average of the parameters on all the points
in the xy-plane. The ensemble average parameters are referred to as averaged time dispersion
parameters and will be denoted by placing a bar over the parameter.

T = Ed(7)

ifT = Ed (O"T)

In Figure 8.10 and 8.11 a three dimensional plot and a contour plot of the RMS delay spread para·
meter for all the data points in the xy-plane are given respectively.
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Figure 8.10: 3D plot of the RMS delay spread
in the XY-plane for a LOS measurement, see
Table 8.2 measurement MI for more details.

Figure 8.n: Contour plot of the RMS de
lay spread in the XY-plane for a LOS mea
surement, see Table 8.2 measurement MI for
more details.

In Figure 8.11 can be clearly seen that the RMS delay spread is clustered. There exist a rela
tion between the amplitude of the signal and the RMS delay spread. This is shown is in Figure
8.12. In this case the RMS delay spread decreases with increasing received power. In other
measurements the opposite effect has been found as well. In equations 8-5 and 8.7 the PDP is
integrated between 0 ::; t ::; 00. However in practice the first signal does not arrive at t = 0 and
the measurement time is finite. Therefore the integrating time is limited to TO ::; T ::; tend where
TO is the time that the strongest multipath component arrives. In Figure 8.9 can be seen that the
received signals drown into the noise before the time T = Tend is reached. Moreover in Equation
8.7 can be seen that the RM S delay time is dependent on T

2. Therefore the noise will increase the
RMS delay time for large values ofT. To prevent the influence ofthe noise on the time dispersion
parameters the measurement time shortened Tend « 1/B. In this report the measurement time
for the time dispersion parameters is TO ::; T ::; Tx .

Another parameter used to describe the radio channel is the coherence bandwidth. The coher
ence bandwidth is defined as the range of frequencies over which two frequency components
have a strong potential for amplitude correlation, see reference [22]. In the coherence bandwidth
all spectral components will be passed with approximately equal gain and phase. The coher
ence bandwidth Be is determined by the range of frequencies for which the correlation function
exceeds a fixed value i.e. 0.5 or 0.9. The correlation function is given as:

J~2 H(w)H*(w + rt)dw
C(rt)(d) = J~2 H(w)H*(w)dw (8.8)

where w = 2n}, C(rt) is the local correlation function evaluated in the band Wi < w < W2

and rt is the frequency difference. H(w) is the frequency domain representation of the impulse
response and * indicates the complex conjugate. The ensemble average of C(rt) over all data
points in the XY plane is denoted by Ed(C(rt)) = C(rt). The correlation function ofa NLOS
measurement using two omni directional antennas is depicted in Figure 8.13. In this figure the
average coherence bandwidth ofall data points in the XY plane is depicted. In practical situations
the equation given in 8.8 might not be applicable. To obtain an accurate value of the coherence
bandwidth a high resolution in the frequency domain is necessary. The effect of a low resolution

Antenna design and radio channels for emerging microwave applications



94 Chapter 8. Small-scale indoor radio channel measurements

Scatter plot of the rms delay spread and total signal power in the time domain
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Figure 8.12: Scatter plot of the RMS delay spread and the total power in the time domain of the
received signal for all data points in the xy-plane.
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Figure 8.1r Correlation function C(O) of a measurement in a LOS situation using two omni di
rectional antennas plotted against 6.f. The measurement bandwidth was 2 GHz and the number
of points was 800 therefore the frequency resolution was 2.5 MHz see Table 8.3 measurement
M8 for more details about this measurement.

is visible in Figure 8.13. The coherence bandwidth was found to be 5 MHz for a correlation factor
of 0.9 and 10 MHz for a correlation factor of 0.5.

However when performing a wide bandwidth measurement the number of points per fre
quency sweep N is limited. Or in the case of small-scale measurements the measurement time
per point in the XY plane can be limited. For example when performing a measurement during
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the night the time is limited to about 12 hours. If the IF bandwidth and sweep time of the vector
network analyzer are not changed increasing N will increase the measurement time. Therefore
there is a tradeoff between the number of points in the XY plane and the number of points per
frequency sweep N. A possible solution could be to decrease B. In this case Be will only be valid
for this smaller bandwidth. Considering this drawbacks two approximations are often used to
obtain the coherence bandwidth see reference [22]:

Be
1

(8,9)~

50ifT

Be
1

(8.10)~

5ifT

Equation 8.9 is used if the correlation function is at least 0.9, Equation 8.10 is used if the corre
lation function is at least 0.5. When using the approximations the coherence bandwidths were
found to be 1.96 MHz and 19.62 MHz for the correlation factors of 0.9 and 0.5 respectively.

8.4 Small-scale fading

Multiple versions of the transmitted signal arrive at the receiving antenna, these versions differ
in amplitude, phase and delay. The phase of the received signal changes 1800 when the receiving
antenna is displaced 2.5 mm at 60 GHz. Generally the attenuation and time delay do not change
considerably over such a distance. At the receiving antenna the versions are added vectorially. The
difference in phase of the received signals causes peaks in the received power when the versions
are added constructively or causes nulls when the versions are added destructively. This behavior
is called small-scale fading and is superimposed on the large-scale path loss.

In the past many narrowband measurements were performed on radio channels at other fre
quencies. Based on these measurements the Rayleigh fading distribution was chosen to describe
the statistical spatial varying nature of the received envelope of the signal. If the radio channel
is measured over a bandwidth of B Hz then the time resolution 6.t is given by 1/B s . When
6.t is large a large number of multipath components M, will be received in one interval. The M
multipath components will be vectorially added. The central limit theorem can now be used to
find the distribution of the summed multipath components. Let Xl, X 2 , ... X M , be a set of M in
dependent random variants and each Xi has an arbitrary probability distribution P(Xl' X2, ...XM)
with mean J.Li and variance O"i then the variant has a limiting cumulative distribution function
which approaches a normal (Gaussian) distribution. The normal distribution is given by:

(8.n)
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The amplitude of the received signal contains an in-phase x and a quadrature component y.
The histogram of the in-phase (real) component is depicted in Figure 8.17, the histogram of the
quadrature (imaginary) component is depicted in Figure 8.15. The obtain these results the set
tings from M7 given in Table 8.3 have been used. In addition all distribution have been analyzed
in a time period with half the length of the measurement time. The amplitudes of both com
ponents will have a normal distribution if M is large, with means J-Ll and J-L2 and equal variance
a. If the in-phase and quadrature components have a Gaussian distribution with zero mean
J-Ll = J-L2 = 0 then the amplitude of the received signal will follow a Rayleigh distribution:

1'>0
q:SO

(8.12)

When the mean ofthe in phase and quadrature component is not zero J-Ll = J-L2 =I- 0, an additional
component is present in the signal. This occurs for example when there is a LOS connection
between the transmitting and receiving antenna. The amplitude of the received signal then has a
Ricean distribution given by:

7'>0
1':SO
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where 82 and 20"2 are the power of the dominant path and scattered paths respectively, 10 is
the oth order modified Bessel function of the first kind.
The Ricean distribution can be described using the so-called k-factor. The k-factor is defined as
the ratio between the power of the dominant path to the power of the other paths:

k(d) = Pdcrminant(d)
Pscattered(d)

where the Tmax is the moment in time when the dominant signal is received, Pscattered(d) is
measured over the entire measured time. In this project the following formula from [24] is used
to calculate the k-factor:

VI - O"k
K=

1 - VI - O"k

where the variance of the Ricean distribution O"k is given by:

(8.r6)

where R is a vector with elements Rd = IL:~ol hd(Ti)l. With the k-factor and a scaling factor
Op = E(R2

) the PDF of the Ricean distribution can be written as:

fR(T) = 2(K + I)T exp {-K _ (K + I)T
2

} 10 {2rJK(K + I)}
~ ~ ~

with T ~ 0, K ~ 0, Op ~ 0. The mean value J-lR of the Ricean distribution is given by:

J-lR = J~~2) = J4(K
7r

+ 1) exp (-:) [(K + 1)10 (~) + Kh (~)] (8.r8)
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A low K-factor K ~ 0 indicates that there is no strong dominant path present, the amplitude dis
tribution of the absolute value of the received signal will transform into a Rayleigh distribution.
A high K-factor K » 1 indicates that a strong dominant path is present, the amplitude distri
bution will be approach a Gauss distribution. Regarding the phase of the received signal. It was
found the phase distribution is not necessarily uniform. In some cases peaks were found around
1800

• This occurred with the distributions of the phase for which a high k-factor was found in
the amplitude distribution as well as in cases where a low k-factor was found in the amplitude
distribution. More research is needed to clarify this behavior.

8.5 Measurement results

In this Section the results of the measurements are presented. The six measurements that were
performed with a lower number of data points and resolution in the frequency domain will be
presented. The figures for this Section are included in Appendix E

Mean P (60 GHz)
Var. P (60 GHz)
Max. P (60 GHz)
Min. P (60 GHz)
Mean BW Power
Var. BW Power
Max. BW Power
Min. BW Power

-7°.0 dB
-150.8 dB
-61.8 dB
-100.8 dB
-67.3 dB
-191.4 dB
-66.4 dB
-68.2 dB

-70.3 dB
-153.5 dB
-61.4 dB
-1°5.6 dB
-70.8 dB
-205.7 dB
-70.2 dB
-71.5 dB

-60.3 dB
-136.2 dB
-53'3 dB
-94.7 dB
-61.0 dB
-182.5 dB
-60.3 dB
-61.7 dB

-77.7 dB
-163.5 dB
-66.7 dB
-107.9 dB
-73.0 dB
-200.8 dB
-72.1 dB
-74.0 dB

-72.7 dB
-163-1 dB
-65.8 dB
-95.8 dB
-72.3 dB
-214.9 dB
-71.8 dB
-72.8 dB

-62.7 dB
-145.6 dB
-57.0 dB
-91.6 dB
-65.8 dB
-190.3 dB
-65.1 dB
-66.7 dB

Table 8+ The power of the received signal at 60 GHz and the total power in the frequency band
between 58 GHz and 60 GHz.

In Table 8-4 the received power is given. In wide bandwidth measurements a clear difference can
be seen between the power measured at one frequency component and the power measured over
the entire bandwidth. In addition the received power is dependent on the used receive antenna,
in all cases an omni directional antenna was used as transmitter. The lowest received power was
observed when the bow-tie antenna was used. The highest received power was observed when a
omni directional antenna was used as a transmitter and a fan beam antenna was used as a receive
antenna. This can be explained by the higher gain and directivity of the fan beam antenna over
the omni directional antenna and the bow-tie. A clear difference can be observed between the
power measured at one frequency (60 GHz) for the LOS and NLOS case. The received power in
the NLOS situation is 2.4 to 7.7 dB lower than in the LOS situation. When measuring the total
power in the frequency band 58 - 60 GHz the received power in the NLOS situation is only 1.5
to 5.7 dB lower than the LOS situation. The distance between the transmit and receive antenna
for the NLOS situation is larger and therefore the free space path loss is higher. In addition to
the increase in free space loss there is also energy lost when the signal is reflected from the wall.
In this case of the bow-tie antenna the received power is only 1.5 dB lower. The next parameters
that were investigated are the time dispersion parameters. These parameters are given in Table
8.5. The length of the shortest path between the receive and transmit antenna was 6 m for the
LOS situation and 10 m for the NLOS situation. The expected travel time will therefore be 20 ns
and 33 ns for the LOS and NLOS situation respectively. However a time delay was added to the
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TO 23 ns 5 ns 23 ns 36 ns 5 ns 36 ns
T 9.09 ns 16.50 ns 6.60 ns 7.83 ns 12.17 ns 13.66 ns
maxT 11.21 ns 18.73 ns 8.31 ns 10.88 ns 16.86 ns 16.30 ns
mrnT 6.71 ns 12.98 ns 5-19 ns 5.52 ns 11.72 ns 10.94 ns
a r 7.92 ns 12.10 ns 7.15 ns 10.12 ns 12.98 ns 10.93 ns
maxar 9.67 ns 14.05 ns 7.99 ns 11.55 ns 14.78 ns 11.73 ns
minar 6,48 ns 10.52 ns 6.21 ns 8.75 ns 11.18 ns 9.84 ns
-25 dB time 42 ns 54.50 ns2 26 ns 37 ns 54.5 ns 2 36 ns
Bc=0.9 20 MHz 20 MHz 20MHz 20MHz 20MHz 20MHz

Bc=0.5 20 MHz 40 MHz 40 MHz 20 MHz 40 MHz 40 MHz
Apx. Bc=0.9 2.5 MHz 1.7 MHz 2.8 MHz 2.0 MHz 1.5 MHz 1.8 MHz
Apx. Bc=0.5 25.3 MHz 16.5 MHz 28.0 MHz 19.8 MHz 15-4 MHz 18,3 MHz

Table 8.5: The time dispersion parameters of the indoor radio channel. 2 x = ·22 dB because the
signal dropped below the noise level of -106 dB.

Gaussian filter to achieve a causal filter. This delay was approximately 2 ns. In the case that the
bow-tie antenna was used a strange effect is observed. In this case the strongest signal arrives
before the direct path component arrives. This effect has to be investigated further.

The RMS delay spread is comparable for the omni directional and fan beam receive antenna.
The bow-tie receive antenna has the highest RMS delay spread of the six measurements for both
LOS and NLOS situations.

The signal received by the bow-tie antenna has longest x dB time followed by the omni di
rectional receive antenna and the fan beam receive antenna. The small -25 dB time of the fan
beam antenna for the LOS situations can be explained by the fact that the antenna was pointed
towards the transmit antenna and will therefore not see reflections coming from the walls behind
the antenna.

In Section 8,3 the problem of the limited number of points in the frequency domain with
respect to the coherence bandwidth was mentioned. In Table 8.5 this problem is clearly visible.
The difference between the coherence bandwidth using Equation 8.8 and equations 8.9 and 8.10
is large. Therefore the latter equations are preferred.

In the figures E.4 till E.9 the impulse responses averaged over all the data points in the XY
plane for the measurements MI to M6 are depicted. De scatter plots of the signal strength (in
the time domain) against the RMS delay spread are given in figures E.IO to E.15. In most LOS
situations the RMS delay spread decreases when the received signal strength increases. Except
when the receiving antenna is a bow-tie antenna. In the NLOS situation the RMS delay spread
increases when the signal strength increases.

In Section 8,4 the Ricean distribution has been treated. This distribution has been fitted to
the measured absolute value of the summed received signal. In Table 8.6 the k-factors of these
fitted curves are given. In the situation that the fan beam antenna is used as receive antenna the
difference between the LOS and NLOS situation can be explained by the fact that the strongest
component will be weaker for the NLOS situation. Another effect occurs for the bow-tie and omni
directional antennas. Here the k-factor for NLOS situation is larger than for the LOS situation.
The increase ofthe k·factor for the NLOS situation is an unexpected effect. Due to the absence of
the direct path a k-factor which is lower than the k-factor in the LOS situation is expected. This
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was the case when the fan beam antenna was used as a receiver. However, the opposite effect
was measured when using the omni directional antenna and the bow-tie slot antenna. A possible
explanation for the high k-factor of the omni directional antenna could be that there were more
reflectors surrounding the antenna in the LOS situation then in the NLOS situation. Therefore,
the power of scattered waves in the LOS was higher than in the NLOS situation. The explanation
also applies to the bow-tie slot antenna. The fan-beam antenna will however not have received
waves coming from these reflectors due to the narrow beam which was pointed at the transmit
antenna.

Table 8.6: The k-factor of the Ricean distribution.

In addition to the distribution of the amplitude the distributions of the phase are also given, see
figures E.22 till E.27. In red the uniform distribution is given. This distribution fits the measured
data well if two omni directional antennas were used. In the case that the bow-tie or the fan beam
antennas were used the uniform distribution is no longer applicable. For both antenna types and
for both situations there is a peak around 180

0
•

8.6 Conclusions

The indoor radio channel at 60 GHz was measured using a setup in which the receiving antenna
could be displaced with steps of one tenth of the wavelength in order to obtain the small-scale
characteristics. A total of eight small-scale radio channel measurements has been performed.
Three different types of antennas have been used, an omni directional antenna, a fan beam an
tenna and an antenna developed in this project. In all cases an omni directional antenna was used
as a transmitter. In addition the measurements were performed in two different scenario's one
with a direct path and one without a direct path. The measured bandwidth was 2 GHz ranging
from 58 till 60 GHz and the measurement time was lOO ns.
The received power at 60 GHz was 2.4 to 7.7 dB lower in the case ofthe NLOS situation than the
power received at the same frequency in the LOS situation. The mean power in the frequency
band 58 - 60 GHz in the NLOS situation was I,S to 5.7 dB lower than the power received in the
same band in the LOS situation. The fan beam antenna had the highest received power followed
by the omni directional and bow-tie slot antenna. The omni directional antenna had the highest
increase in path loss when there was no direct path, followed by the fan beam antenna and the
bow-tie slot antenna.
The mean delay spread and RMS delay spread have been measured. The results of these mea
surements are given in Table 8.5. The lowest RMS delay spread was found when using the fan
beam antenna as receive antenna. The highest RMS delay spread was found for the bow-tie slot
antenna. For all antenna types the RMS delay spread was higher in the NLOS situation than in
the LOS situation.
The coherence bandwidth was calculated using two different approaches. The first approach
directly determines the correlation factor in the frequency domain. The second approach is an
approximation based on the RMS delay spread in the time domain. The second approach was
preferred because the resolution in the frequency domain was too low to calculate an accurate
value. The coherence bandwidth has the inverse behavior of the RMS delay spread.
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The small-scale measurement data was used to find the statistical distribution of the absolute
value and phase of the received signal. A Ricean distribution was fitted to the measured absolute
value of the received signal. The Ricean k-factor of measurements MI to M6 was determined.
The k-factor of the fan beam antenna was lower in the NLOS situation than in the LOS situation.
When using the bow-tie slot and omni directional antennas the k-factor was higher in the NLOS
situation than for the LOS situation.

The 60 GHz measurements have been performed only in one room. This limits the usability
ofthe obtained results. For a full understanding ofthe small-scale behavior ofthe 60 GHz indoor
radio channel it is necessary to perform more measurements at different locations. Although
three different antenna types have been used no investigation was done on the parameters of the
channel when the antennas were not placed at equal heights or when there is a misalignment
between the antennas.
This project has focused mainly on the time of arrival parameters and statistical distribution
functions. In Chapter 6 it was shown that the bow-tie slot antenna has a simulated gain of
2.6 dBi. It is assumed that this gain is too low. A possible solution could be the use of an
array of bow-tie antennas. In order to design a good antenna array the direction of arrival of the
electromagnetic waves has to be known. This was not investigated in this project. However the
small-scale measurements could be used as a virtual array. In this virtual array the data points
in the XY plane are treated as individual antennas. This can be done because the channel was
stationary during the measurement.

Antenna design and radio channels for emerging microwave applications



Chapter 9

Conclusions and recommendations

The advancement of silicon Ie processes opens up new opportunities to develop new consumer
microwave applications at frequencies which were considered to high in the past. In this project a
research in to the properties of transmission lines and antennas at high frequencies 24 GHz and
60 GHz has been performed. In addition the small-scale properties of an indoor radio channel
at 60 GHz have been investigated. In this chapter the conclusions of this project are presented.

9.1 Conclusions concerning the antennas

Two new microwave applications have been investigated. The first application is an automotive
radar system operating at 24 GHz which provides safety features and a parking aid. A bandwidth
of at least 5 GHz is needed to achieve a range resolution of 6 em needed for the parking aid. A
required antenna gain of at least 6.5 dBi was found in a link budget investigation. The second
application is a high speed wireless PAN system operating at 60 GHz. The main requirement
placed on the antenna for this system is a bandwidth of at least 5 GHz. The dimensions of the
antennas were restricted for both applications since it should be possible to integrate the antenna
with the circuits in a small module.
Transmission lines playa key role in the design of antennas. Moreover the design of transmis
sion lines becomes more important at high frequencies. The propagation constant, attenuation
factor and characteristic impedance of the microstrip line and the coplanar waveguide have been
determined. Frequency dependent models were implemented in Matlab and simulations in ADS
Momentum were performed. The models and simulations showed that the transmission line pa
rameters have a strong frequency dependence. A microstrip line with W = 700 J-Lm was found to
have a characteristic impedance of51 fl, an attenuation of52 dB/m and an effective permittivity of
3.2. The coplanar waveguide with dimensions W = 500 J-Lm and G = 75 J-Lm has a a characteristic
impedance of 50 fl, an attenuation of 44 dB/m and an effective permittivity of 2.1. These results
are calculated using the models implemented in Matlab. The outcome of a comparison between
the microstrip line and the coplanar waveguide was a higher degree of freedom in design and
the possibility of a lower attenuation factor for the coplanar waveguide. A transition element for
coplanar waveguides was designed. Simulations based on a cascaded transmission line model
and simulations in ADS momentum showed that the transition element was well matched to the
coplanar waveguides.

Prior to the antenna design a pre-selection was performed in a literature search in to wide
bandwidth antenna designs. Four of the pre-selected designs were based on the microstrip patch
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antenna design. These designs were chosen as a starting point based on the ease with which
these antennas can be designed. During simulations with these antennas no wide bandwidth
could be achieved. The main reason is the relatively high permittivity and small thickness of the
used substrate. Typically antennas based on the microstrip patch antenna achieved bandwidths
of 1.2 GHz for a single patch to 2.16 GHz for a double stacked patch. One design was found
which had a bandwidth of 5.2 GHz. However a suitable feeding structure was not found.
Designs with a slot in a metal ground plane were investigated next. Two types have been in
vestigated a bow-tie shaped slot antenna with a metal stub called the bow-tie slot antenna and a
tapered slot antenna which is a planar variant of a hom antenna. These antennas were selected
for fabrication based on the simulated bandwidth which met the requirement.
An experimental model for the tapered slot antenna was tested. The tsa was modelled as a cascade
of coplanar waveguide sections and terminated with the resistance of free space. The transmis
sion line parameters were then determined for each section and all the selections were recom
bined. However the termination with the resistance of free space was incorrect and the model
was inaccurate.
A simulated bandwidth of 8.1 GHz and a measured bandwidth of 14.8 GHz were found for the
tsa. The bow-tie slot antenna had a simulated bandwidth of14.8 GHz and a measured bandwidth
of19.0 GHz. A simulated bandwidth Of17.2 GHz was found for the bow-tie slot antenna at 60
GHz, the measured bandwidth was 20.5 GHz. An attenuation of 35 dB at an elevation angle of
30° above the horizon was required for the antennas operating at 24 GHz. This requirement was
not met by the bow-tie slot antenna at 24 GHz and the tapered slot antenna.
The bow-tie slot antenna for 24 GHz had a gain of 4.5 - 5.9 dBi which is comparable to the sim
ulated gain of 4.7 dBi. The measured gain of the TSA is 5.3 - 7.0 dBi which is higher than the
simulated gain of 3.4 dBi. The bow-tie slot antenna at 24 GHz does not meet the gain require
ment. In the case of the tsa the gain requirement was met in only one measurement in other
measurements the gain was too low. The measurement of the gain of the bow-tie slot antenna
for 60 GHz failed. The simulated gain of this antenna is 2.7 dBi.
An important conclusion of the investigation ofthe antennas is that the bandwidth requirements
can not be met by designs based on a microstrip patch but can be met by designs based on a slot
in a metal ground plane.

9.2 Conclusions concerning indoor radio channels

The indoor radio channel at 60 GHz was measured using a setup in which the receiving antenna
could be displaced with steps ofone tenth ofa wavelength in order to obtain the small-scale char
acteristics. A total of eight small-scale radio channel measurements has been performed. Three
different types ofantennas have been used, an omni directional antenna, a fan beam antenna and
the bow-tie slot antenna for 60 GHz developed in this project. In all cases an omni directional
antenna was used as a transmitter. In addition the measurements were performed in two differ
ent scenario's one with a direct path and one in which the direct path was blocked. The measured
bandwidth was 2 GHz ranging from 58 till 60 GHz.
The received power at 60 GHz was 2.4 to 7.7 dB lower in the case of the NLOS situation than the
power received at the same frequency in the LOS situation. The mean power in the frequency
band 58 - 60 GHz in the NLOS situation was 1.5 to 5.7 dB lower than the power received in the
same band in the LOS situation. The fan beam antenna had the highest received power followed
by the omni directional antenna and bow-tie slot antenna. The omni directional antenna had the
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highest decrease in received power path loss when there was no direct path, followed by the fan
beam antenna and the bow-tie slot antenna.
The mean delay spread and RMS delay spread have been measured. The lowest RMS delay spread
was found when using the fan beam antenna as receive antenna and was 7 ns in the LOS situation
and II ns in the NLOS situation. The highest RMS delay spread was found for the bow-tie slot
antenna and was 12 ns in the LOS and 13 ns in the NLOS situation. The RMS delay spread ofthe
omni directional antenna was 8 ns for the LOS and 10 ns for the NLOS situation. For all antenna
types the RMS delay spread was higher in the NLOS situation than in the LOS situation.
The coherence bandwidth was calculated using two different approaches. The first approach
directly determines the correlation factor in the frequency domain. The second approach is an
approximation based on the RMS delay spread in the time domain. The second approach was
preferred because the resolution in the frequency domain was too low to calculate an accurate
value.
The small-scale measurement data was used to find the statistical distribution of the absolute
value and phase of the received signal. A Ricean distribution was fitted to the measured absolute
value of the received signal. The Ricean k-factor of the fan beam antenna was lower in the NLOS
situation 1.8, than in the LOS situation 2.2. When using the bow-tie slot and omni directional
antennas the k-factor was higher in the NLOS situation 1.3 and 1.8 respectively, than for the LOS
situation 0.88 and 0.89 respectively. The uniform distribution could only be fitted to the phase of
the received signal in the NLOS situation when the omni directional antenna was used as receive
antenna. In all other measurement a strong peak around 1800 was present.

9.3 Recommendations

The results presented in this report show that the bandwidth requirement of 5 GHz can be met.
However the requirements placed on the gain and the gain at a specified elevation angle were not
met. The gain of the tapered slot antenna could be increased by increasing the length ofthe slots.
However due to the limited space available this might not be possible. Another option is the use
of an antenna array. In this case the radiation pattern of the individual antennas is multiplied by
an array factor. The possibility exists that by configuring the array in a specific way the gain at the
300 elevation angle can be suppressed. In addition the overall gain of an array is larger than the
gain of the individual antenna elements.
The accuracy of the results presented in this report was limited by ADS. At several points in this
project problems arose whenever a slot in a metal plane with finite thickness had to be simulated.
For example with the coplanar waveguide and the slot antennas. During this project an upgrade
of ADS became available which models the finite thickness of metal layers more accurately by
calculating the horizontal currents on the sides of a thick conductor. However the modelling of
thick metal layers remains a problem in ADS due to the large amount ofmemory that this method
requires. If in a future project simulations of slot antennas in an array will be performed the
amount of memory that is currently available will not be sufficient. Considering this observation
a full three dimensional or another two dimensional simulator which has more memory at its
disposal might out-perform ADS when investigating the performance of slot antenna arrays.
The 60 GHz measurements have been performed only in one room. This limits the usability of
the obtained results. For a full understanding ofthe 60 GHz indoor radio channel it is necessary
to perform more measurements at different locations. Although three different antenna types
have been used no investigation was done on the parameters of the channel when the antennas
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were misaligned.
This project has focused mainly on the time of arrival parameters and statistical distribution
functions. In order to design a good antenna array the direction of arrival of the electromagnetic
waves has to be known. This was not investigated in this project. However the small-scale mea
surements could be used as a virtual array. In this virtual array the data points in the XY plane are
treated as individual antennas. This can be done because the channel was stationary during the
measurement. The data obtained with the virtual array could then be further processed to obtain
the angle ofarrival.
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Appendix A

Transmission line equations

In this appendix the general equations that describe transmission lines will be treated. They
serve as a basis for the models treated in Chapter 4. It is assumed that all the transmission lines,
used in this project, attenuate the signal. Such lines are called lossy transmission lines. Three
parameters: the characteristic impedance Zo, the phase constant (3, and the attenuation factor Ct,

are used to describe the lossy transmission lines. A lossy transmission line can be represented by
the L-type lumped circuit depicted in Figure A.I. The components are given per unit length. By

Adz L dz l(z,l) 1(Z+dz,l)

--. • • --.
Cdz VI" ! !VI''''',I,

• •
... ~

dz

Figure A.I: L-type equivalent lumped circuit of a lossy transmission line for a differential length
~z.

applying Kirchhoff's voltage and current laws to the lumped circuit, with a length ~z --+ 0 and
taking the derivative of the voltage and current, a set of equations for the voltage, V(z) and the
current, I(z), in the transmission line is obtained, see reference [4].

V(z, t)

I(z,t)

V(z, t) - V(z + ~z, t)
~z

I(z, t) - I(z + ~z, t)
~z

OI(z, t)
R~zI(z, t) + L~z ot + V(z + ~z, t) (A.I)

oV(z + ~z, t)
= I(z + ~z, t) + G~zV(z + ~z, t) + c~z Of (A.2)

= RI(z, t) + L OI~, t) (A.3)

GV( A ) CoV(z + ~z, t)
z + LlZ, t + Of (A·4)

By assuming harmonic time dependence with w = 271"f :

V(z, t)

I(z, t)

Re[~(z)ejwtJ

Re [Is (z )ejwtJ

lIO

(A·S)

(A.6)



(A7)

(A8)

(A. II)
(Au)

III

Taking another derivative of A.4 and A.3 and filling in the term for I(z, t) obtained in Equation
A.4 into the derivative of Equation A.3 and filling in the term for V (z, t) obtained in Equation A 3
into the derivative of Equation A.4 the following differential equations are obtained:

d
2
Vs (z) _ 2v: ( ) 0
dz2 ' s z

d
2
I s (z) _ 21 ( ) 0
dz2 , s z

The solution for the voltage Vs is given by:

Vs(z) = Vo+e-'z + Vo- efZ

The solution for the current Is is given by:

Is(z) = I(i e-'z + 10e'z (AIO)

where Vo+, Vo- ,It and 10 are wave amplitudes, the + and - signs, respectively denote the wave
travelling along the +z and -z directions. If an infinitely long transmission line is assumed the
waves travelling along the -z direction can be assumed zero. The voltage and current can now
be given by:

Vs(z) = Vo+e-'z

Is(z) = I(ie-'z

The derivatives ofequations A.3 and A.4 can now be written as:

- ,Vo+ = RI(i + jwLI(i (A.I3)

-,I(i = GVo+ + jwCVo+ (A.I4)

where, can be obtained by substituting the result of Equation A.I4 in to Equation A.I3:

- ,Vo+ (R + jwL)I(i

-,Vo+ (R + jwL) (GVo+ + jwCVo+)/ -,
,2 (R + jwL)(G + jwC)

, = J(R+jwL)(G+jwC)=a+jj3 (A.IS)

In transmission line theory, , is called the propagation constant, a is the attenuation factor
(dBm-1) and j3 is the phase constant (radm- 1). j3 can be seen as the spatial equivalent of the
frequency. j3 and a can be represented by the following equations taken from reference [25]:

a JRG - w2LC + J(RG - w2LC)2 + w2(RC + LG)2/V2 (AI6)

j3 Jw2LC - RG + J(RG - w2LC)2 + w2(RC + LG)2/V2 (A.I7)

By dividing the positively travelling voltage wave, from Equation AI3, by the current given in
Equation A.I4, at any point on the line the characteristic impedance of the transmission line is
obtained as:

Zo =

Zo

v;+ V;-
_0_ = _0_
1+ 1-o 0

R+jwL _ R ·X
G + jwC - 0 + J 0

(AI8)
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Appendix B

Electromagnetic modelling

Antenna designs are structures for which the full wave analysis can be difficult. The analytical
analysis of the antennas treated in this report is beyond the scope of the project. To be able to
evaluate and design the antennas extensive use has been made of computer aided design pro
grams. This has proved to be very helpful in designing antennas since the performance of the
antenna could be evaluated without knowledge of the, sometimes complicated, principles of op
eration. There are several methods to solve the three dimensional full wave problems of antenna
design. These methods are based on the electric current distribution on the metal surfaces in
conjunction with full wave numerical analysis. The following numerical methods are frequently
used: the finite-element method, the finite-difference time domain method and the method of
moments.
In this project Advanced Design System from Agilent has been used. This program contains the
Momentum engine which is able to solve the currents in multi-layered two dimensional struc
tures using the method of moments. Because extensive use has been made of this program the
method ofmoments as used in Momentum will be treated in detail in this appendix. This method
can be seen as a 2,5 dimensional method, it uses the surface currents in a planar metal structure
in conjunction with the polarization currents in the dielectric substrates between the metal lay
ers to model the electromagnetic fields. An integral equation for the unknown currents on the
metal surfaces is formulated. This integral equation is discretizised in order to solve the resulting
problem numerically. The electromagnetic fields are then derived from the obtained currents on
the metal surfaces and the polarization currents in the dielectric substrate. With the method of
moments equations of the following type ofequation can be solved:

JJG(r,r') * J(r)dS = E(r)
s

(B.I)

where J(r) represents the unknown surface currents, on the corresponding surface Sand E(r)
represents the known excitation. G(r,r') is the integral kernel and is a suitable Green function
which will be treated further on and * represents the inner product. The surface current is
meshed in a two dimensional plane, see Figure B.I and expanded in sub sectional basis func
tions.

N

J(r) = L IjBj(r)
j=1

II2

(B.2)



Figure B.I: A simple structure with two conductors separated by a dielectric substrate [left], the
structure with the mesh applied [right]

where 1j are constants. Each basis function, Bj(r), represents a constant density current flowing
through one edge of the two dimensional cell, see Figure B.2. The mesh can be either rectangular,
triangular or polygonal, depending on the geometry of the structure. The basis functions, used
in Momentum, are the so-called rooftop functions. In these functions each rooftop represents
a current with constant density flowing through that edge. After expanding the surface current
into basis functions the equation given in Equation B.I can now be written as:

N

L 1j JJG(r,r') * Bj(r)dS = E(r)
J=1 S

There are N unknown constants 1j and only one equation. Consequently the unknown constants
cannot be determined directly. Therefore a set of trial weighting functions
wj(r) = WI (r), W2(r), ... ,wN(r) is introduced see reference [26]. The error between the result of
the trial function and the true result can be obtained by taking the inner product, between the
trial and the true solution. The error function is given by:

N

L 1j JJwjdS *JJG(r,r') * Bj(r)dS = JJWj * E(r)dS
J=1 S S S

The true solution can be obtained by applying the testing procedure to the boundary conditions
where the fields are known. The weights can now be found be iteratively searching for the weights
that obey the boundary conditions. In Momentum the Galerldn testing procedure is applied. This
means that the weighting functions wj(r) are equal to the basis functions Bj(r). The equation
described in Equation B.4 is transformed into:

for i = 1, ...N
N

L Zi,j1j = Vi
j=1

or [Z] * [I] = [1I] (B·S)
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with

(B.G)Z· .t,) JJBi(r)dS *JJC(r, r') * Bj(r)dS
s s

JJBi(r) * E(r)dS
s

The matrix [Z] is the interaction matrix since it describes the electromagnetic interaction between
each of the rooftop basis functions. Therefore the dimension of [Z] is N. The elements [Zi,j]
represent the interaction between the ith and jth cell. The vector [V] represents the voltage source
which forms the excitation of the structure.
The surface currents excite an electromagnetic field in the circuit. These currents are described
using dyadic Green's functions of the dielectric substrate. These are obtained via the impulse
response between each pair oflayers, dielectric substrate and conductors and thus form a spatial
impulse response. In ADS the Green's functions are pre-computed for a specific substrate stack.
In this way the Green's functions are known for each circuit that uses this specific substrate
stack. ADS uses the mixed potential integral equation. This formulation expresses the electric
and magnetic currents as a vector and a scalar potential. The Green function C(r, r'), is given by:

(B.8)C(r, r') = jwCA(r, r')! - ~V[Cv (r, r')V']
)w

where C A (r, r') represents the vector potential at r due to a electric dipole ofunit strength located
at r' and CV (r, r') represents the scalar potential at r, due to a unit point charge associated with
an electric dipole at r'. The expression for C(r, r') obtained in Equation B.8, is substituted in
Equation B.G.

. 1
Z·· =)wD .+--t,) t,). C) w ..

t,)

with

(B.n)

(B.lO)

1

L· .t,)

Ct,)

JJBi(r)dS *JJCA(r, r')Bj(r)dS
s s

JJV· Bi(r)dS *JJCV
(r, r')V * Bj(r)dS

s s

Now the meshed structure can be converted into a structure which consists ofnodes. Where each
node represents a segment of the meshed structure and the connections between the nodes are
formed by the inductors, Li,j given in Equation B.II. All the nodes are connected to ground via a
capacitor, Ci,j given in Equation B.Il, see Figure B.2. The ground in this case corresponds to the
potential of an infinite metal layer or to a sphere at infinity.
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Node

Figure B.2: The currents in the structure [left), equivalent circuit [right), for clarity the number of
segments in the mesh has been reduced.

To excite the circuits ports are connected to metal layers. Different types ofports are available de
pending on the problem. The single port is calibrated and is connected to the edge ofa conductor.
Polarity can be assigned to a single port. The coplanar port is a variant of the single ports. It is a
pair of ports with opposite polarity which are defined on slots. The internal port is not calibrated
and is connected on the conductors. When using this type of port the circuit is excited with a
lumped source. The last port that is used is the ground reference. This port is used to connect
conductors to ground when there is no ground plane present in the structure.
Although ADS is only capable ofsimulating planar structures, the finite thickness ofmetal layers
can still be taken into account. The mask of a conductor is expanded with finite thickness in
the direction orthogonal to the conducting layer. Therefore an extra dielectric layer is included
with the characteristics of the material above or below the conducting layer. The thickness of the
dielectric substrate between two conducting layers is however not changed. In case this option
in ADS is not used all metal layers are modelled as metal sheets with zero thickness and a resis
tivity. This resistivity is calculated from the assigned metal thickness and the real part of sigma,
0'. When the metal conductors are modelled as sheets the metal surfaces orthogonal to the metal
layer are removed. This can effect the simulated results. When simulations are performed on
structures containing a slot in a ground plane and the metals are modelled as sheets the capaci
tance is underestimated.
Up to now only currents on metal surfaces have been considered. The antenna designs that have
been discussed use a slot in a metal surface. This case is treated differently by Momentum. The
equivalence theorem is applied. The electric field in the slot is modelled as an equivalent mag
netic current. This prevents the calculation of the electric currents in the large ground plane
surrounding the slot.
Now that the excitation is known the currents on the surfaces can be found by applying the Kirch
hoff's voltage laws to the equivalent network. The obtained currents in the structure are then
used to calculate the electromagnetic field. In ADS only the far field components are considered.
These components vary with 1fr where r is the distance between the antenna and the point of
observation. The following antenna characteristics were used to analyse the antennas: gain, di
rectivity, efficiency and polarization. In addition to these parameters the radiation patterns were
also analyzed. These patterns were obtained by cutting the radiation pattern along the () or 1> axis,
see Figure B-3- The directivity is obtained by dividing the radiation intensity in one direction by
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Figure Bj: The coordinate system used for the antenna radiation pattern.

the total radiated power. In ADS the maximum directivity is given in addition the angle at which
the directivity reaches it's maximum is also given. The antenna gain is obtained by dividing the
maximum radiation intensity by the total injected power. By dividing the gain by the directivity
an efficiency parameter of the antenna can be obtained. The efficiency is a ratio of the amount of
the power that is injected into the circuit, to the power that is radiated away from the circuit. The
power that is not radiated is lost in surface waves and in losses in the conductors and dielectric
substrate.
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Appendix C

Extracting transmission line parameters
from s-parameter data

The transmission lines treated in Chapter 4 are usually described by the characteristic impedance
and propagation constant. These parameters provide an insight in the behavior of the transmis
sion line. Models based on empirical data can be used to compute these parameters. In addition
commercial CAD programs are often used to obtain the transmission line parameters. The re
sults of the CAD programs and the implemented models were compared to the results obtained
with ADS Momentum. At first the obtained results of ADS were not in the line of expectance.
A large influence of the used configuration, i.e. thick or thin conductors, single or internal port,
was found. Further research was performed to obtain the best configuration in ADS. The results
of this research are presented in this appendix.

Two different ports have been connected to the transmission lines in ADS, the single port
and the internal port. The single port is a calibrated port and calculates the propagation constant.
The internal port is a non-calibrated port and does not calculate the propagation constant. There
fore the use of single ports when simulating transmission lines in ADS is an obvious choice.
However ADS is not able to calibrate transmission lines with a finite thickness due to the model
used to model transmission lines. To solve this problem internal ports were connected to the
transmission lines and the propagation constant and characteristic impedance were derived from
the obtained s-parameters. Two formulas can be used to extract these parameters from the s
parameters, see reference [27].

[
82 2 ]-1e-II = 1 - 11 + 821 ± K
2821

(Cl)

(C2)

where l is the length of the transmission line in meters. The characteristic impedance Zo can be
obtained with:

Z2 _ Z2 Zde _ Z2 (1 + 811 )2 - 8~1
o - ref Z - ref (1 8)2 82

num - 11 - 21

Zref in this case is 50 D. However this approach is sensitive to numerical problems see for
example Figure CL In this figure the impedance, obtained from the s-parameter data from ADS,
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118 Chapter C. Extracting transmission line parameters from s-parameter data

is depicted in red and the blue line is the squared value of Zde in Equation C.3, multiplied by a
constant and the green line is the squared value of Znum, multiplied by a constant. In contrast
to the empirical models the length of the line plays an important role. At frequencies where the
line length is near a multiple ofhalf-wave-length the squared value of Zde and of Znum approach
zero and numerical uncertainties can become a problem. A good example of this problem can be

Impedance
80 .-------.------r---~-----.----_._---..._--_____,

70 ..

60 .. X: 2.4e+010 .
Y: 53.41

•
50

E
.r:::. 40
0
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-- Impedance
--Znum
--Zde
--ULAMBDAc

20

10

8
10

x10

764 5

Frequency in Hz
32

Ol~····~······2·····~······S:·····~····§;···±:±....~.....~.. ID1.~'.[]
1

Figure C.I: The impedance ofa microstrip line with W = 700j..Lm, h = 330j..Lm, L = 6.2 mm and
t = 28j..Lm calculated using the formula described in C.3

seen at 40 GHz. At this frequency the half wave length multiplied by three is equal to the length
of the microstrip. At 24 GHz the length of the microstrip line is not near a multiple of the half
wave length. However if the length of the microstrip line would have been equal to a multiple of
the half wave length at 24 GHz the data could not have been extracted in this way. The results of
this approach are depicted in row la ofTable c.1.
In row Ib of this Table the results of the build-in model of a microstrip line in ADS are depicted.
In this case the thickness of the metal was set to zero (sheet conductor), and the line was excited
with a single port. The difference in values can be explained by the difference in metal thickness.
The values in row la compare well to the values given in Table 4.2, except for the attenuation
factor which was lower.
The next two measurements were performed on a coplanar waveguide modelled as two slots in
an infinite perfect conducting ground plane. The values were extracted directly from ADS by
using calibrated ports. As can be seen there is no difference between a thin ground plane, row 2,

or a thick ground plane, row 3. ADS underestimates the capacity by not modelling the thickness
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of the conductors, this leads to a higher characteristic impedance. Because the ground plane is
modelled as a perfect conductor no losses in the conductor have been taking into account which
leads to a low value of the attenuation per meter.
To obtain an accurate estimation of the capacitance of the coplanar waveguide the metal thick
ness has to be taken into account. This is done by modelling the metal layers as three strips
with a finite thickness and finite width. Three different approaches using this configuration were
investigated. In the first method the configuration is excited by calibrated single ports and the
transmission line parameters are computed by ADS. In the second method the s-parameters were
extracted from ADS and converted to the transmission line parameters by equations: C.3 and c.I.
In the third method two transmission lines of different length are used to remove the uncertain
ties that occur at frequencies where the length of the transmission line is a multiple of the half
wave length.
The first method did not produce good results as can be seen in the Table C.I, row 4. The single
port used in ADS is calibrated. The calibrating process uses a cross-section solver. However this
solver is not capable ofcalculating transmission lines with thick conductors.
The second method was applied to a CPW with the strip configuration excited by internal, non
calibrated, ports. The same numerical problems at frequencies where the length of the transmis
sion line is a multiple ofthe half wave length arise. The problems were more severe than was the
case with the microstrip line. No usable results were obtained with this method. An example of
this problem is given in row S.
The last method that was applied is a method presented in reference [28]. This method is based on
a mathematical error removing scheme using two transmission lines ofdifferent length. By using
two different length transmission lines the errors that occur when converting the s-parameters
to transmission line parameters can be removed. This method was applied to the s-parameter
data of the strip configuration excited by non calibrated ports. The lengths were chosen to be
6.2 mm and 6,3 mm. Two configurations were tested. The first configuration consists of three
thick metal, conductors, row 6. The second configuration consists of three infinitely thin metal
conductors, row 7.
In this appendix three methods were treated to obtain the transmission line parameters from
ADS. In the case of a microstrip line these parameters can be obtained by converting the s
parameter data directly to the transmission line parameters. At the frequency of interest the
length of the microstrip line may not be a integer multiple of the half wave length at that fre
quency.
The best method to obtain the transmission line parameters of the coplanar waveguide is to use
a model which consists of three thick metal conductors. The configuration is best excited with
an internal, non calibrated, port. The method described in [28] can then be applied. The results
from this method are given in row 6 of Table c.I.
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la Micro thick single 53.41 n 3-15 891.6 rad/m 41.48 dB/m W 700j.Lm,
strip L = 6.2mm, h =
line 330j.Lm, t = 25j.Lm

Ib Micro sheet single 49.90 n 3.21 917.5 rad/m 53.99 dB/m W 700j.Lm,
strip L = 6.2mm, h =
line 330j.Lm, t = OJ.Lm

2 CPW sheet single 57.16 n 2.36 771.7 rad/m 30.84 dB/m two slots,
slot W 500j.Lm,

G 75j.Lm,
L 6.2mm,
h 330j.Lm,
t = OJ.Lm

3 CPW thick single 57.16 n 2.36 771.7 rad/m 30.84 dB/m two slots,
slot W 500j.Lm,

G 75j.Lm,
L 6.2mm,
h 330j.Lm,
t = 25j.Lm

4 CPW sheet single 132.43 n 1.53 622.64 rad/m 20.16 dB/m Three strips,
strip W 500j.Lm,

G 75j.Lm,
L 6.2mm,
h 330j.Lm,
t = OJ.Lm

5 CPW thick single N.A.n N.A. N.A. rad/m N.A. dB/m Three strips,
strip W 500/1m,

G 75j.Lm,
L 6.2mm,
h 330j.Lm,
t = 25j.Lm

6 CPW thick internal 52.21 n 2.00 710.0 rad/m 22.89 dB/m Three strips,
strip W 500j.Lm,

G 75j.Lm,
L 6.2mm,
h 330j.Lm,
t = 25/1m

7 CPW sheet internal 61.151 n 2.48 791.0 rad/m 41.42 dB/m Three strips,
strip W 500j.Lm,

G 75j.Lm,
L 6.2mm,
h 330j.Lm,
t = OJ.Lm

Table C.I: Summary of the transmission line parameters obtained using three different methods
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Appendix D

Photo's

Figure D.l: Radiation pattern measurement with the antenna placed in the horizontal position.
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Figure D.2: Radiation pattern measurement with the antenna placed in the vertical position.
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Appendix E

Small-scale indoor radio channels

Below some pictures of the measurement setup are included. In addition this appendix contains
the results ofthe indoor small scale measurement that was performed at the Technical University
of Eindhoven.

Figure E.1: The metal shield that was constructed to obtain a true non line of sight situation.
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Figure E.2: The XY Table for the NLOS situation.

Figure E.3: Close up picture for the XY Table.
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Figure E.IO: Measurement MI: LOS path,
Tx: Omni directional, Rx: Omni direc
tional.

Figure E.n: Measurement M4: NLOS
path, Tx: Omni directional, Rx: Omni di
rectional.
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Figure E.I2: Measurement M2: LOS path,
Tx: Omni directional, Rx: Bow-Tie.

Figure E.Ir Measurement MS: NLOS
path, Tx: Omni directional, Rx: Bow-Tie.
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Figure E.I4: Measurement M3: LOS path,
Tx: Omni directional, Rx: Hom.

Figure E.IS: Measurement M6: NLOS
path, Tx: Omni directional, Rx: Hom.
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Figure £.r6: Measurement Mr: LOS path,
Tx: Omni directional, Rx: Omni direc
tional.
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Figure E.rT Measurement M4: NLOS
path, Tx: Omni directional, Rx: Omni di
rectional.
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Figure £.r8: Measurement M2: LOS path,
Tx: Omni directional, Rx: Bow-Tie.
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Figure £.r9: Measurement MS: NLOS
path, Tx: Omni directional, Rx: Bow-Tie.
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Figure £.20: Measurement M3: LOS path,
Tx: Omni directional, Rx: Horn.

Figure £.2r: Measurement M6: NLOS
path, Tx: Omni directional, Rx: Horn.
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Figure E.22: Measurement MI: LOS path,
Tx: Omni directional, Rx: Omni direc
tional.

Figure E.23: Measurement M4: NLOS
path, Tx: Omni directional, Rx: Omni di
rectional.
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Figure E.24: Measurement M2: LOS path,
Tx: Omni directional, Rx: Bow-Tie.

Figure E.25: Measurement M5: NLOS
path, Tx: Omni directional, Rx: Bow-Tie.
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Figure E.26: Measurement M3: LOS path,
Tx: Omni directional, Rx: Hom.

Figure E.2]: Measurement M6: NLOS
path, Tx: Omni directional, Rx: Hom.
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