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Sammanfattning
Abstract
With the increase of the number of radios and antennas on today’s systems, the risk of co-site
interference is very high. Intermodulation product and antenna coupling are two common
sources of interference. The thesis investigates some features of a radio system, like antenna
types, receiver parameters, intermodulation products and isolation, and suggests how this
knowledge can be used to minimize the risk of co-site interference. The goal is to maximize
the isolation between the antennas, by good frequency planning, the use of filters and taking
great care in antenna placement.
A first version of an analysis software was developed where transmitters and receivers can
be paired and evaluated. An intermodulation product calculator was also implemented, to
easily find which products are an issue and where they originate. The goal of the software
is to be simple to use and easy to adapt to different setups and situations. It should also be
easy to upgrade with new features.
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Sammanfattning
Användningen av radio och antenner ökar hela tiden i dagens samhälle, och risken för störningar mellan antenner på samma platform är därför hög. Intermodulationsprodukter och dålig isolation är två vanliga källor till interferens. Uppsatsen undersöker några egenskaper hos ett radiosystem, så som antenntyper, mottagarparametrar, intermodulationsprodukter och isolation, och föreslår hur den
här kunskapen kan användas för att öka möjligheten till samexistens mellan antenner. Målet är att maximera isolationen mellan antennerna, genom noggrann
frekvensplanering, använding av filter och väl placerade antenner.
En första version av en analysmjukvara utvecklades, där sändare och mottagare
kan bli ihopparade och utvärderade. En del för att analysera intermodulationsprodukter har också implementerats, för att lätt se vilka intermodulationsprodukter som kan vålla problem och hur de uppstår. Målet med mjukvaran är att
vara lätt att anpassa till olika konstellationer och situationer. Den ska också vara
lätt att uppgradera med nya funktioner.
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risk of co-site interference is very high. Intermodulation product and antenna
coupling are two common sources of interference. The thesis investigates some
features of a radio system, like antenna types, receiver parameters, intermodulation products and isolation, and suggests how this knowledge can be used to
minimize the risk of co-site interference. The goal is to maximize the isolation
between the antennas, by good frequency planning, the use of filters and taking
great care in antenna placement.
A first version of an analysis software was developed where transmitters and receivers can be paired and evaluated. An intermodulation product calculator was
also implemented, to easily find which products are an issue and where they originate. The goal of the software is to be simple to use and easy to adapt to different
setups and situations. It should also be easy to upgrade with new features.
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Notation

In alphabetical order
Abbreviation
Co-site
dBc
dBd
dBi
dBm
fm
gps
ham

iip3
im

ip3
oip3
pim
Rx
toi
Tx

Meaning
Common site. In this report, refers to a site or platform shared by multiple antennas.
Gain (in dB) compared to the carrier power.
Gain (in dB) compared to an ideal dipole.
Gain (in dB) compared to an isotropic source.
Power (in dB) compared to 1 milliwatt.
Frequency Modulation. Used in regular radio.
Global Positioning System. Used to track a position on
earth using satellites.
Amateur radio. There are differing opinions regarding
the origin of the abbreviation, one commonly believed
is that it is the first letter of the last names of the first
amateur radio enthusiasts. [Cornell, 1959]
Input Intercept Point 3. See ip3.
Intermodulation. A part of signal that is created by a
combination of multiple signals due to non-linearities
in amplifiers, mixers etc.
Intercept Point 3. A parameter for amplifiers related
to their linearity. Also known as toi.
Output Intercept Point 3. See ip3.
Passive Intermodulation. Refers to an intermodulation product created by passive components.
Receiver. A radio or antenna that receives signals.
Third Order Intercept point. See ip3.
Transmitter. A radio or antenna that transmits signals.
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Introduction

The thesis revolves around the issue of multiple different-purpose antennas placed
in a near vicinity (a few wavelengths) of each other. A common situation is that
a vehicle or station has tens of antennas, which operate on different frequencies,
have different properties, are aimed at different directions etc. If care is not taken
when planning the site the antennas may interfere with each other in certain situations. This can be a big problem. For a radio station it might just be annoying
and you can replace the antennas until you are satisfied, but on a military vehicle stability is crucial and the soldiers must be able to rely a hundred percent on
the functionality of the different antennas. The purpose of this master thesis is
to investigate what can affect the performance of an antenna, with this type of
situation in mind, and how these problems can be avoided or solved.

1.1

Background

Ever since Marconi first discovered the existence of radio waves in the late 19th
century [The Nobel Foundation, 2014] the use of wireless communication has
expanded more and more every decade. After the radio went mainstream we
got television, cellphones and more recently also the Internet. Today we have
hundreds of types of antennas, everything from simple homemade ham antennas, to the huge parabolic antenna in Arecibo, Puerto Rico [Arecibo Observatory,
2014]. We use wireless communication daily, to change channel on the TV, make
a mobile phone call, track our location (gps) etc. Because of the explosion of wireless communication, the available frequencies get fewer every day. [NTIA, 2014]
shows a chart of the frequency allocations in the US in August 2011. It is clear
that the spectrum is heavily exploited and different signals need to be very close
in frequency to make as much use as possible of the available spectrum. Another
1
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problem is that antennas with different purposes are usually closely placed in the
same device, which results in a high risk of interference. Even though they work
on different frequencies, interference is still an issue. Things like im-products,
coupling and other parameters must also be taken into account. Because of the
complexity, and lack of previous reports, of this type of situation this master thesis aims to analyze and resolve this issue.

1.2

What is Interference?

Interference is a broad term which is used when talking about some kind of disturbance. Before all the details in this report are described, a definition of interference is necessary. In relation to the problem investigated by this thesis,
interference is defined by Definition 1.1.
1.1 Definition. Interference is when an unwanted signal enters a receiver and
impairs it’s ability to discern the wanted signal.
In this thesis only interference from one or multiple antennas on the same platform are considered.

1.3

Previous Work

In Karlsson et al. [2013] the antenna configuration of a military vehicle and the
impact of filters is investigated. It is written by, among others, the supervisor at
Combitech and has therefore been used as a basis, along with advice from the
supervisor, for this report.
There already exist complex simulation tools that can be used to evaluate a large
antenna system. emit is a commercial tool which uses a lot of data to do an advanced analysis of a system [EMIT, 2014]. [German and Willhite, 2014] shows
how it works. tact is another software which can be used to evaluate multistandard transceivers [Rodríguez de Llera González et al., 2005] [Rodríguez de
Llera González et al., 2006]. The drawback of these softwares is the amount of
necessary data about the system, along with computational complexity. In emit,
the placements and physical shape of the antennas are necessary. This information is the used in combination with a radiation pattern database to simulate the
isolation between the antennas. To minimize computational complexity, and to
take a different approach to the situation, the software developed during this thesis instead uses actual measured isolation between antenna pairs. tact has a
different purpose, focusing on the transceiver design, while this thesis (and the
developed software) looks at antenna placement and frequency planning.

1.4

1.4

Method

3

Method

This thesis was written on site at one of Combitech’s offices. It is based on literature about antennas and wireless communication. Both simulations and field
tests have been made using the implemented software, which is based upon the
results of this thesis.

1.5

Restrictions

Antenna analysis is a very wide area with a lot of different aspects to look at.
There are hundreds of different types of antennas (although they can be somewhat categorized) and many different situations and setups. Since this master
thesis aims at investigating interference between co-sited antennas (i.e. placed
on the same vehicle, station, device etc.) the main focus lies on antenna behavior
within a few wavelengths of the antenna. Restrictions are also made regarding
which antennas are investigated. This master thesis was done at Combitech and
therefore the external supervisor (Lars Eugensson) has had some input in the
choosing of antennas, since he is the one who will use this thesis results when
consulting about antenna placement and also has best knowledge about which
antennas are most common.

1.6

Outline

After this introduction comes the research part. This is where all theory is described, which parameters will be considered in the method and which are not,
their importance in relation to the problem and data which is later used when
analyzing the problem. After all relevant theory has been established, a method
for analyzing a given situation is proposed, together with suggested solutions for
some common problems. After this comes a description of the software that has
been created. This part describes the calculations made by the program and what
information can be retrieved. After this part comes a conclusion of the thesis in
whole which talks about the results of this work. Some discussion is also made
regarding future improvements and development.

2

Research

In this chapter all relevant theory is provided. Arguments are made motivating
the importance of the chosen subjects. Some subjects which are not used in the
analysis are also discussed.

2.1

Frequency, Wavelength and Electrical Length

Maybe the most important aspect when analyzing co-sited antennas is the frequencies where they operate. Without knowing the used frequencies it is impossible to do a qualitative evaluation of the system. If two co-sited antennas with
different purposes operate in the same frequency range they will most definitely
interfere with each others transmissions. Frequency is also directly related to the
wavelength of the signal according to the following equation

λ=

v
f

(2.1)

where λ is the wavelength, v is the velocity and f is the frequency of the signal.
Since radio waves travel at approximately the speed of light in air, we get

λ=

c
f

(2.2)

where c = 300 000 000 m/s (the speed of light). This means that the wavelength
of the signal is inversely proportional to the frequency.
When a signal traverses through an antenna however, the speed is lower than the
5
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speed of light. This is because antenna materials are much denser than air. Since
the frequency of the signal remains the same, this means that the wavelength is
also lowered. Therefore, an antenna is said to have a physical length (the actual
length of the antenna) and an electrical length, which is the length that the signal
flowing through the antenna experiences [PRQC, electrical length]. Example 2.1
shows how this feature can affect the antenna lengths.
2.1 Example
A halfwave dipole antenna (see Section 2.3.1) with a velocity factor of 0.8 shall
transmit a signal with frequency f = 30MH z. The electrical length of the antenna is equal to half the wavelength of the signal,
Lelectric =

c
3 · 108
λ
=
=
= 5m
2
2f
2 · 30 · 106

(2.3)

λ 0.8c 0.8 · 3 · 108
= 4m.
=
=
2
2f
2 · 30 · 106

(2.4)

while the physical length is
Lphysical =

Note that the physical length is always shorter than the electrical length, since the
signal waves will always travel slower in the antenna than in the air. This feature
can be used to create shorter antennas with the same resonant frequency. For
optimal transmission, it is the electrical length, not the physical, that needs to be
matched to the signal wavelength. This property is used to lower the necessary
physical length of an antenna, by implementing certain circuit structures and
using materials with low velocity factor to increase the electrical length.

2.2

Receiver Parameters

Even though the cause of interference is often located at the transmitter end, the
effect is noticed at the receiver. Therefore, the receiver parameters may in some
cases be more important than the transmitter’s, since it is simpler to improve one
receiver than multiple transmitters. There are many parameters which can be
altered and analyzed, but in the end it all comes down to the receiver spectrum
(which shows how strong the received signal needs to be for sufficient reception,
for different frequencies), radiation pattern (which tells how good the reception
is for different angles relative the antenna) and the signal polarization. The receiver spectrum consists of two important properties, namely sensitivity, which
has to do with how weak signals the antenna can receive, and selectivity, which
tells how well the receiver can separate wanted signals from unwanted ones. Figure 2.1 shows a sketch of a typical receiver spectrum.

2.2

Receiver Parameters
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Figure 2.1: A sketch over a receiver spectrum. The receiver has best reception (i.e. weakest signals can be received) where the inverse peak is located.

2.2.1

Sensitivity

A receiver’s sensitivity tells how weak signals it can receive. A large negative sensitivity, measured in dBm, is preferred. Common values are around −100dBm.
The larger (i.e. more negative) it is, the weaker signals it can receive. However,
the specified sensitivity of a receiver does not always tell the whole tale. A high
noise floor decreases the sensitivity. The noise floor is the minimum amount
of noise that is present in a certain system [Poole, 2014, RF technology - RF receiver sensitivity]. Things like non-ideal amplifiers, atmospheric noise and cosmic noise increase the noise floor [Ahlin et al., 2006, p. 160]. Strong signals on
neighboring frequencies can also degrade the sensitivity (see Section 2.4). Figure
2.2 shows how the sensitivity is related to the receiver spectrum.

2.2.2

Selectivity

The selectivity is not usually defined as a certain value, but is instead used to compare receivers. The selectivity of a receiver is related to its bandwidth. A wider
band means that the receiver can receive wider signals, but also that it will have a
harder time separating the wanted signal from unwanted ones, which means that
it has worse selectivity. The purpose of a high selectivity is to suppress out-ofband signals. The demands on the selectivity depend on the situation. A narrow
band is good, but it still needs to be wide enough to receive signals over the entire
transmitted bandwidth. This might cause problems if nearby transmitting antennas use frequencies near the receiver’s frequency. [Poole, 2014, RF technology Radio receiver selectivity & filters]

8
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Figure 2.2: Figure showing how the sensitivity of a receiver is determined
using the receiver spectrum. f is the set frequency for the receiver.

2.2.3

Radiation pattern

The radiation pattern is relevant for both transmitters and receivers. Due to the
reciprocal property of antennas, which means that they behave in the same way
when transmitting and receiving, the directionality is the same for a transmitting
antenna as for a receiving one. This section will discuss receivers, but everything
is also valid for a transmitter. [Ahlin et al., 2006, p. 112]
The radiation pattern describes how much of the signal is received in a certain
direction of the antenna. This is also related to the antenna gain. For instance, an
isotropic antenna, which is a theoretical point source, receives the same amount
of energy from all directions and therefore all incoming signals have a relative
receiver gain of 1. If instead a halfwave dipole antenna is used, the gain is higher
in some directions and lower in others (from 0 to 1.64, see Section 2.3.1). This
can be seen in Figure 2.3. It shows the radiation pattern of a halfwave dipole
antenna viewed perpendicular to the antenna axis, compared with an isotropic
source [Ahlin et al., 2006, pp. 111-112]. For further visualization of radiation
patterns Amanogawa [2014] can be used.

2.2.4

Polarization

Polarization refers to the direction in which the signal is "swinging". For instance
a vertical polarization means that the signal swings up and down. The polarization is usually linear, but can also in some cases be circular or elliptical. For linear
antennas, like the dipole or monopole (see Section 2.3), the polarization is linear
and angled in the same direction as the antenna. If the polarization of the incoming signal and the receiver differ, signal power is lost. If they are perpendicular
no signal is received. [Poole, 2014, Antennas & propagation - Polarisation]

2.3
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Antenna Types

(a) Halfwave dipole

(b) Isotropic source

Figure 2.3: Radiation pattern of a halfwave dipole (left) and an isotropic
source (right). The radial axes are graded with relative power density. Equation 2.5 in Section 2.3.1 shows the mathematical form of the radiation pattern for a halfwave dipole

2.3

Antenna Types

Another important factor to look at when analyzing antenna functionality is what
type of antennas are used, mainly the physical appearance of the antenna. There
are plenty of different antenna types, some more common than others. The most
common ones are the dipole (looks like a T) and the monopole (looks like an I).
These two types have similar properties, mostly because of the similar shapes.

2.3.1

Dipole Antennas

A dipole antenna consists of two conducting rods placed on the same point with
different directions. The sticks are usually angled in opposite directions, as seen
in Figure 2.4, but they can also be aimed closer to each other, which will affect the
radiation pattern. The radiation pattern of a dipole antenna looks like a toroid
(or donut) with nulls on the antenna axis and maximums perpendicular to the
antenna. Compared to an isotropic antenna, an antenna with directivity, like the
dipole, radiates more power at it’s maximums. This is because the total amount
of transmitted power is equal (for the same input power). This can be seen in
Figure 2.3, where the radiation patterns of a halfwave dipole and an isotropic
source are compared. The formula for the radiation pattern of a halfwave dipole
can be seen in Equation 2.5 [Ahlin et al., 2006, equation 3.14].

10
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Sd (θ, φ) ≈

1.64cos2 ( π2 cosθ)
sin2 θ

Research

(2.5)

The gain of a halfwave dipole at it’s maximum is approximately 1.64 (Equation
2.5, θ = π2 ), or 2.15dBi (decibels compared to an isotropic source).

Figure 2.4: A sketch of a dipole antenna with opposite direction elements.
The dipole antenna can have many different lengths, but the most common length
is an integer number of half wavelengths ( λ2 , λ, 3λ
2 etc.) of the signals the antenna
is designed for. This is because antennas of these lengths have an impedance that
is purely resistive [Ahlin et al., 2006, p. 114]. This is beneficial because the
reactive part of an impedance introduces phase shift (lag), which needs to be
compensated for by the circuit (impedance matching) to minimize losses.
A dipole antenna has two common placements. One is to place it horizontal
to the earth plane (as in Figure 2.4). This has the benefit that other antennas
can be placed on the same plane while still achieving very high isolation, by
placing them on the extended antenna axis (because of their radiation pattern).
The problem with this configuration is that the dipole antenna has to be aimed at
the direction of the other part of the communication line. This is only feasible if
both sides are stationary. Since this is not the case for vehicles, dipole antennas
are often placed perpendicular to the earth plane.

2.3.2

Monopole Antennas

A monopole antenna is simply a large stick pointing straight up. It works in
the same way as a dipole, with the difference that it uses the ground as a virtual
second pole. This means that it is practically half a dipole, which means that it’s
length is optimally half of that of a dipole, i.e. 14 λ, 21 λ etc. A vertical antenna has
a radiation pattern similar to that of a dipole, but with the lobes slightly elevated,
due to reflections from the ground. [Ahlin et al., 2006, pp. 115-116]

2.4
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2.3.3

Other Antennas

There are many other shapes of antennas, with different benefits and drawbacks.
The Yagi antenna is often seen on houses, used for receiving television signals.
This antenna consists of multiple dipoles of different lengths. It has a very high
gain and high directivity, which makes it good for receiving signals from far away,
as long as the direction of the incoming signal is known. An illustration of the
Yagi antenna can be seen in Figure 2.5a. Another widely used antenna is the
parabolic antenna. It consists of a large bowl-like disk with a receptor placed near
the center (see Figure 2.5b). The principle is that all incoming signals will bounce
on the disk and hit the receptor. This makes the parabolic antenna great for really
long distances, since it can collect signals from a large area. It is often used to
communicate with satellites. For further reading see [Poole, 2014, Antennas],
[Carr, 2001] and [Kraus, 1988].

(a) Yagi antenna

(b) Parabolic antenna

Figure 2.5: Illustrations of a Yagi (a) and a parabolic antenna (b)

2.4

Desensitization

One issue when a transmitting antenna is placed close to a different purpose
receiver is that the receiver’s sensitivity might be degraded. This means that
the wanted signal must have a higher power in order to be successfully received.
This phenomenon is called Desensitization and is illustrated in Figure 2.6. This
problem arises because the signal from the nearby transmitter is much stronger
than that of the wanted signal, because it radiated much closer to the receiver
antenna. If the interfering transmitter antenna is placed too close to the receiver,
or if the transmitted power is too high, desensitization is possible even if the
antennas operate on different frequencies. This is the case in Figure 2.6. A worst
case scenario is evaluated in [Gavan and Joffe, 1990].

12
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Figure 2.6: Desensitization of a receiver.

2.5

Intermodulation Products

A not so obvious source of interference are the so called Intermodulation products (im-products). An im-product is a combination of two or more signals, where
at least one of the signals is a harmonic of a deliberate signal. im-products are
many, widely spread over the spectrum and hard to foresee. It is easy to calculate on what frequencies they arise, but it is a lot harder to estimate their power
and therefore how big a problem they are. im-products (usually) have very low
power compared to the original signals, which means they are only a problem if
a receiver is co-sited with multiple transmitters. [Midian Electronics, Inc., 2014]

2.5.1

Origins

im-products arise because real components, like amplifiers and mixers, are not
ideal. Amplifiers are for instance only approximately linear and only within a certain interval. If a signal with frequency f is fed through a non-linear component,
harmonics with frequencies 2f ,3f ,4f ,. . . will also be created. If multiple signals
are fed through the non-linearity, products of them and their harmonics will be
created. These products will give rise to new frequency components. This can be
seen in Equation 2.6.
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sin(2πf1 ) · sin(2πf2 ) =
=

e j2πf1 − e−j2πf1 e j2πf2 − e−j2πf2
·
=
2j
2j

e j2π(f1 +f2 ) − e j2π(f1 −f2 ) − e j2π(−f1 +f2 ) + e j2π(−f1 −f2 )
=
(2j)2
cos(2π(f1 + f2 )) cos(2π(f1 − f2 ))
=−
+
2
2

(2.6)

=

The equation can be expanded for more than two signals. These products can
prove to be a big problem for co-sited antennas. This is because unlike the harmonics, which exist far away from the original frequency, some of these products exist very close to the fundamental frequencies (depending on the incoming
frequencies) and are therefore hard to filter out. Depending on the number of
nearby transmitting antennas, the number of im-products can be very high and
therefore takes a lot of calculation power to fully map [Midian Electronics, Inc.,
2014]. More im-products also mean that fewer frequencies are safe to use.
The most common im-products arise from three different parts of a system:
• Transmitter amplifier
• Receiver amplifier
• Non-linear contacts
im-products created in the transmitter or receiver amplifier stage are basically the
same thing and can be handled in almost the same way (see Sections 3.3.2 and
3.3.3). When they arise after the receiver input stage however, things are a bit
different. This special kind of im-product is called Passive im (or pim), because
they are generated in passive components. The source of these im-products is
imperfections in cables and bad connections. In layman’s terms pim is commonly
referred to as the "Rusty bolt effect", although loose cables are a just as common
source as old and worn out connectors, which the term refers to [Lui, 1990, pp.
110-111]. pim is not handled in the thesis, but for further reading about the
subject and how to counteract it, see [Lui, 1990].

2.5.2

Modulation Order

im-products are also assigned an order (e.g. im3). This order is defined as the
sum of the absolute value of all coefficients, see Definition 2.2.
2.2 Definition. If an intermodulation product is created as
fim = c1 f1 + c2 f2 + c3 f3 + · · · + ck fk

(2.7)

where ci are integers and k is the number of input signals, the order is defined as
|c1 | + |c2 | + |c3 | + · · · + |ck |

(2.8)

14

2

no. tx antennas
im3
im5
im7

2
2
2
2

3
9
15
21

4
24
64
124

Research

5
50
200
525

Table 2.1: Number of nearby im-products for a number of transmitters. Only
products where c1 + c2 + c3 + · · · + ck = 1 are considered. This limitation, together with the assumption that the original frequencies are relatively close,
means that only the im-products closest to the original frequencies are taken
into account. Compare with [Lui, 1990, figure 2]

The higher the order, the lower the amplitude. However, orders of up to 9 have
been proven to be a problem at Combitech and will therefore be considered in the
thesis. If the system contains more than just a couple of antennas, this means a lot
of im-products. For instance, Table 2.1 shows the number of products of each order for a number of antennas that are close to the transmitting frequencies. This
makes them harder to filter out and they are more likely to fall within a receiver
band, if the receiver works in the same frequency range as the transmitters. It is
clear that for a system with more than just a couple of transmitting antennas, the
number of im-products quickly become tens or hundreds. Of course some frequencies that are not close to the studied antennas transmit frequency can easily
be suppressed by a filter. However, often the installed filters have a wide passband, and it is common to use low-pass filters for frequencies in the MHz range,
which means that only the products above the cut-off frequency are suppressed
by the filter.

2.5.3

Power and Third Order Intercept Point

The power, or amplitude, of the im-products is hard to calculate. One thing that
can be said is that it is lower than the original signal, and degrades as the order increases. Another thing to be noted is that for each 1dB increase of input power of
the examined amplifier, the output power of the fundamental signal is increased
by 1dB, but the im-product’s (and harmonic’s) amplitude rises by their order in
dB. This means that im3 rises with 3dB, im5 with 5dB and so on. This is because
the signals are multiplied. A short example to make this clearer can be seen in
Example 2.3. Remember that a harmonic of a signal consists of multiplications
of that signal, so the n:th order harmonic consists of the product of n factors.
2.3 Example
n signals are multiplied to create an im-product of order n. If each signal’s amplitude is multiplied by a factor A, the im-product is multiplied by An . Converted to
dB this means that if all signals are amplified by G = 10 · log10 (A), the im-product
is amplified by 10 · log10 (An ) = n · 10 · log10 (A) = n · G
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Because of this, the transmit power should not be higher than necessary. A high
transmit power also causes desensitization in nearby receivers (see Section 2.4).
To find out the size (power) of the im3-products without having to do an actual
measurement the Third Order Intercept point (toi or ip3) can be used. It is a
parameter often known for amplifiers which relates to their linearity. When an
im3-product is amplified the amplitude rises at a rate three times that of the
original signal. This means that even though the amplitude of the im3-product
is lower than that of the original signal, for a certain signal input power, it will
match the signal’s power at the amplifier output. This is illustrated in Figure
2.7. The point where the lines cross is called the ip3. This value can be defined
either by the input power (iip3) or output power (oip3) of the amplifier. This is
a theoretical point, the amplifier output is saturated before it reaches that power.
However, it is still a good way to define the linearity of an amplifier. [Poole, 2014,
RF technology - Receiver overload performance - Intercept point]

Figure 2.7: A sketch over the definition of ip3.
The ip3 can be used to calculate the power level of im3-products. Equations 2.9
and 2.10 show how this is done in dBm and dBc respectively.

Pim3,dBm = oip3 + 3 · (Pinput − iip3)

(2.9)
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Pim3,dBc = 2 · (Pinput − iip3)
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(2.10)

Equation 2.9 comes from the fact that the power of the im3-products change by
3dB for each dB change in the input power. If the output power is subtracted
from this the result is Equation 2.10, where the power is measured in relation
to the output signal power. If higher order powers are wanted, higher order
interception points can be used, however these are usually not declared in amplifier specifications. The power of an im-product of any order can however be
estimated using the method proposed in [Abuelma’atti and Gardiner, 1981].

2.6

Antenna Isolation and Coupling

Another important property when discussing antenna interference is the so called
antenna-to-antenna isolation. Isolation is a measure of how much of a signal that
is suppressed between a pair of antennas. For co-sited different purpose antennas
a high isolation is preferred, a higher isolation means that the antennas interfere
less with each other’s transmissions.
If the antenna-to-antenna isolation is not good enough, the antennas may experience coupling. This means that the antennas interfere with each other’s transmissions. Antenna coupling highly undesirable. When coupling occurs between a
co-sited transmitter and receiver, it affects both antennas. The intended receiver
of the signal transmitted by the co-sited transmitter will receive less power, because the co-sited receiver will "take" some of it. The co-sited receiver on the
other hand may experience desensitization due to the reception of the undesired
signal from the co-sited transmitter. [Bevelacqua, 2014, Antenna Definitions Mutual Coupling]
Antenna isolation depends on a couple of things. The positioning and radiation
patterns of the involved antennas are most prominent. To get a good isolation,
the antennas should be placed as far apart as possible, and angled so that they
have a low radiation between each other. Antennas are also usually only efficient
at certain frequency ranges. A way to improve isolation is to use antennas which
are efficient on different frequencies. Other things, like the platform shape and
material, can also affect the isolation, but to a lesser extent. [Bevelacqua, 2014,
Antenna Definitions - Isolation]
Antenna isolation and coupling are only relevant if at least one of the antennas is
transmitting. If all involved antennas are only receiving, they will not interfere
with each other [Anderson, 2013].

2.7

Summary

To do a qualified evaluation of an antenna system and especially concerning cosite interference, there are a lot of things to consider. It is a balance between how
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accurate the analysis must be and how much data can be retrieved and modeled
about the system. Things like antenna operating frequencies, isolation, filter and
radio properties must to some extent be measured or modeled to make any kind
of analysis. More complex things, like radiation patterns, platform model and antenna placement, can replace the knowledge of the antenna-to-antenna isolation,
making it possible to calculate. Other useful information is the amplifier/mixer
non-linearities, which make calculating IM-product amplitudes possible, making
the analysis more detailed.

3

Method

This chapter will discuss how to minimize co-site interference. Some possible solutions that can be tried if interference is discovered are proposed. It is important
to evaluate the system beforehand and try to find what type of interference is the
problem, implement a relevant solution and check if the problem is gone. The
changes should be implemented with great care and consideration to their effects
and the system should be tested again afterwards, to see if the problem is gone
and if there have emerged new ones.

3.1

Necessary Data

To make a qualitative analysis of a system using the proposed method certain
data about the antennas is necessary. For each available radio the following data
must be provided:
Frequency range The frequencies where the radio can operate.
Receiver sensitivity The weakest signal the radio can receive.
Receiver selectivity Some sensitivity values for other frequencies than the center frequency. See Section 2.2.2.
Transmitter power How much power the radio can transmit.
Transmitter noise How much the transmission power degrades for frequencies
beside the set frequency. A few values is sufficient.
Channel width How wide the channel of the receiver is.
19
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Carrier-to-Interference ratio The minimum ratio between the receiver spectrum
and interfering signals for good reception.
Other necessary data includes filter and cable characteristics and antenna-toantenna isolation. A frequency plan which states which frequencies are ok to
use is also necessary.

3.2

Interference and Path Loss

The purpose of this method is to find if and where interference occurs for co-sited
antennas, using the parameters described in Section 3.1. To do this, a definition
of interference is necessary. A brief explanation is provided in Section 1.2, but
a more clear description is necessary. In this method, interference is defined in
a graphical way. If a receiver spectrum and a transmitter spectrum are plotted
in the same graph, taking filters, cables and antenna-to-antenna isolation into
account, interference is present if the transmission curve is above the receiver’s
for any frequency. An example of interference can be seen in Figure 2.6.
Radio interference can be directly related to the relative range of the radio system
(how far away the other radio in the communication line can be with acceptable
reception). For each 12dB of interference/desensitization, the range is approximately halved. This approximation comes from the Plane Earth Model. The
Plane Earth Model is a simple propagation model which only takes reflections
from the earth into account. It is a good model for land-based antenna systems
operating with a clear view. A more in-depth explanation is provided in [Ahlin
et al., 2006, pp. 40-47]. In this model, the signal power loss is proportional to the
fourth power of the distance between the antennas [Ahlin et al., 2006, equation
2.20]. In dB, this becomes

LP E = 40 · log10 (r) − 20 · log10 (h1 ) − 20 · log10 (h2 )

(3.1)

where LP E is the Plane Earth signal power loss, r is the distance between the
antennas and h1 and h2 are the heights of the respective antennas [Ahlin et al.,
2006, equation 2.21]. This can be simplified to

LP E (r) = 40 · log10 (r) − k

(3.2)

where k is independent of r. If the receiver experiences interference of 12dB,
LP E must be 12dB lower for the same received power. This is achieved when the
distance is halved, because
r
r
LP E ( ) = 40 · log10 ( ) − k ≈ 40 · log10 (r) − 12 − k = LP E (r) − 12
2
2
A demonstration of this can be seen in 3.1.

(3.3)
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Figure 3.1: A demonstration of the power levels of three signals for different
distances. All signals have a transmission power of 50W (47dB). It is clear
that for a given reception power, the distance is halved if the interference is
12dB, and halved again for 24dB.

How much interference is allowed depends on the system. For a military system,
stable systems are a high priority and no interference is allowed. Some margin
is also usually preferred, to increase the jamming resistance. In warfare a common tactic is to disturb or interrupt the enemy’s communication. This is called
jamming. This is easier to do if the communication system already experiences
interference. Therefore it is desirable to have a some margin and not just barely
avoid interference.

3.3

Channel Separation

To create a sustainable co-site environment, the different channels must be separated in some way. There are a few ways to do this. The perhaps most important,
but also most complex, one is to assign the channels different frequencies. This is
done using a frequency plan. A frequency plan describes which frequencies are
occupied by what and which frequencies can be used. Depending on the separation and quality of the components, filtering might be needed. Another common
solution is to physically separate the antennas, by placing them as far apart as
possible. This is however limited to the size of the system. A third way is to
separate the channels in time. This means that they cannot operate at the same
time. If this is possible it removes all kinds of interference, but it is usually not
an option.
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Frequency Planning

The frequency band is highly occupied and strict regulations exist regarding
which frequencies are allowed to transmit at. The rules and regulations differ
for different countries (for Sweden, see [Post- och Telestyrelsen, 2014]). There is
also an international organization called International Telecommunication Union
(itu), which provides global frequency plans and recommendations for its members. 193 countries and hundreds of companies are currently members of itu
[International Telecommunication Union, 2014].
To create and manage a working antenna system, it is crucial to have an elaborate
frequency plan. A good frequency plan describes which frequencies are used by
different systems (fm radio, tv, gps etc.). It should also tell which frequencies
are allowed to be used by the system. The frequency plan is generally unchangeable, unless a new radio system emerges or and old one is removed, and must
be followed in order to create a working (and legal) radio system. When altering
radio frequencies to avoid or minimize co-site interference, the frequency plan is
central.

3.3.2

Filtering

A go-to solution when it comes to antenna interference is filtering. Although
filters cannot eliminate all types of interference, it is certainly an easy fix for
many issues.
There are few drawbacks of using a filter (if it filters the right frequencies), except
a small loss of signal power. A possible drawback however, is that it can limit the
receiver. If a receiver has a wide band in which it can properly receive signals,
a static filter can greatly limit the flexibility of the receiver (the same goes for a
transmitter). In this situation a frequency hopping filter can be used. A frequency
hopping filter can change its passband, and can therefore adapt to different situations. When using frequency hopping filters the radio frequency should not
be changed faster than the filter can adjust. Aside from this drawback, filters
are usually beneficial to use. On the transmitter side, a good bandpass filter removes harmonics, most of the im-products and other unwanted frequencies that
can enter the front-end of the transmitter. The front-end is where the signal is
mixed and amplified. A good filter also helps the analysis, it makes it easier to
know exactly what frequencies leave the antenna. On the receiver side, filters can
completely eliminate incoming out-of-band interference.
The placement of the filter has a great impact on the results. On the transmitter
side, if it is placed between the radio and radio front-end (Figure 3.2a), unwanted
signals can still enter the amplifier and generate im-products with the outgoing
signal. Harmonics created by the amplifier will also not be suppressed. If it is
placed after the front-end (Figure 3.2b), however, it will fix both these issues.
The drawback is that the filter must be able to handle signals with higher power,
since they are amplified in the front-end. On the receiver side, since the signal
is traveling in the opposite direction, harmonics generated in the receiver frontend will not be suppressed if the filter is placed before the front-end (Figure 3.2d).
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If the filter is instead placed between the front-end and the radio (Figure 3.2c),
there is a risk of im-products being generated in the amplifier which fall in the
passband of the filter. The most common setup is to add external filter to a radio
system and antenna, meaning that the filter will be placed between the radio and
antenna.

(a) Filter placed between transmitter and front-end.

(b) Filter placed after transmitter front-end.

(c) Filter placed between receiver and front-end.

(d) Filter placed before receiver front-end.

Figure 3.2: Examples of filter placements in a radio system
It is easy to say that filters should always be used. It is harder to determine what
filter should be used and which impact it will have on the system. In some cases
it may be too costly to use good filters on all antennas and it is therefore important to do an evaluation of where it will have the biggest impact. A good method
is to pick a receiver for examination. Alter the frequencies of the different transmitters in the system and try to locate when the biggest interference occurs. If
the interference is out-of-band (not close to the receiver’s frequency), place a nar-
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row enough bandpass filter on the receiver, so that wanted signals are let through
but the interference is suppressed. If the interference is in-band, a filter at the
receiver end will not help. Match the frequency of the interference with the possible im-products and harmonics of the transmitted frequencies. If a match is
found and the frequencies of the im-products are not too close to the transmitted
frequencies of the involved antennas, it might be possible to remove these products by placing a good enough filter on one or more of the transmitters. If, for
instance, an im3-product (2f1 − f2 ) appears at the receiver, the transmitter which
generates the harmonic part (2f1 ) can be complemented with a filter to suppress
the harmonic, thereby removing the im-product. Another solution is to change
the frequency of one of the radios to move the interfering product away from the
receiver frequency.

3.3.3

Antenna Placement

The physical placement of antennas in a system has a great impact on the amount
of co-site interference. The benefit of a good antenna placement is a high antennato-antenna isolation, which minimizes the strength of the signals going from one
antenna to another. In general, the further apart the antennas are placed, the
higher the isolation gets. The antenna placement can be divided into horizontal
and vertical separation and angle. The reason horizontal and vertical separation
have different effects on the system is because of the antennas radiation patterns.
The antenna gain varies with the direction relative the antenna and this can be
used to optimize isolation. If the antennas are placed such that the gain between
them is low, the isolation increases drastically. If two vertical halfwave dipoles
are placed on the same height, they will both have a gain of 2.15dBi. If they are
instead separated the same distance horizontally and vertically, the angle will be
45 deg and the gain −1.89dBi (Equation 2.5). The change of isolation is equal to
the inverse change of gain. This gives the following equation

∆I = −(Gangle − Ghorizontal ) = −(2 · (−1.89) − 2 · 2.15) = 8.08dB

(3.4)

where ∆I is the change of isolation and G is gain. The gains are doubled because
the gain in the transmitter and receiver are the same and the total gain is the sum
of the two. A similar effect is acquired by angling one of the antennas. The goal
is to minimize the total gain between the antennas.
With the assumption that the antennas are omni-directional in the horizontal
plane, with radiation minimums on the vertical axis (vertical monopole or dipole),
a vertical separation has a greater impact on the isolation than a horizontal one.
The isolation between two antennas can be modeled, but simple models should
be used with caution, due to unaccounted factors like nearby metallic objects.
Simple models for both horizontal and vertical separation are proposed in [ITU
Radiocommunication Sector, 2011, equations 3 and 4]. A problem with these
models is that they are only valid for certain distances. For horizontal separation,
the distance between the antennas must satisfy the condition
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dh ≥ 2D 2 /λ

(3.5)

where dh is the distance, D is the maximum dimension of the largest antenna
and λ is the wavelength. For vertical separation, the model is only valid if the
distance is bigger than 10 · λ. This makes these models very limited, especially
for mobile systems, where antennas are within just a few wavelengths of each
other.
For distances smaller than that in Equation 3.5 (known as the near-field ), the
antenna behavior is much more unpredictable and the isolation should instead
be measured on the real system. Even so, larger separation usually result in better isolation. [Singh, 1999] investigates two different methods of estimating the
radiation pattern in the near field of an antenna.
Another way to improve the isolation is to use different polarizations. For example, if a receiver utilizes vertical polarized signals, only the vertical component
of incoming signals will be received. So if nearby transmitters use horizontal
polarization, almost no interference is experienced.

3.3.4

Time Division

A solution that guaranties the elimination of co-site interference is to only allow
the radios to operate one at a time, or at least only transmit or receive at a certain time. This is because co-site interference only occurs when transmitters and
receivers operate at the same time, since the source of the interference is the transmitted signals, but the problem is at the receivers, where desensitization occurs.
However, this is often not a viable solution, the different radios must usually be
able to operate all the time.

4

Implemented Software - Coexistence
Tool for Antennas
To make a good evaluation of a platform with co-sited antennas, a lot of information about the system is needed and many aspects need to be considered (as
can be seen in Chapter 3). To make this evaluation simpler and faster, a software has been developed, using the theory and method of this thesis as a basis.
The demands of the software is that is should be easy to use and understand.
It should also only use easily accessible or measurable data. This is partly because of the limited time doing the thesis and partly because there already exist
advanced software for this type of issue [EMIT, 2014]. The purpose of the developed software is therefore to be a more lightweight version. The software is also
implemented in such a way that it is easy to modify and add more functions in
the future. To make the software as simple as possible, with easy to understand
code, it was written using matlab. matlab is a powerful calculation tool which
is commonly used when analyzing data and it is also capable of creating smaller
programs, using plots as a center of visualization. The program has been named
Coexistence Tool for Antennas, or cta.

4.1

Input

The input data is limited to excel-files where the data has to be put in a certain
predetermined way. Details about where to put what can be seen in the manual.
The necessary input can be divided in to four types. The first type is platform
data. This includes:
• Name (optional)
• Picture (optional)
27
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• Which radios and filter are allowed on each antenna spot
• Which isolation data should be used between each antenna pair
The second type of data is radio data. This includes:
• Name (needs to match radio names on platform)
• Transmitter power and noise
• Receiver sensitivity and selectivity
• Carrier/Interference ratio
• Frequency range
• Channel width
The third type is cable data. This only includes name and attenuation per meter
for some frequencies. The fourth type is filter data, which includes name and
attenuation for some frequencies (preferably measured data). The last type is
isolation data, which just like the filters includes name and attenuation for some
frequencies.
All this information can be imported from within the program, but it is beneficial to put the files in the corresponding folders, since the program will import
those files on startup (except for the platform, which needs to be chosen once the
program is started).

4.2

Features

There are two major features in cta. First is the simplicity. The imported platform image is displayed and all relevant data is clearly presented. It is simple
to modify the imported platform to reflect the wanted situation. Imported data
can also be viewed graphically using the view-menu. Here plots of the imported
isolation, transmitter noise, receiver selectivity and filters can be viewed and
compared. An example of isolation plots can be seen in Figure 4.1.
The second feature is the ability to do calculations. Currently two major types
of calculations are implemented: Transmitter vs. Receiver spectrum and Intermodulation product calculation. The spectrum calculator is a tool for locating
interfering transmitters. Transmitters and receivers can be paired and their spectrums compared. Both spectrums can be moved to see for which frequencies
interference occurs. The spectrums are calculated using radio, cable, filter and
isolation data. The transmitter spectrum is calculated by
Spectrumtx (f ) = P owertx + N oisetx (f ) + Cabletx (f )+
+Filtertx (f ) + I solationtx−>rx (f ) + 10 · log10 (Bandwidthrx )

(4.1)

4.2
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Figure 4.1: An example of the isolation plots. To the left isolations can be
selected/deselected and the plot will update accordingly.

where P owertx is the transmitter power (scalar), N oisetx (f ) describes how much
energy is transmitted around the set frequency and Cabletx (f ) and Filtertx (f )
simply contains the respective attenuation for different frequencies. I solationtx−>rx (f )
is also added. This is the isolation data between the chosen transmitter and receiver. Lastly the receiver bandwidth, Bandwidthrx , is taken into account. This
is because the transmitter noise is given in dBc/H z, and a wider receiver bandwidth therefore results in more interference. The receiver spectrum is calculated
by

Spectrumrx (f ) = Sensitivity + Selectivity(f )+
+Cablerx (f ) + Filterrx (f ) + C/I

(4.2)

where Sensitivity is the sensitivity of the receiver (scalar), Selectivity(f ) describes how much is received around the set frequency and Cabletx (f ) and Filtertx (f )
contains the respective attenuation for different frequencies. C/I is the minimum
Carrier-to-Interference margin. In the resulting plot it is easy to spot possible desensitization. This is pictured in Figure 4.2.
The spectrum calculator is similar to the one in emit, but with the major difference that instead of calculating the antenna-to-antenna isolation, it needs to be
known to the software beforehand. The benefit of this is that real data for that
specific antenna pair in that specific situation can be used, instead of a model.
Also, to do a good model of the isolation between antennas, a lot of complex data,
like radiation patterns and platform shape, which are used in emit, is necessary.
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Figure 4.2: The spectrum calculation window. Up to the left an antenna pair
can be selected. The color of the square and the value indicates if there is an
interference and how big it is (red = interference, green = no interference).
Down to the left some information about the current antennas is displayed.
To the right is a plot of the spectrums. The dashed lines indicates the peak
values if the center frequencies are moved (within the allowed frequency
span), for the transmitter and receiver respectively. In this particular case it
is clear that the receiver experiences desensitization, but a possible solution
is to lower the transmitter’s frequency by about 5MH z.

The drawback is that real data is necessary, meaning that model based simulations are hard to accurately perform. One way is to calculate the isolation data
for certain situations using for example [ITU Radiocommunication Sector, 2011,
equations 3 and 4] or the equations in [Singh, 1999], but the results will not be as
accurate as in emit.
The im-calculator is a very useful tool for finding interfering im-products. It
takes transmitted frequencies and receiver band as input and calculates which
im-products will interfere with the receiver. It also shows which transmitters
generate the interfering products. This tool is very useful if co-site interference
is present. It is simple to locate the source of interference and correct measures
can then be taken to remove it (usually by placing a filter on a transmitter). An
example of this can be seen in Figure 4.3. As of now the calculator only calculates
the nearby products (where the sum of all coefficients is equal to one). It can
handle up to five transmitting frequencies and calculates the frequencies of im3-,
im5- and im7-products.
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Figure 4.3: The im-calculation window. Up to the left the transmitting frequencies and receiver band is input. Below is a list of all interfering improducts, sorted by order. If a product is selected, its origins will be displayed below the lists. To the left all products are plotted together with the
receiver band. In this example, two im-products interfere with the receiver.
The one at 52.2MH z is selected and it can be seen that it originates from
−2 · 45 + 3 · 47.4 (transmitters 1 and 3)

4.3

Results

The software is far from finished. The purpose was to implement a base with simple analytical functions with easy to understand code, for the purpose of future
additions by the intended users (Combitech). Even so, the software has already
two calculation tools and is useful for basic co-site analysis. The purpose of the
software is not to give a complex full analysis of an extremely detailed situation
and show exactly what happens and why, but is instead intended to be used by
engineers to make a first simple analysis of a co-site environment. The results
of the software are not definitive or very accurate, but they give an indication of
where and why problems occur, and how they can be fixed.
Unfortunately, it is difficult to do qualitative testing of the software. To do that,
a real antenna system, with belonging data and measurements, would be necessary. The system would also need to be modifiable, so that issues can be spotted,
solutions found and results evaluated. Another issue is that most data regarding
military vehicles are classified in some way, and are therefore not allowed to be
used in public reports like this.

5

Conclusions

This chapter summarizes the thesis and gives some suggestions on what can be
done in the future

5.1

Summary

The problem of co-site interference is a very complicated one. The number of
co-sited antennas are ever increasing, especially in gadgets like cellphones. This
report can be seen as an introduction to the problem, with an analysis of the most
important and easy to model parameters. The suggested method is to take great
care in antenna placement and frequency planning. Filters are often necessary to
accomplish a sufficient antenna-to-antenna isolation.
The implemented software is a good start for analyzing co-sited antennas. It is
meant to be simple to use and easy to upgrade with more functions. To reduce
the complexity of the software, isolation data is used directly, instead of using
platform models and radiation patterns to calculate the isolation. This is in contrast to already existing software, like emit, where more details can be input to
do a more advanced analysis.
Although the focus of this report is military vehicles, most of the theory is general
for all radio systems and can also applicable on other types of platforms, like
radio stations and cellphones.
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5.2

5

Conclusions

Future Work

A lot of improvements can be made to the implemented software. A possible
feature is some kind of suggestions on what can be done to remove current interference (e.g. "put filter x on radio y to remove interfering im-products"). Some
kind of frequency plan can also be added, so that the user can more easily see
what frequencies can and cannot be used. This information could also be used by
the software when making solution suggestions. Another useful feature would
be an estimate of the im-product amplitudes, to more exactly see how big a problem they are. This would require more data about the system, like the ip3 of the
different amplifiers. With this the im-products can even be integrated with the
spectrum plots, gathering all information in the same plot. Another thing that
could be implemented is the ability to analyze interference between two closely
spaced vehicles.

Appendix

A

Measurement of Intermodulation
Products
A field test was done to investigate the size of the Intermodulation (im) products
in a real radio system. The setup can be seen in Figure A.1. Three radios were
connected to a cross section. Two of the radios were set to transmit and the third
one to receive. Because the signals are not transmitted wirelessly and a very
short distance, the losses are very small. To avoid damaging the receiver with
too powerful signals, each radio was also connected to a 30dB attenuator. This
means that a signal traveling from one radio to another experiences a 60dB loss
of power. A spectrum analyzer was also connected to the cross section, so that
the frequency spectrum could be viewed. For the spectrum analyzer a variable
attenuator was used, so that adjustments could be made to get good pictures of
the spectrum.

Figure A.1: The setup for the measurements.
Table A.1 shows what cases where measured and the resulting signal strength at
the receiver. Measurements 1-4 show the signal strength when a transmitter and
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no.
1
2
3
4
5
6
7
8
9
10
11

Tx 1 (MHz)
180
180
180
180
179.5
179.5
179.5
160
105
179

Tx 2 (MHz)
179
179
179
140
110
178.5

Measurement of Intermodulation Products

Rx (MHz)
179.9
180
180.1
180.2
180
180
180
180.1
180
320
180

Signal strength (dBm)
-50
-20
-24
-80
-84
-90
-104
-91
-

Table A.1: Measurement data and results.
receiver is set to the same, or slightly offset, frequency. It is clear from this that
the spectrum is not symmetrical, an offset of 0.1MH z attenuates the signal much
more if the receiver frequency is lower than the transmitter’s, than in the opposite
case. However, the signal is quickly attenuated into no recognition in both cases
if the frequency offset increases. In measurements 5 and 6 the offset is increased.
When the transmitters are active one at a time no signal arrives at the receiver,
however when they both transmit, a weak signal can be observed (measurement
7). This is an im-product, more precisely an im3-product (2 · 179.5 − 179 = 180).
Even with a slight offset the signal is received (measurement 8). This is consistent with what was observed in measurement 2 and 3. In measurement 9 the
transmitted frequencies are moved far away from the receiver’s. Even then a
weak im3-product is received. Even the far away im3-product (2f1 + f2 ) could be
observed (measurement 10). In the last measurement an attempt was made at
observing an im5-product, but with no success.
When looking at what was shown on the spectrum analyzer however, a slightly
different story was told. First of all, the im-products were much weaker on the
spectrum analyzer. When the variable attenuator was set to 30dB, the same as
the other ones, the im3-product was not visible at all. This means that the main
part of the im-products were in this setup created in the front end of the receiver.
Since the spectrum analyzer was connected on a point before the signal had entered the receiver, this intermodulation had not yet occured. With 7dB attenuation however, the product was clearly observable (meaning at least some weak
intermodulation happened in the transmitters too). The resulting spectrum can
be seen in Figure A.2. The two highest peaks are the transmitted signals. The
lower ones are im3, im5 and im7 (barely visible) in descending amplitude.
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Figure A.2: Measurement 7 seen on the spectrum analyzer. The variable
attenuator is set to 7dB.
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