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Problem description

The student will perform a parametric study of the model created in the project [1] to get a more
optimal configuration. The student will perform a literature study to evaluate a new antenna
design. These new antenna designs will be verified using a model in CST and physical
measurements. If there is enough time, the student will perform new measurements on the
antennas mounted in the connector. The goal for this master’s thesis is to design a new antenna

where the transfer rate is higher than the original antenna (15Mbps).



Abstract

In subsea, it is difficult to create connectors for power transfer or communication, therefore
Wireless Power & Communication (WPC) have created a wireless connector. The incentive for
this connector is that metals do not last long exposed to the salt water, and a closed waterproof
connector is advantageous. In this thesis, the focus is on a connector from WPC called 150W-
RSE Subsea Connector, which is found in [2]. The goal for this thesis is to perform a parametric
study of the antenna currently in use by WPC, and on a new design presented by the student.
These parametric studies is then used to discuss how the properties of the antennas changes
dependent on the different values and present a more optimal design for WPC to use. After
some testing, it became apparent that the measurements were unstable because of a standing
wave on the coax connecting the antennas. The results after connecting a 50 ohm resistor to the
antennas were not compared to any simulations, but an increase in stability is noticeable.

To conclude, the presented antennas were usable for transmission using the wifi-chip, but
further testing with the actual connector with a resistor connected is recommended to increase

the predictability and stability.



Sammendrag

Under vann er det en utfordring 4 lage konnektorer for overfgring av effekt eller
kommunikasjon. Pa grunn av denne utfordringen, har bedriften Wireless Power &
Communications (WPC) laget en tradlgs konnektor. Motivasjonen bak denne konnektoren er
det at metall fort blir gdelagt og korroderer bort i saltvann og en lukket vanntett konnektor er
gnsket. | denne oppgaven er fokuset pa en konnektor laget av WPC med navn 150W-RSE
Subsea Connector som er funnet i [2]. Malet for oppgaven er a gjennomfare et parametrisk
studie pa antennen som blir brukt av WPC, og pa en ny antenne foreslatt av studenten. Disse to
parametriske sgkene blir diskutert for & bestemme hvordan de forskjellige parametrene pavirker
frekvensresponsen til konnektoren og dermed foresla en mer optmal lgsning. Etter noen
innledende malinger merkes det at malingene er meget ustabile og blir lett pavirket av eksterne
pavirkninger som et resultat av en staende reflektert bglge pa coaxial kabelen. For & motvirke
denne ustabiliteten, ble en 50 Ohms resistor tlkoblet antennene. Det ble ikke gjort noen
simiuleringer for & sammenligne resultatene med modellen, men stabiliteten gkte betraktelig.
For a konkludere, begge antennetypene diskutert fungerer bra til a overrfare ved hjelp av wifi-
brikken brukt. Men det er anbefalt & gjennomfgre nye malinger hvor antennen er satt i

konnektoren og eventuelt forandre pa parametrene for & forbedre stabiliteten.



Preface

This report is submitted as a master’s thesis for the degree of Master Of Science (MSc) at the
Norwegian University of Science and Technology (NTNU). The work was carried out in the
period January to June 2015 under the supervision of adjunct associate professor Egil Eide
(NTNU) and Audun Andersen, Managing Director at Wireless Power & Communications AS
(WPC). The project was given by WPC to NTNU to study and, if possible, improve the wireless
transfer rate of the antenna used for data communication in the connector 150W-RSE Subsea
Connector shown in Figure 1-1 and found in [2].

The wireless transfer is done by using two chips of the type WizFi630 to create a wireless
connection using the 2.4-2.483GHz band. The setup used today gives a transfer rate of 15Mbps
[2]. By increasing the bandwidth available to 40MHz, it is possible to use the 802.11n standard,

which should have a maximum transfer rate of 150Mbps [3].
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1 Introduction

In subsea, it is difficult to create connectors for power transfer or communication, therefore
Wireless Power & Communication (WPC) have created a wireless connector shown in Figure
1-1. The incentive for this connector is that metals do not last long exposed to the salt water,
and a closed waterproof connector is advantageous.

This master’s thesis is a completion of the project written by the student [1] where the antenna
used for data transfer in the connectors were analyzed. To analyze the antenna, measurements
of s-parameters were done with two antennas pointing towards each other in a rig made to
impersonate the connectors. The connector used is called 150W-RSE Subsea Connector found
in [2].

D e

(a) (b)

Figure 1-1 Shows the 150W-RSE subsea connector male and female side disconnected (a) and connected (b).

1.1 Motivation and goals

The connector from WPC found in [2] have three ways of transfer, first is the power transfer
on 150W done in the 100KHz frequencies, this is done using coiled wires like an AC
transformer with a set relation. Second is an RS232/485 link with 115kbps transfer rate, this is
done using an inductive link on the edges of the PCB seen in Figure 2-3 with a frequency on
the 10-30MHz band. The last link is the one this master’s thesis is focused on, where todays

solution is shown in Figure 2-3.

The transfer rate of the connector is listed as 15Mbps [2]. The system uses a chip called
WizFi630 which has a receive sensitivity on -66dBm using a bandwidth of 40MHz and an
output power of 14dBm. The frequency range for Europe is 2.4-2.483 GHz, and therefore all
calculations done are based on 2.4GHz. The goal for this master’s thesis is to design a new

antenna where the transfer rate is higher than 15Mbps. To achieve this, a reconstruction of the
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original antenna were made and a parametric study was performed on this. In addition, a new
antenna design is proposed with a similar parametric study. To be able to verify the simulations
done, a measurement rig has been designed and built to mimic the environment in the connector.
This measurement rig was used when measuring the s-parameters to ensure that the

measurements can be repeated and get the same results.



2 Theory and literature research
2.1 Antenna parameters

Here the different parameters used to describe the antenna and antenna results are explained

and some of the choices for measurements are done.
2.1.1 Electric length

When looking at a transmission line, the wave travels a certain distance (d) measured in meters
[m], but for the different frequency, the phase is different on the output for the same length.
Therefore, it is important to know the length of a line compared to the wavelength of the signal.
To do this, equation (1) is used. [4]

ngzdfve—r o

Here d, is the length of the transmission line in meters, A is the wavelength of the signal in
meters, €, is the permittivity of the material, f is the frequency of the signal in hertz and c is the
speed of light in meters per second. L is the electric length which is unit less. The electric length
is easy to interpret as an angle, where the full wavelength is 360 degrees. This way it is possible
to talk about the electric length as degrees or phase.

0, = L * 360 (2)

When measuring a transmission line, the phase of S,; is equal to the phase length of the

transmission line.
2.1.2 Near and far field

The fields surrounding the antenna is, according to [5] subdivided into three regions: The
reactive near-field, the radiating near field and the far field. The division between these regions

can be seen in Figure 2-1.
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Figure 2-1 (a) illustrates the different fields and borders between them for a generic antenna. Figure is copied from
figure 2.7 in [5]. (b) illustrates the phase difference in received signal for a generic dipole.

The reactive near-field region is dominated by reactive field components, and are located in the
field immediately surrounding the antenna. The Far-field is where the reactive field components
have diminished to negligible values and the radiation pattern does not change dependent on

the distance. The equation for R, shown in equation (3) are derived from the fact that the phase
difference (A8) shall not exceed the length /1%5 where A8 are illustrated in Figure 2-1.

According to [5] the boundaries R, and R, are given by the equations:

R, = 0.62,/D3/2 ©)

R, = 2D?/2 4

In the equations above, A is the wavelength in meters and D is the largest possible dimension
on the antenna. When deriving the equations for R; and R,, some assumptions are made. These
assumptions are that the distance, R, is much larger than the wavelength and much larger than
the largest possible dimension of the antenna, D. The wavelength for this project is;A = c/f =
3 % 108/2.44 x 10° = 12.3cm, the original antenna has a diameter (D) of 5.5mm. With a
distance, R, of up to 10mm, it is clear that the mentioned assumptions can not be done and
another solution to calculating the far field must be used. According to [6] the far-field of an

antenna is given by:



2nR/A > 1 (5)

Where R is distance from antenna and A is the wavelength of the antenna. If numbers are
inserted, the value 2R /A = 0.05 which is far below 1. Therefore the antennas are in the near
field, which limits the options for measurements.

As mentioned, in the far-field, the radiation pattern does not change depending on distance,
which makes it possible to measure the radiation pattern for a given distance, these
measurements gives a gain in a certain direction, and transmitted effect is output effect, plus
antenna gain for receiver and transmitter. In the near field, the radiation pattern may change
depending on distance. Therefore, it is not viable to use the antenna chamber to characterize the
antennas, but they should be placed in the position they are supposed to be used, and transmitted

effect should be measured. The placement used is shown in Figure 2-11.

2.1.3 S-parameters

o B e

Figure 2-2 lllustrates a generic 2-port system of S-parameters with the addition of an extra port to modulate lost
power in eventual lost heating or radiation.

When working with high frequency components, s-parameters may be used as a means for
characterizing n-port networks, where n, is the number of connections in the network. One such
network are illustrated in Figure 2-2 with two ports where each port have one incoming wave
(+) and one outgoing wave (-). The s-parameters define the relationships between the different

ports and are defined in equation (6).

Uf] [511 512] [Uf]
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One of the benefits of using s-parameters is that they are relatively easy to measure. Equation
(6) can be set up as two separate equations, and solved by short circuiting the different inputs
and matemathicly set either U;* = 0 or U5 = 0. Thus one can solve to find each s-parameter

according to equation (6). [7]

Uy
Sij = F (7)
]

When using a vector network analyzer, the s-parameters contains both phase and amplitude,
thus it is possible to see that for instance S;; contains what is returned to port 1 from port 1,
and in which amplitude and phase. This can then be plotted in a smith chart to show impedance
or visualize the reflected wave dependent of frequency.

2.1.4 Forward Loss Factor

In a passive system, some losses are expected. These losses can occur due to for instance
resistive components, radiation and dielectric loss. To give an indication on how much of input
power that dissipates in these losses, a loss factor is used. The loss factor described and used in
[8] are divided in two separate factors. One Forward Loss Factor (FLF) and one Reflected Loss

Factor (RLF) that are shown in equation (8) and (9) respectively.
FLF =1— |S11|2 - |521|2 (8)
RLF =1 —|Sy;|* — |S12/? C))

The loss factors are described in [8] as the difference between a normalized input power and
the power that is reflected and transmitted to the transmitter and receiver ports respectively.
It is important to note that this loss is different from mismatch loss (1 — |S;;]?) since mismatch

loss only shows how much power that is lost because of reflections.
2.2 Electrically short antennas

A definition of electrically short antennas is that the longest dimension of the antenna is no
more than one-tenth of a wavelength. [9] This definition makes no distinction between different
topologies but only the longest dimension of the antenna. Antennas for FM broadcast reception

are sometimes reduced in size for convenience and portability. [9]



The 315 or 433 MHz wireless remote control and telemetry systems for keyless entry, garage
door openers, wireless doorbells and remote-reading thermometers rarely have “full-size”
resonant antennas, since a wavelength is around 1 meter. A A/4 monopole would be 17 cm long,

and requires a similarly sized ground layer. [9]

2.3 Original antennas

RS232/485
Ethernet

Figure 2-3 Shows the original antennas used by WPC today with two coaxial cables soldered on for measurements.
Arrows show the antennas used for Ethernet and RS232/485

Table 2-1 shows the parameter values for the original antenna used by WPC with reference to the dimensions shown

in Figure 2-5
Variable Value [mm]
R1 1.6
R2 2.25
W 0.5

In this chapter, the original antenna design is revisited and an attempt to improve design is done.
A new model is made in CST, where the PCB is simplified to include only the antenna itself
and a coaxial MCX connector. The resulting PCB is shown in Figure 2-4 where the antenna
itself is the same, but the connection is changed to use a MCX coaxial connector instead of the
soldering used in the old antenna and shown in Figure 2-3. In addition an illustration of the new

antenna model is shown in Figure 2-5. The reason for the simplification is to eliminate any
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spurious effects given from having the different components and connections that are not used

in this project.

a) b)

Figure 2-4 shows the reproduction of the original antenna where a) shows the connector that functions as a ground
plane, and b) shows the antenna with the center conductor.

(a) (b)

Figure 2-5 illustrates the layout for the new reproduction of the original antenna explained in chapter 2.3. (a) shows
the top layer, where the connector it soldered as seen in Figure 2-4 (a). And (b) shows the bottom layer with the

antenna structure as seen in Figure 2-4 (b)

To review the antenna design parameters shown in Figure 2-5 (b), a new parametric study is

done and described in chapter 3.2.1.



2.4 New antennas

As a part of this project, some new antenna designs must be proposed and evaluated. To
evaluate the new antennas, different design rules have been set using demands given from WPC

or practical reasons:

e Fit the same PCB as the original antenna from WPC. (16mm in radius)

e No closed loops because of magnetic field from power transfer

2.4.1 Circular patch antenna

A circular patch antenna is chosen because of the simple structure and simplicity during
simulations. Another reason is that the circular patch antenna radiates most normal to the PCB
[10], and is therefore applicable to this project.

The circular antenna resonant frequency is given by the following equation [11]:

1.841

f(O) =
2ma~Jeu

(10)

Where a is radius of the disc in meter, £ (®is the frequency in GHz, € is the relative permittivity
of substrate and u is the relative permeability of substrate. As mentioned in [12], equation (10)
have an approximation error on 3 to 17%. Initial calculations show that with a frequency of
2.4GHz, and a FR4 substrate, the radius is calculated to be approximately 6.1cm. 6.1cm is a lot
bigger than the radius of the circuit board (1.6cm). Even if accounting for an error on 17%, the
smallest possible radius is as big as 5¢cm, which also is too large for this project.

In an attempt to decrease the area used, an increase in frequency is suggested. The wifi chip
(WizFi630) does not support transmission in the 5GHz band, but WPC are interested in an
eventual 5GHz design. With a frequency of 5GHz the radius is found to be approximately
2.6cm, which in the best case error of 17% may be 2.2cm. This radius is also larger than 1.6cm
and the use of circular patch antennas are not discussed further in this project.

2.4.2 Open coaxial coupling antenna

The idea for this antenna was first discovered when reading patent US5977841 A [13], where
the coaxial cable is tapered to give a wider radius on both the center conductor and the

surrounding ground shield. The tapering described in the patent is shown in Figure 2-6 where



23 is the center conductor of a coaxial cable and 25 is the shielding ground and 11 is the
dielectric seal that the power is transferred through.
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Figure 2-6 illustrates two different implementations of an RF connector in accordance with the principles of patent
US5977841 A [13]. (a) shows a cross sectional view of an optimal design and (b) shows a cross sectional view of an
implemented design.

The open coaxial coupling antenna is based on a capacitive coupling between the two
connectors, and the incoming wave must be of the quality Transversal Electric Magnetic (TEM)
field. TEM stands for Transversal Electro Magnetic (TEM) is a mode of propagation where the
electric and magnetic field lines are all restricted to directions normal (transverse) to the
direction of propagation. The tapering shown in Figure 2-6(a) is used to have a better impedance
matching over a wider frequency [13] but it is also mentioned that it is possible to use steps to
increase the radius as shown in Figure 2-6(b). If steps are used instead of tapers as used in
Figure 2-6(b), there will be imperfect matching and reflections will occur. To negate some of
these reflections it is possible to implement impedance matching.

For this project, the antenna is designed on a pch, therefore it is impossible to implement both
tapering methods shown in Figure 2-6. By using a circle of vias, it should be possible to mimic
a stepped transition as shown in Figure 2-6(b). As a result of this stepped transition, extra
impedance matching may be necessary to achieve good transmission. In addition the ground on

top is not a closed circle, but one pad for each via as seen in Figure 2-8 and Figure 2-9.
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Figure 2-7 illustrates the electric field in a cross section of a simplified antenna model where the field lines are drawn
such that a thick line indicates strong field. This model illustrates how it would be if two coaxial cables are set with the
openings against eachother.

Figure 2-7 illustrates how the electric field in an open coaxial coupling antenna would be, based
on the TEM waves and initial evaluation of simulations done in CST. The illustration are drawn

without any tapering or steps for simplicity.

s T % VA

Figure 2-8 illustrates the top layer for the antenna where RC is the radius of the center plate, RP is the radius out to
the surrounding plates and RG are the radius of the surrounding ground plates. Note that the sizes are not
comparable with actual design and that the number of plates may wary.

11
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Figure 2-9 illustrates the ground plane used for the antenna where the hole in the center is to have space to the center
conductor of the MCX-connector, and the circular shape in the center is to solder the ground of the MCX-connector.
Each of the four pads connect to the four pads seen in Figure 2-8.

To decide the dimensions of the ground layer and center conductor, impedance matching has
been chosen. According to [14], the impedance of a coaxial cable can be calculated by the

following formula:

1 |urio 377 |1
_ = /_ 11
Z = > - In(b/a) > . In(b/a) (12)

Where u is the permittivity of the material, € is the permeability of the dielectric, a is the radius
of the center conductor and b is the outer radius of the gap between the center conductor and
outer conductor as illustrated in Figure 2-10. Since the substrate can be seen as isotropic and
homogeneous with negligible magnetic properties, w, is set to one. As seen in (11), the
impedance in a coaxial cable is only dependent of the relationship between a and b, and the
value of €,.. Since € is dependent of the selected substrate, the only thing we can change is the
size of a and b. The substrate used is FR4, which has a permeability of 4.7. By using this
information, it is possible to change the sizes to match the impedance of the POM or seawater
between the two connectors as shown in Figure 2-11. POM stands for Polyoxymethylene, and
is an engineering thermoplastic with good electrical properties. According to the library in CST,
the permittivity of POM is 3F/m.

12



Figure 2-10 illustrates the cross section of an coaxial cable with the E-field from an TEM; wave propagating through
the cable, and the dimensions used to calculate the impedance of a coaxial cable.

In the first revision of the antenna, the total size is limited to the size of the original antenna.
The reason for this is that the magnetic field from the power transfer is heating up the copper,
and therefore the area should be as limited as possible. The value of b in (11) is set, while the

value of a can vary to match the impedance. (11) is solved regarding to a:

Z2m\e
a=b=xe 37;76 (12)
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Figure 2-11 illustrates how the antennas are positioned to each other and which materials are between.
The light green areas are the PCB, the light grey are the 2.5mm of POM, and the light blue are the 5mm of seawater.
It is shown that a vector network analyzer was used for measurements.

Now that the impedance at the end of the antenna is known, the impedance of the materials
between the antennas needs to be calculated. It is shown in [6] that the impedance in a material

with given permittivity and permeability is given as:

377
7= |BHo_ 377 K _ (13)
€,-€p € e

Since the materials can be seen as isotropic and homogeneous with neglible magnetic

properties, the relative permeability is set to one. Therefore the impedance is only dependent
on the permittivity of the materials. Now equation (13) is inserted to equation (12), and it is
important to note, that the two e, is for the two different materials. In (12) €, is for the PCB

substrate and in (13) it is for the selected material. The resulting equation is:

Esubstrate) (14)

a=>bx e_zn (fmaterial
In equation (14) it should be noted that the value of a may never be greater than the value of b,

since the exponent always is negative. To decide a value for the inner radius of the ground
circle, the old design is used as a limiter of area to use. Since the existing design works, the
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current design should be limited to this size. The ground circle on the old design had an outer

radius of 2.75mm and an inner radius of 2.25mm.

Table 2-2 shows the calculated values using equation (14) with an b-value of 2.25mm, permittivity of seawater was
given in [6] p.675 and permittivity of POM is given in the CST material libraries.

Material Permittivity [F/m] | Impedance [Q] | a [mm]
POM 3 218 0.001
Seawater | 72 44.43 0.57

As seen in Table 2-2, the desired radius to match for the plastic covering the antenna is
extremely small for a pcb-design, therefore the initial design of the new antenna will be

simulated with a radius of 0.6mm.

Table 2-3 Shows the values used for the initial simulation and the values used in the parametric study shown in
chapter 3.2.2. The variables are illustrated in Figure 2-8

Variable Initial Value [mm] Value for parametric study [mm]
RC 0.6 1.6

RP 2.75 4

RG 0.5 0.7

The results from this simulation is shown in Figure 2-12, .and it can be seen that the best

transmission is on 6GHz, where $21,5 is -47.2dB.
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Figure 2-12 Shows the simulated values for the initial values listed in Table 2-3 (a) shows S21, and (b) shows S11
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The transmission at the wanted frequency (2.4GHz) is as low as -84.8dB. As mentioned in
chapter 1.1, the lowest possible transmission is as low as -66dBm-14dBm=-80dB, this gives a
leeway of 4.8dB, which is too little. Therefore, a parametric study is performed to find a more
satisfying configuration. To perform this parametric study, a set of parameters presented in
Table 2-3 are used as a basic configuration. These parameters are chosen based on the fact that
the via to the ground plates must be soldered, and some pads are needed, and the center is
chosen to be the same as the original antenna from WPC. The parametric study can be seen in
chapter 3.2.2.
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3 Modelsin CST
3.1 Expanded model

The model has been improved to include a model of the connector house, which has been done
by adding a layer of POM between the antennas, and a cylinder surrounding the PCB to mimic

the measurements model seen in figure Figure 4-1 .
3.2 Parametric study

A parametric study is done by changing one of the parameters and observing the resulting S-
parameters and evaluate what the different changes in variables does for the transmission
coefficient. The optimal result is to adjust for better transmission trough the antennas. The goals
will be as mentioned in chapter 1.1, that the transmission coefficient is highest at 2.4GHz, but

it is also acceptable if 5GHz is chosen instead.
3.2.1 Original design antennas

When performing the parametric study, the variables in Table 3-1 are simulated from the min
to the max value. In Table 3-1, the variable RC is the radius of the center patch of the antenna,
RP are the radius out to the center of the ground plates and RG is the radius of these ground
plates. The resulting transmission coefficients are plotted in the selected graphs in Figure 3-1.

Table 3-1 show variables used in the parametric study with illustration of variables in Figure 2-5

Variable Min [mm] Max [mm] Results in Figure 3-1
R1 1.5 1.7 (a)
R2 2 2.5 (b)
w 0.4 0.6 (c)
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Figure 3-1 Shows the transmission coefficient from the simulations done based on the parameters in Table 3-1.
As seen in Figure 3-1 (a), changing the radius of the center patch of the antenna (R1) does not
change much in the transmission. It can be seen in Figure 3-1 (b) that by changing the radius to
the ground circle (R2) it is possible to change the frequency of the peak, this peak is moved
linearly dependent on the value of R2. To find a formula for this peak, two known points are
needed, for this calculation the peak when R2 is 2 and 2.5mm are used, where the peak are at

5.45 and 4.73GHz respectively. The following equation is created:
fpeak =x—YR2 (15)

Where x is the value of f,.,x When R2 is 0, and y is the gradient. With values inserted, the

equation becomes:

freak = 8.33 — 1.44R2 (16)

Where fqqk is given in GHz and R2 is given in mm. By using this equation, it is possible to
adjust the peak frequency of the antenna by adjusting the radius to the ground circle. A similar
18



effect is seen in Figure 3-1(c), where the peak gets lower in frequency if the width of the ground
circle increases. Using the same procedure as with equation (19) and using the values for the

width (W) is 0.4 and 0.6mm with the frequencies 5.19 and 4.95GHz respectively we get:

freax = 5.64 — 1.15W (17)

Where fyeqr is given in GHz and W is given in mm. By using this equation, it is possible to

adjust the peak frequency of the antenna by adjusting the width of the ground circle.
3.2.2 Open coaxial antennas

When performing the parametric study, the variables in Table 3-2 are simulated from the min
to the max value. In Table 3-2, the variable RC is the radius of the center patch of the antenna,
RP are the radius out to the center of the ground plates and RG is the radius of these ground

plates. The results are shown in the selected plot in Figure 3-2.

Table 3-2 show variables for parametric study with illustration of variables in Figure 2-8

Variable Min [mm] Max [mm] Results in Figure 3-2
RC 15 1.7 (a)

RP 3 6 (b)

RG 0.6 0.8 (c)

Number of Pads 4 9 (d) and (e)

When choosing the number of pads, the transmission coefficient will be evaluated, but another
important feature is how well the antenna handles rotation. By request from WPC, the
transmission factor should not change drastically when rotating the antenna. To evaluate this, a
new variable is created called Relative Rotation Loss that is given in dB. The Relative Rotation
Loss is just how many decibel one would lose if one of the antennas rotate 8,,,,, degrees
compared to the other antenna. The value 8,,,,, IS dependent on the number of pads on the

antenna and is given by the formula:

180
Number of pads

(18)

Ocrror =
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To measure Relative Rotation Loss, one simulation is done without any rotation (S, (0°)) and
one simulation is done with a rotation of 8,,1o, (S21(Berror))- Then the Relative Rotation Loss

is calculating using the following equation:

RRL4p = SZl(OO)dB - 521(9error)d3 (19)
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Figure 3-2 shows results from simulations of the open coaxial antenna as described in Table 3-2. (a), (b), (c) and (d)
shows the transmission coefficient (S21) using the different parameters and (e) shows the Relative rotation loss as
explained above.
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As seen in Figure 3-2, the changes gives an increase in transmission, how much S21 increases
in dB (AS,,) for the different variables are listed in Table 3-3. In Table 3-3, the variable RC is
the radius of the center patch of the antenna, RP are the radius out to the center of the ground

plates and RG is the radius of these ground plates.

Table 3-3 Lists some key numbers from results shown in Figure 3-2.

Variable AS,; at 2.4GHz [dB] AS,, at 6GHz [dB]
RC 0.6 1.46

RP 2.3 2.2

RG 0.4 0.8

Table 3-3 shows that the biggest change is when changing the value RP, which also is the value
with the biggest possibility for change if using the whole board is possible. By running several
simulations, it could be seen that a peak in the transmission coefficient where placed in a
frequency above 6GHz, and by increasing the value of RP, this peak where moved lower in
frequency. With an RP=13.8, this peak is placed at 4.8GHz as seen in Figure 3-3. To place the
peak at 2.4GHz, a larger PCB is needed. The peak is placed below 5GHz to give a flatter
response at 5GHz.

As seen in Table 3-5, two additional antennas where made with this design, one were chosen
to observe how good it would perform compared to the original antenna if given approximately
the same size. The last antenna where made to see if the behavior seen in Figure 3-2 (a) is

correct.
3.2.3 Chosen antenna designs

Five antennas were chosen to print on a PCB and measure on. Two of these antennas will be
referenced to as original design antenna configuration A/B, where the different configurations
are listed in Table 3-4. In Table 3-4, the variable R1 are the radius of the center patch of the
antenna, R2 are the radius out to the ground circle and W is the width of this ground circle.

Table 3-4 show the parameters used for the original design antennas. Reference for variables are shown in Figure 2-5

Variable | Configuration A B
R1 1.6 1.6
R2 2.25 11
W 0.5 0.5
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Three of these antennas will be referenced to as Open coax antenna A/B/C, where the different
configurations are listed in Table 3-5. In Table 3-5, the variable RC is the radius of the center

patch of the antenna, RP are the radius out to the center of the ground plates and RG is the

radius of these ground plates.

Table 3-5 show the parameters used for selected open coax antennas. Reference for variables are shown in Figure 2-8

21 [dB]

Frequency [GHz]

(a)

Frequency [GHz]

(b)

Variable | Configuration A B C
RC 2 1.6 1.6
RP 4 4 13.8
RG 0.7 0.7 0.7
30 20
w0l | AB wl 2B
_50; )
il T 60
60| = 1
i % -80—|
-70— |
»so; -100—
'907””\HH\HH\HH\H‘w‘”w”‘w”” B A R AR R R R AR SRR
20 25 30 35 40 45 5.0 55 6.0 20 25 30 35 40 45 50 55 60

Figure 3-3 Shows simulated transmission coefficients (S21) from the chosen antennas. (a) Shows S21 for the open coax
antennas described in Table 3-4 and (b) shows S21 for the original design antennas described in Table 3-5
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4 Measurements
4.1 Measurement techniques

All measurements of S-parameters were done using a Vector Network Analyzer (VNA) in
microwave lab here at NTNU. This VNA has been calibrated using SOLT which measures 4
known components (Short, Open, Load and Thorugh) and then uses the measurements to
remove errors in the equipment. To further improve the measurements, a test bench was built
as illustrated in Figure 2-11 and shown in Figure 4-1 to mimic the connector and water in
between. The water used in measurements were tap water mixed with 35ppt table salt to create
seawater [15]. All measuremetns are done with D=5mm. Measurements of the transmission
coefficient with other values of D is given in Appendix A, and will not be discussed in this

thesis.

Salt water input

POM

Receiver _|
PCB

. Transmitter
PCB

2.5mm —]

—

Salt water (30ppt salt)

(b)

Figure 4-1 describes the measuring rig used. (a) Show the rig and (b) illustrates how the rig is built up. The
transmitter PCB can be moved to increase/decrease the distance, D. Sealing rings are used to keep the PCB’s dry.

During the project [1], WPC mentioned that the measurements on the antenna were unstable
and that this could be noticed by stroking the coaxial cable connecting the antenna. If the
transmission coefficient varies depending on where and how you touch the coaxial cable, the
reflected currents interferes too much with the transmission. Therefore, ferrites were mounted
on the coaxial cable connecting to the antenna as shown in Figure 4-2 (a). The reason for this
is to create a resistance to the reflecting currents on the coax. During measurements, the S21

continued to be highly dependent on physical contact on the coaxial cable.
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Figure 4-2 (a) Shows the original antenna with ferrites. (b) shows the measurement of S21 with and without ferrites at
a distance of 5mm water.

All measurements are done with a VNA, thus all measurements are given in a touchstone (.s2p)
format. And all simulations done in CST have been exported in a touchstone format. To plot
and compare these results, Advanced Design System (ADS) were used, where a schematic as
seen in Figure 4-3 were used to import the files and plot the different parameters in the data

display window. All calculations were done locally in ADS using equations.

| i) | S-PARAMETERS |

S_Param

SP1

Start=2 GHz S2p

Stop=6 GHz SNPI

Step= File="F:\Measurements\Measurements500hm\ant4\0mm.s2p"

— ot —

+ Term ) ) + Term
Term1 TimeDelay TimeDelay Term2
Num=1 D1 = D9 Num=2

o Delay=-117 psec - Delay=-117 psec o
Z=50 0hm  7Ref=50. Ohm ZRef=50. Ohm 2=50 Ohm

Figure 4-3 Shows how the measured delay is inserted using the two TimeDelay-blocks. It also shows how the SNP1 is
used to load the different .s2p files for viewing.
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4.2 Time delay

P

Figure 4-4 shows the lenght of the adapter (left) and the connector with short circuited(right)

The antenna uses MCX-connectors, and the VNA at the lab uses SMA-connectors which results
in the use of an adapter as seen in Figure 4-4. When doing measurements on high frequency
components, the VNA must be calibrated using SOLT. SOLT uses known components for
Short, Open, Load and Through on each port and therefore calibrating away any errors in the
LNA. The SOLT calibration is done on the SMA port of the LNA, therefore the length of the
adapter and connector shown in Figure 4-6, will add a set physical length on the measurements
that can be calculated to a phase using equation (2) given in 2.1.1. In this equation, both the
distance, d, and speed of light, c, are constants, but as the frequency increases, the phase
increases linearly. Therefore, one will get the rotating value of S;; as seen in Figure 4-6.

To counter the rotation of S; 4, it is possible to insert a negative delay in ADS as shown in Figure
4-3, but to find the correct time delay to insert, measurements had to be done. There’s two
different ways to solve this problem, one is to measure the added length from the adapter, and
calculate the delay using equation (20), where 7 is the calculated delay, d, is the distance and ¢
is the speed of light. Using this equation and measurements seen in Figure 4-4, the time delay
is calculated to be T = 2.8cm/c = 9.33 * 10~ 1sec = 93.3psec.
d

T = (20)

The second way to find the time delay is by measurements. To measure the time delay, a
connector is short-circuited as seen in Figure 4-4, and then it is connected to the VNA through
the adapter. In the VNA, it is possible to adjust the negative electric delay while observing the
measurements. Since the port is short-circuited, S;; should be at 180 degrees, but because of

the new length, it was drawn around the smith-chart. Then the negative delay where adjusted
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until the results converge to 180 degrees. The difference in measurements are shown in Figure

4-5. The measured time delay was found to be 117 psec, which is not far from the calculated
value of 93.3 psec.

(@)

Figure 4-5 Shows meeasurements of S;, on the VNA before (a) and after (b) time delay were adjusted.

(b)

T ///\\
/// - D - S
/ \\ // \‘
/. AN \
\\\ / \
\ / \
\ \\ \\
? b
1 F '
J
/////7
N4 i N ﬁ /";/ ! o
(@)

(b)

Figure 4-6 Shows S11 for a measurement of Open coaxial antenn configuration A from 2GHz to 6GHz with a 5mm
spacing between tha plastic. (a) without correction on time delay. (b) With correction on time delay.

4.3 Matching

When doing measurements on the antennas, it became apparent that the measurements where

unstable. By touching the coaxial cable connecting the antenna, the transmission coefficient
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would change up to 10dB. When observing the reflection coefficient, it was observed that the
absolute value of S;; was close to 1, meaning that most of the wave is reflected, and that it is
in the high impedance section of the smith-chart. These measurements can be seen in chapter
5.2.1. WPC suggested that inserting a 50 Ohm resistor between the center patch of the antenna
and ground, it would decrease the instability. A 0805 SMA resistor of 56 Ohm is used on the
antennas and are soldered as seen in Figure 4-7.

(@ (b)

Figure 4-7 show examples of how the resistors are connected to the antennas. (a) shows for Open coax antenna
configuration A. (b) shows for Open coax antenna configuration B.

As seen in Figure 4-7 (b), to connect the resistor, a piece of wire had to be used, this will create
some inductive effects in addition to the resistance. Since the idea to add a resistor to the
antennas were introduced late in the project, there was not enough time to include simulations

of the new antennas. The measurements done are shown in separate sections in chapter 5.
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5 Results

All of the printed antennas described in chapter 3.2.3 are set in the measurement rig described
in chapter 4.1, and a sweep from 2-6GHz is done. Some of the measurements are done with a
56 Ohm resistor soldered between ground and center conductor as discussed in chapter 4.3.
These results are listed in subsections called “with matching”, and measurements done without

the resistor are placed in subsections called “without matching”.

5.1 Transmission coefficient

5.1.1 W.ithout 50 Ohm

The transmission coefficient where measured for each of the five antennas with no resistor
connected. S,; for the open coax antennas are shown in Figure 5-1 (a) and S, for the original
design antennas are shown in Figure 5-2 (a). The transmission coefficient for the open coax
antenna configuration C where also plotted in Figure 5-3 with an increased frequency range
from 2-10GHz.

The transmission coefficient where also simulated for each of the five antennas with no resistor
connected. Simulated S,, for the open coax antennas are shown in Figure 5-1 (b) and S,, for

the original design antennas are shown in Figure 5-2 (b).

-20 -30
-30 A B C 40l | A B C
40 b
-50—
o -50 g 1
= = 60
& 60 Q 4
-70—
-70 i
80 -80—
-90‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ '90\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
2.0 25 3.0 35 4.0 45 5.0 55 6.0 2.0 2.5 3.0 3.5 4.0 45 5.0 5.5 6.0
Frequency [GHz] Frequency [GHz]
(a) (b)

Figure 5-1 Shows the transmission coefficient (S21) for the Open coax antenna configuration A to C. (a) shows the
measured result and (b) shows the simulated results.

In Figure 5-1 it the values for configuration A and B are low as expected, and configuration C
seems to be increasing even above 6GHz. Configuration A and B does not increase with the
same rate in measurements as in simulations, but instad have a lower value through the entire

sweep.
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Figure 5-2 Shows the transmission coefficient (S21) for the Original design antenna configuration A and B. (a) shows
the measured result and (b) shows the simulated results.

As seeen in Figure 5-2, both configurations have a frequency shift on 1 to 1.5GHz. The highest
value for configuration B is measured to be -35.1dB, and the highest simulated value is -49.1dB.
Configuration A have a measured maximum of -32.1dB with a highest simulated value of -

27.7dB.

S21[dB]

-100 TTII{TTII‘IIII{IIII{IIII{IIIT‘IIIT‘IIII

Frequency [GHZz]

(@)

Figure 5-3 Shows a plot of the transmission coefficient for the open coax antenna configuration C
with extended frequency range from 2-10 GHz and the distance 5mm.

As seen in Figure 5-3, the maximum for the transmission coefficient is at 6GHz and measures

to be -28.6dB.
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5.1.2 With 50 Ohm

The transmission coefficient where measured for each of the five antennas with the resistor
connected. S,; for the open coax antennas are shown in Figure 5-4 (a) and S, for the original

design antennas are shown in Figure 5-4 (b).

-20 -30
i A B C ] A B
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-80 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ '80 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
2.0 25 3.0 3.5 4.0 45 5.0 55 6.0 2.0 25 3.0 35 4.0 45 5.0 5.5 6.0
Frequency [GHz] Frequency [GHz]
(a) (b)

Figure 5-4 Shows a plot of the transmission coefficient with a 50 Ohm connected. (a) shows for the open coax antennas
and (b) shows for the original design antennas.

As seen in Figure 5-4, the transmission coefficient of both the open coax antennas and the
original design antennas are different compared to the results in section 5.1.1. The highest
values for the open coax antennas are -48.1dB, -50.5dB and -23.3dB for configuration A,B and
C respectively. The highest value for the original design antennas are -42.2dB and -30.1dB for

configuration A and B respectively.

5.2 Reflection Coefficient

5.2.1 Without 50 Ohm

The reflection coefficient where measured for each of the five antennas without the resistor
connected. The measured values of S;, for the open coax antennas are shown in Figure 5-5 (a),
and S, for the original design antennas are shown in Figure 5-6 (a).

The reflection coefficient were also simulated for each of the five antennas without the resistor
connected. The simulated values of S;, for the open coax antennas are shown in Figure 5-5 (b),

and S, for the original design antennas are shown in Figure 5-6 (b).

30



/ | A B C 1 7
/ N\

/ \

/ A B C

/

freq=2.000GHz — | freq=2.000GHz

\

|

! = \
m2 mi1 v [ m2 m1
freq=6.000GHz 5 \ freq=6.000GHz

m
Y m
4

\\// R -
(@) (b)

Figure 5-5 Shows the reflection coefficient (S11) for the Open coax antenna configuration A to C. (a) shows the
measured result and (b) shows the simulated results.

S11

As seen in Figure 5-5, the measured reflection coefficient for the open coax antennas in (a) are

similar to the simulated ones shown in (b).
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Figure 5-6 Shows the reflection coefficient (S11) for the Original design antenna configuration A and B. (a) shows the
measured result and (b) shows the simulated results.

As seen in Figure 5-6, the measured reflection coefficient for original design antenna with

configuration A shown in (a) is similar to the simulated one in (b). The measured reflection

coefficient for original design antenna with configuration B is different in behaviour, the
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absolute value of S;; decreases as the frequency increases compared to an allmost constant

absolute value.

5.2.2 With 50 Ohm

The reflection coefficient where measured for each of the five antennas with the resistor
connected. S, for the open coax antennas are shown in Figure 5-7 (a) and S;, for the original

design antennas are shown in Figure 5-7 (b).
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Figure 5-7 Shows measurements of reflection coefficient in a frequency sweep from 2 to 6GHz. (a) shows measurments
on the open coax antennas, and (b) shows measurements on the original design antennas.
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As seem in Figure 5-7, the absolute value of the reflection coefficient for all 5 antennas have
been reduced drastically compared to results in section 5.2.1. In the case of the open coax
antenna with configuration A and B, the absolut value of the reflection coefficient increases

with frequency, but for configuration C, it has a minima at 3.88GHz.
5.3 Forward Loss

The Forward Loss Factor is calculated as described in chapter 2.1.4 using the values measured
and shown in chapter 5.1 and 5.2.

5.3.1 Without 50 Ohm

The Forward Loss Factor was measured for all five antennas without the resistor connected.
FLF is shown for the open coax antennas in Figure 5-8 (a) and for the original design antennas
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in Figure 5-9 (a). The simulated Forward Loss Factor is shown for the open coax antennas in
Figure 5-8 (b) and for the original design antennas in Figure 5-9 (b).
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Figure 5-8 shows the Forward Loss Factor described in chapter 2.1.4 for the open coax antenna configuration A to C.
(a) shows the measured results and (b) shows the simulated results.

Itis seen in Figure 5-8, that the loss have increased over the whole frequency range. Specifically
for open coax antenna configuration B, where the FLF is below 0.4% up to 4GHz in the
simulations, but is between 10 and 25% up to 4.5GHz in the measurements. Configuration A

are also increased in measurmentes compared to simulations
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Figure 5-9 shows the Forward Loss Factor described in chapter 2.1.4 for the original design antenna configuration A
and B. (a) shows the measured results and (b) shows the simulated results.

5.3.2 With 50 Ohm

The Forward Loss Factor where measured for each of the five antennas with the resistor
connected. The FLF for the open coax antennas are shown in Figure 5-10 (a) and FLF for the
original design antennas are shown in Figure 5-10 (b).
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Figure 5-10 shows the Forward Loass Factor for the measurements done with the 500hm resistor connected to the
antennas. (a) shows for the open coax antennas and (b) shows for the original design antennas.
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6 Discussion
6.1 Practical issues

Some practical issues or challenges during the master’s thesis are discussed here.
6.1.1 CST

It should be mentioned that a lot of the time spent during this project was spent trying to solve
errors in CST. This resulted in less time for theory, which is lacking in this report. The student
realizes that the simulations should have been prioritized less, and the theory should have been

more in focus.
6.1.2 Standing wave

Because of miscommunication between CST and the student, the information that CST uses a
50 Ohm as matching for all antennas not just to improve transmission, but to stabilize the
measurements were received late in the project. Because of the late timing, there was no time

to create a CST model with the selected resistor.

6.2 Reflection coefficient

6.2.1 Wire

By inserting a resistor, more power is lost for the lower frequencies, since the resistor is 56
Ohm, it has a good match for the 50 Ohm port. The two antennas that use wire to connect the
resistor, have different responses on the reflection coefficient. This is probably because of the
wire that creates an inductive spurious effect. This gives the Reflection coefficient another
response than the other antennas. Where the others have low absolute values because of the
resistance, the two with the wire have somewhat higher absolute value of S;; with what would
look like a resonance at several frequencies. This indicates that the use of wire for soldering of
resistor was unwise, but in lack of better options, it was done. To get some more reliable
measurements of the reflection coefficient, it is suggested to print a new layout with shorter
paths connecting the resistor.

6.2.2 Impedance matching

To attain the best transmission possible with the antenna, impedance matching should be
introduced. By using lumped components/transmission lines, it is possible to match the input
impedance so that the reflected wave is smaller for a selected frequency band. Since the resistor
is used to reflections over a larger frequency band, it should still be used, and additional

matching could be used for the band used during transmission (2.4-2.483GHz).
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6.3 Stability

The 50 Ohm resistor was used to increase stability in the measurements. During measurements
without the resistor, the value of S,; changed up to 10dB just by the student physically touching
the coaxial cable connecting the antenna. When measuring with the resistor in place, this
changed up to 4dB, which still is a lot. To ensure correct measurements, the antennas should be
set in a connector house. This would include some extra work, but the antennas are very
dependent on their surroundings and this will give more accurate results. One could argue that
this is not necessary since the variations are at 4dB, and the transmission coefficient is for
instance -45dB as seen with original design antenna option B. Worst case then becomes -49dB,
which is well above 60dB. The reason why this can not just be accepted, is that it is possible
that the interference of the connector will create a notch at the used frequency band.

6.4 Transfer rate vs antenna type

All of the antennas tested have a similar behavior as the simulations, but there is a frequency
offset of 1-1.5GHz for the original design antenna. The frequency offset is stronger represented
in the open coax antenna with configuration C, here the offset is estimated to be 1.2GHz,

which is similar to the shift for the original design antenna. Both antenna types need some
iterations different parameters before they are optimal for transfer of the wifi-signal. These
iterations should be done using the actual connectors as a measuring rig to get predictable and

stable results.
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7 Conclusion

This thesis presents a parametric study of both the original design antenna and the open coax
antennas. Simulated, and measured results compare well except a frequency shift was observed
and discussed. The stability of the measurements were increased by inserting a resistor with
positive results.

To conclude, the presented antennas were usable for transmission using the wifi-chip, but
further testing with the actual connector is recommended to increase the predictability and

stability.
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8 Further work
8.1 Connector

Further work should include testing the antennas inside the connector itself. This is to avoid
any instabilities the change in surroundings may induce. This testing should be done in seawater

to mimic the actual use as much as possible.
8.2 lIterations

As seen, the frequency response of the antennas may be manipulated by changing the
configurations. To increase transmission, an iteration setup is recommended, where a
configuration is used, and the variables are changed to control the frequency response. This
could increase the stability of the connector.
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Appendix A

Original design antenna
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Figure 11 shows the tranmission coefficent for original design antenna with configuration A. (a) shows with resistor
connected, and (b) shows without any resistor
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Figure 12 shows the tranmission coefficent for original design antenna with configuration B. (a) shows with resistor
connected, and (b) shows without any resistor
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Open coax antenna
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Figure 13 shows the tranmission coefficent for open coax antenna with configuration A. (a) shows with resistor
connected, and (b) shows without any resistor
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Figure 14 shows the tranmission coefficent for open coax antenna with configuration B. (a) shows with resistor
connected, and (b) shows without any resistor
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Figure 15 shows the tranmission coefficent for open coax antenna with configuration C. (a) shows with resistor
connected, and (b) shows without any resistor
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