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Inleiding
De aanleiding voor dit project is het gebrek aan bakens op microgolffrequenties en het feit
dat weinigen zich geroepen voelen om zelf een baken te bouwen. Het doel van dit project is
dan ook het bouwen van een baken voor radioamateurdoeleinden op een microgolfband.
Oorspronkelijk ging de voorkeur uit naar 3 cm (10 GHz) maar door omstandigheden was de
daarvoor nodige meetapparatuur niet beschikbaar. Daarom zijn bij wijze van proof-ofconcept alle deelonderdelen van zo'n baken gebouwd op 13 cm (2,32 GHz). Het meest
moeilijke en tevens meest belangrijke gedeelte van dit project waren de oscillator en
controller. Deze onderdelen zijn bovendien vanaf het begin zo ontwikkeld dat ze voor
meerdere (amateur)banden ingezet kunnen worden. Het eindresultaat van dit project kan
zonder probleem van 23 cm tot … ingezet worden, als men maar de juiste
vermenigvuldigingstrappen en versterkers toevoegt. Mits herberekening van de
componenten en eventueel het kiezen van een andere (compatibele) versie van de PLL-IC
kan er ook op lagere banden gebruik gemaakt worden van dit bord.
Om de bevindingen van dit project met een zo breed mogelijk publiek te kunnen delen, is dit
eindwerk voornamelijk in het Engels geschreven. Ook de commentaar bij de code is in het
Engels. De verslagen zijn wel in het Nederlands, net zoals de verklarende woordenlijst.

Abstract

Image 1: Project diagram

As beacons are quite rare on the microwave frequencies of radio amateurs, the treshold for
people to start building a beacon/receiver/transmitter/transverter/... for microwave
frequencies must be lowered. Therefore, the purpose of this project is to develop a working
microwave beacon, including all its separate parts. First of all, the development of
indispensable parts such as an oscillator, a controller that can switch in CW and a multiplier
stage takes place. Secondly, additional parts (an antenna and a PA) are also included in this
project's goal. A variety of methods for approaching this project has been taken into
account.* The best working method however has turned out to be a modular solution using a
versitale PLL/VCO IC from Analog Devices. The subsequent results are a neat and wellfunctioning controller/PLL board, a multiplier, a double quad antenna with reflector, and a
simulated and designed PA. Cavities have been made as well. This project shows that it is
important to have a good view on the posibilities and limitations in microwave projects.
Having the right ICs, components and measuring equipment is a crucial first step.
Furthermore, knowledge of microwave design and filterdesign is essential.
The software that was used to make this thesis consists of: Open(libre)office, Avrstudio,
Avrdude and AVR-GCC, Gedit and VI, Document viewer, F-spot , The Gimp, LT-SPice,
RFSim99, AdiSimPLL, and Eagle.
*The tests and experiments performed before the PLL based solution can be found in the
reports on the CD-ROM (Dutch) in the attachment. This CD-ROM also contains all
documents that were used, installation files of all the programs referred to and the Eagle
files of every board and test print.
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1. Legal Notes
This paper contains information, circuit diagrams and board layouts to build equipment that
can operate on frequencies inside and outside the amateur bands. You will need a HAREC
license if you want to build and use this equipment. Always check the output stages before
attaching PAs or antennas to them. A good spectrum analyser is a must. Obstructing and
interfering with commercial, military and government radiosystems can lead to fines and even
imprisonment.
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2. The use of beacons
Most beacons will operate in continuous wave (A1A) and will just transmit their callsign in
morse (ea. OO-OT/Number/Suffix for Belgium). Other variations of beacons will transmit
morse using frequency shift keying (F1A) and other more advanced beacons will even use
RTTY (F1B) or the more advanced PSK31 (G1B).

Image 2: Continuous wave in time

The main use of a beacon is to test equipment and to study propagation on a certain radio
band. Beacons can also callibrate antenna installations (especially when a rotary antenne
installation is used) more accurately than compasses. Since a lot of antennas have a small
opening angle and the directivity of the antenna is a complex matter, it can be useful to direct
the strongest reception point of the antenna towards the beacon. The azimuth of the beacon
you are listening to can then be looked up by, for instance, a maiden grid. That way, you can
callibrate the clock of your rotor installation, giving yourself the possibility to immediately
direct the antenna towards any another station you may prefer. Furthermore, you can also use
a beacon to test the characteristics of your antenna (to confirm your simulations). Other
options are to test propagation. If you get good signal quality from a beacon 40 km away, the
chances of working any other station on the same distance are good. Finally, if you know that
the beacon you are listening at has a frequency stability of 1Hz and is locked to GPS or DCF,
you can use it to calibrate your local oscillator.

Image 3: SMA connectors
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3. Legal and technical requirements for
beacons
BIPT, the telecom regulator in Belgium, will allow amateur stations to work unattended only
under certain juridical conditions:
- Only a recognised society of radio amateurs can gain a license for an automated unattended
station.
- The location of the station, the contact information of the responsible amateur and one
runner-up must be officially communicated to BIPT.
- A signed approval must be given by the president of every radio amateur society in
Belgium.
- In case the station will send across country borders, the societies in these other countries will
also need to approve the use of this automated station.
- Any unattended station needs to be usable by every radioamateur.
- The rated output power of the unattended automatic station needs to be defined on the
license of this station. So do the location and the frequency.
- Any automatic station needs to repeat its own call at least once every 10 minutes.
There is no legal restriction on modulation bandwidth or channel spacing. Of course one
should always try to get the best possible quality of signal, as no one gains anything with a
station that uses a whole frequency band just for sending a continuous wave signal.

BIPT also has certain technical demands:
- The potential output power of the PA may only be twice the allowed maximum power.
- The responsible amateur needs to make sure that the station does not use any more power
than allowed, and that the station does not send on frequencies that are not assigned to radio
amateurs.
- In case of harmful interference the station needs to be dismantled so that it will stop sending.
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4. Controller Board and PLL
4.1. Introduction
The controller/PLL board for this project is designed around the ADF4360 VCO/PLL IC from
Analog Devices. It is also designed to fit on a Navman Jupiter-T precision timing receiver.
These two aspects combined will deliver a flexible GPS disciplined oscillator. The board
however can also be used without a GPS or with any other GPS receiver that delivers 1 pps or
10/20MHz.
For frequency generation the ADF4360 is used. This IC is composed of an integer-N
synthesizer and VCO, making it an easy to use chip to get a stable frequency between 1,1 and
2725 MHz (in different versions). Using two external tuning coils, two resistors to combine
the symmetric output and a handful of resistors and capacitors for the feedback circuit and
power supply, one can turn the VCO into an oscillator with a tuning bandwidth of a couple of
hundred MHz. For the purpose of this project, every element to get an oscillator that has a
channel spacing of 12,5 kHz around 1728 Mhz is chosen. The signal coming from the PLL
multiplied by six (see chapter 5) will result in an oscillator on 3 cm that has a channel spacing
of 75 kHz. For the use on 13 cm, other coils are used to lower the frequency to 1160 Mhz.
This results in a channel spacing of 25 KHz on 2,32 GHz. To keep things as simple as
possible the symmetrical output of the ADF4360 can be combined using two 50 Ohm
resistors. The best solution however is to use a simple lumped-lattice balun to combine the
symmetrical outputs to get more output power. With the help of a handful of components, the
ADF4360 will deliver about 10dB more output power.
The microcontroller chosen for the controller board is the AVR ATTiny 4313, which is a
successor of the AT90s2313 with 4 k of flash. The ATTiny is used on a 5 V supply to get it to
run stable on 20 MHz from a TCXO. The reason for having it run on 20 MHz is to be able to
use all the potential speed to guarantee a fast correction of the TCXO.
The MAX232 with two serial ports and a switch allows the user to choose between
programming the GPS attached to the controller board or sniffing the signal traffic between
the ATTiny and the GPS receiver.
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Image 4: 20MHz FM modulation

The power supply may seem complex for a small design such as this one, but its complicity is
however necessary. Early prototypes had 20 mV of unwanted 20 MHz signal all over the
power supply, which modulated the PLL delivering an unwanted FM signal. The two extra
peaks on the spectrum are spaced 20 MHz away from the carrier and are only 40 dB
attenuated. Cleaning up the power supply, adding an amount of GND vias and additional
filters on every data line ultimately makes these peaks disappear completely in the final
design.
Using the 16 bit PMW port of the AVR, the TCXO is corrected according to the GPS
reference. The PWM signal is going through a couple of very low lowpass filters and two
serial resonant circuits are additionally added: one on 20 MHz (TCXO frequency) and one on
350 Hz (the output frequency of the PWM port). This will guarantee a modulation free
TCXO, eventually contributing to a clean signal coming out of the PLL.
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4.2. Layout

Image 5: Board

Image 6: Power supply

The power supply is connected using a screwconnector. For permanent use, the power
supply wires can be soldered onto the board. Additional voltage protection has been added,
which limits the supplied voltage to 16V (this is for case D-capacitors having a maximum
rating of 16 V).
Although the 7805 would survive 35 V, it would eventually run quite hot (+- 15 W of
dissipated heat). Normally, any supply voltage of slightly over 5 V to 16 V will do. The
power supplies mainly used by radio amateurs have a voltage of 12 to 13,8 V.
The thyristor will short the supply if it exceeds 16 V, blowing the fuse. If the supply is
polarised the wrong way, the diode will short the supply as well, also blowing the fuse.
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Image 7: 10/20MHz SMA

The SMA connector is meant for an external clock or for looping the stable clock of one
board to another board without a TCXO.

Image 8: TCXO

The TCXO is from IQD and will guarantee a stability of +- 0,5 ppm over one year. Using a
simple 1pps GPS reference on this board will increase stability to +-3,9ppb. The jumper can
be used to shut down the TCXO if one wants to use an external clock. A wire can also be used
to bridge this if one is planning to use the TCXO continuously.
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Image 9: MAX232

The lower center contains a MAX232, two headers and a toggleswitch. This setup can be used
to read messages from the AVR and the GPS or to program the GPS.

Image 10: AVR and headers

The top center consists of the AVR and two headers. The 6-pin header on the left is the ISP
header for the AVR, the 10-pin on the right is an expansion port that can be used to attach
extra periphery to the AVR or to go to a PA to use this bord as a sequencer/CW modulator.
The AVR has a built-in brown-out detection on 4,5 V that will reset the controller whenever
the voltage drops below 4,5 V.
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Image 11: 1pps SMA

The second SMA connector can be used to attach an external 1pps reference or to loop the
1pps from this board to another board without a GPS.

Image 12: RF-out SMA

The last SMA connector is the RF-out. The PLL/VCO and the Balun can be found in the
screening can. The output should be terminated using 50 Ohm.
(Circuit diagram and board layout can be found in the appendix)
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4.3. ADF4360
After having experimented with free running VCOs using printed coils and SMD capacitors,
it has become clear that this is a very complex manner to get a clean and stable signal. The
initial project goal was to build a Frequency Locked Loop using a TCXO and a
microcontroller, but there is no microcontroller that would ever be fast enough to correct the
drift of the VCO. A possible solution lies with the ADF4360 IC. As mentioned earlier, this IC
is composed of an integer-N synthesizer and VCO, making it an easy to use chip to get a
stable frequency between 1,1 and 2725 MHz (in different versions).

Image 13: Close-In Phase Noise at 2600MHz (200kHz Channel Spacing)

The image above shows a typical output of the ADF4360. Spur on the power supply can make
this output less clean as you can see in the image below.

Image 14: Spectrum output of the AFD4360 using a dirty power supply

This is the main reason why so many capacitors and filters have been used on the power
supply. A proper power supply rules out a lot of problems, and so do a good separation of
digital and analog power supplies. One should never try to save money by using less
capacitors.
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The tuning coils of 0,4 nH (for 1,7-1,8 GHz) need to be as close as possible to the IC on one
side and as close as possible to GND on the other side. In practice the coils can just be left out
and the pins can be soldered directly to GND. For use on 1,1-1,2 GHz two coils of 2 nH
should be used.
The ADF4360 like any other PLL uses a reference clock to get its phase locked. The REFin
input of the ADF4360 is a 100k input that can be fed with a 3,3 V logic signal or with a 0,7 V
AC coupled signal. In case one wants to go for the 0,7 Vpp (to avoid crosstalk for instance)
the ferrite bead can be replaced by a capacitor of 1 nF. Nominal values for the voltage devider
on PD2 are 1k and 680 Ohm.
To get the ADF4360 to work, the register values need to be clocked in. The ADF4360 has
three 24-bit registers. The N-counter register is the most important one if one is trying to build
a variable oscillator. While this register sets the output frequency, the R-counter registry sets
the channel spacing (dividing of the reference frequency). The control register can be used to
set the output power, the mute-till-lockdetect and the use of the muxout pin. For this project,
the muxout is used to see if the PLL locks.
The registers are clocked out by bit-banging. The programming clock (CLK) is generated in
software and is used to send the data en LE pulses according to the values that are set in the
header file. The register values can be calculated by hand or by using the software from AD.
The CD-ROM in the attachment contains two programs to do this with: ADIsimPLL and
ADF4360_V301. ADIsimPLL can be used to calculate and simulate the configuration for the
PLL, which is interesting for one who wants to adapt the board to another frequency band.
ADF4360_V301in its turn is useful for setting the right parameters for the frequency and
output power use. It is a control program for Analog's own demoboard but it outputs the
register values* nevertheless and has a lot more options to choose from than ADISimPLL.
The values of the registers should be programmed only once. They can however be written
over from time to time but one must be aware of spurs all over the spectrum when
programming the PLL. To avoid this, the PLL values can be written over whenever a 'low'
occurs on the CW signal (no signal is delivered to the antenna).
* Register values can be set in pll.h
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Image 15: ADF4360-7 equiped for 1728MHz use
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4.4. GPS and TCXO
The board contains a TCXO running at 20 MHz. This TCXO has a stability of +-0,5 ppm over
one year. On 13 cm this will give a variation of +- 1160 Hz. As some beacons are spaced 1
KHz from each other, this can lead to unwanted interference. It is therefore necessary to
stabilize the signal. To do so, a GPS signal is used. It is possible to connect any DCF/GPS
receiver's 10MHz output to the board, as any timing reference can be used. For this project
however a Navman Jupiter-T has been attached directly to the board, so the board uses the
1pps directly to control the TCXO. The short term of the TCXO is +-3,9 ppb. At 2,32 GHz,
the frequency drifts 9Hz above the desired frequency and 9 Hz below it. This has been
verified using a GPS-locked frequency counter from HP. There is not much that can be done
about this, except correcting the TCXO by using an extra PLL that uses the 10 KHz out of the
Navman. The +- 9 Hz does not pose a problem for 13 cm, however, so it suffices to just make
sure that the TCXO does not drift away any further. To ensure this, a GPS signal (1 pps) is
used to have the microcontroller control the TCXO and check if it actually does 20 million
clockticks per second. The capture interface of the microcontroller is attached to the 1 pps
output of the GPS. It is an advanced external interrupt port that stores the counter value in a
special register whenever a pulse occurs. This means that one does not have to mind the
timing of the interrupt routine as long as it is finished before the next pulse occurs.
The image below shows the stability of the TCXO when controlled by the microcontroller
using the 1 pps reference. Horizontal is the time in steps of 214 seconds, vertical is the
stability in parts per bilion. The counter value was printed on the serial port of the
microcontroller every 214 seconds. The chart shows that the drift of the clock never exceeds
1,5 ppb. Combined with the 3,9 ppb of the TCXO that is always present, this gives a
guaranteed stability of +-5,4 ppb, which is a hundred times better than without a GPS
reference.

Image 16: Stability of the TCXO using a GPS reference

The AVR acts as a P-regulator*: it will count its own clock until a pulse occurs (1 pps) and
will check if the value of the counter is exactly 20 million. If it is not, it will calculate the
error and adjust the PWM value, eventually leading to a TCXO that runs on a GPS corrected
20 MHz. The voltage divider at the beginning of the PWM circuit is calculated so that #0000h
is the lowest control voltage for the TCXO (0,65V) and #FFFFh is the highest control voltage
for the TCXO (2,65V). After the TCXO has been stabilized, the PWM value is stored in
EEPROM. To ensure a long lifetime of the EEPROM, the microcontroller only writes the
PWM value to the EEPROM when the clock has been stable a sufficient amount of times in a
row.
*The P-settings can be adapted in Xcorr.h.
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4.5. Serial ports
The serial ports are mainly for debugging purposes but can be used to get stability reports and
other crucial information from the AVR and GPS. In the case of this project, the ports have
been used especially to control the stability and to do tests with the P-regulator. Toggling the
switch enables usage of the board as a programmer for the Navman Jupiter-T GPS. The serial
ports can optionally be attached to a web server, allowing the computer to extract useful
information and publish it on a dynamic website. This would allow radio amateurs to check
the status of the beacon.
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4.6. Code *
4.6.1. File discription
1. PLL: Code for transmitting the configuration data to the ADF4360 PLL IC.
The actual R-counter, N-counter and control data to be sent and the IO pins
used can be adjusted in the header file. The following functions are provided
by this module:
•

PLL_Init – Sends the configuration data to the ADF4360.

•

PLL_CheckLock – Returns a boolean indicating if the PLL is locked or
not.

2. USART:

Code for outputting data through the serial port. Stdout can be rerouted
to the USART by defining USART_STDOUT in the header file. This
allows the C standard functions like printf to output to the USART. The
module also has its own output functions, which use considerably less
program memory. The baudrate to be used can also be changed in the
header file. This module provides the following functions:
•

USART_Init – Configures the AVR's hardware USART for a 8N1 data
format and, if enabled, reroutes stdout to the USART.

•

USART_PrintHexu – Prints a unsigned 32bit variable on the USART
in hex format.

•

USART_PrintHex – Prints a signed 32bit variable on the USART in
hex format.

•

USART_PrintStringP – Prints a string, located in program memory, on
the USART.

3. Morse:

This module outputs the morse code. The IO pins to be used and the
timing parameters can be adjusted in the header file. Morse characters
are also defined in the header file using the MORSE_BYTEPACK
macro. The module outputs a null terminated string located in the C
file. Three extra null-bytes should be present at the end of the string, so
that the code can append “ NS” (not stable) or “ NR” (no reference) to
the string when required. The following functions are provided:
•

Morse_Init – Starts a timer which will be used to determine when it is
time to send the next morse token during each call to Morse_Tx.

•

Morse_Tx – Sends the next morse token if the time is right. Takes a
boolean as argument indicating if the function is allowed to send morse
or not. This is used to inhibit sending morse code when the PLL is not
locked.

•

Morse_SetMessage – Sets the morse message to be sent. Either the
normal message or the same message with “ NS” or “ NR” appended to
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it.
4. Xcorr: This module performs the clock correction. Being interrupt based, it runs
completely in the background. 16 bit timer 1 is used with no prescaler to count
the AVR's own clock. (Which is fed by the same TCXO as the PLL).
Every 65536 clockticks timer 1 will overflow, generating an interrupt in the
process. This interrupt service routine will add those 65536 clockticks to a
32 bit variable, thus keeping track of the clock. The GPS's 1 pps signal is
applied to the AVR's hardware capture module. This module will save timer 1's
value at the exact moment a pulse arrives and generate another interrupt. This
second interrupt service routine adds the captured timer 1 value to the 32 bit
clock counter, resulting in a precise count of the number of clockcycles passed
since the last pulse. This count is then used to determine the clock's error. An
average value is taken from a certain amount of measurements (configurable in
the header file) and this average error is used to adjust the PWM output, which
in its turn adjusts the TCXO. After each adjustment to the PWM output a
settling period is invoked during which no measurements or output adjustments
take place. This is done to allow the previous PWM adjustment to stabilize
before a new measurement is made. If the error is within the acceptable range
enough times in a row, the current PWM value is saved to EEPROM. This
ensures the latest stable PWM value is always available to be set immediately
during startup or when the 1 pps reference pulse is absent. The EEPROM can
only be written once during a certain amount of time to prevent EEPROM
wear. All constants can be adjusted in the header file. Interfacing with this
module is done using the following functions:
•

Xcorr_Init – Starts 16 bit timer 1 with no prescaler and enables the timer's
overflow interrupt. Configures hardware PWM output and loads the last stable
PWM value from EEPROM. Enables the hardware capture module and its
interrupt.

•

Xcorr_CheckError – Returns a boolean indicating if the error is within the
acceptable range. If the error has been acceptable enough times in a row the
PWM value is saved to EEPROM.

•

Xcorr_CheckReference – Returns a boolean indicating if the 1 pps reference
pulse is absent or not. This is used to append “ NR” (no reference) to the morse
message if required. This function also loads the last stable PWM value from
EEPROM is the 1 pps is absent.

•

Xcorr_Print – Prints the latest clock correction statistics out on the serial port.

5. PinManip.h – This header file contains 2 macros for setting and clearing an output
pin. The use of these macros makes the code less cryptic.
6. Main.c –

This file contains the main program loop. It initializes all the other
modules and ties them together to create a functional program.

7. Makefile –

This file is used by the compiler to build the project. It contains
configuration data such as compiler optimalisation settings, the C
standard the compiler adheres to and the AVR's clockspeed.

* Flowchart can be found in appendix
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4.6.2. Debugging
The complete code can be found on the CD-ROM. If problems with the board occur, the
software can be used for debugging. Adaptable settings when debugging are:
•

To allow the morse to work even though the PLL is not locked adapt the following.
In main.c exclude this line:
// if (!PLL_CheckLock())
It can also be used to test the leds.

•

To debug the PLL, the register values can be adapted in PLL.h. Sometimes adapting
the control register and prescaler values may also make things work.

•

Xcorr.h can be used to test/define the ideal P-regulator settings.

•

To test the PWM port adapt Xcorr.c by excluding this line:
// PWM_DutyCycle = eeprom_read_word((uint16_t*)0);
And add this line directly underneath:
PWM_DutyCycle = 0x7fff;
This will result in a duty cycle of 50% , with +-1,65V on the vcontrol pin.
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5. Multiplier

Image 17: Multiplier stage in LT-Spice (1)

Image 18: Multiplier stage in LT-Spice (2)

To build the multiplier, an Agilent ABA-52563 hi-gain MMIC is used to boost the output
signal of the PLL (-1,5dBm or 188mV/50Ohm) to a level that is high enough to distort a
BFP640 (+14dBm or 1V/50Ohm) (see first image above). The BFP640 has been configured
as a class-C amplifier on 2,32GHz by using a tank circuit on 2,32GHz in the collector.
Any bandpass filter can be used after the BFP640 to filter out the wanted 2,32GHz. Adapting
the tank circuit and bandpassfilter allows multiplication to any other harmonic of the inserted
base frequency. The BFP640 seems to reach is limits around 7GHz, so it is improbable that it
can be used to make a one step multiplier to, for instance, 10GHz.
The current limiting resistor (R1) in the collector is for simulation use only. In the real world
it is not necessary, as the collector current does not exceed the 50mA the BFP640 allows for.
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2,32GHz is the strongest peak on the FFT. Practical tests using a spectrumanalyzer,
measurement receivers and powermeters confirm this simulation.

Image 19: Multiplier test board

Image 20: Multiplier without input (dirty power supply)

This is a test without input on the multiplier, and spur is clearly noticable.
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Image 21: Multiplier with input (dirty power supply)

This is a test with input from the ADF4360 running at 1160MHz. There are a lot of peaks, all
at the same distance. This clearly shows that that the multiplier works. After adding a couple
of elcos and MKT capacitors, the only peak that was on the screen was at 1160MHz (the input
to the muliplier) and 17 dBm strong. The second harmonic on 2,32 GHz is not visible on this
spectrumanalyzer because this analyzer only goes up to 1,8GHz. Putting a cavity filter
between the multiplier and the frequency counter however confirmed that we had an even
stronger peak at 2,32GHz. Later tests with a spectrum analyzer that goes to 18GHz showed
that the multiplier even delivers multiple peaks from 1,16GHz up to 6,96GHz, with the
strongest one at 2,32GHz.

Image 22: Strong signal on 1160MHz (no antennas used)

The display of the receiver here indicates 160, with a button on the top right of the center
rotary encoder that says 1GHz. So this is a signal of 1,6 GHz.
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6. Filters
To assure not to send on unwanted frequencies and/or to filter out the right frequency after the
multiplier, a good bandpass filter is needed. To do so, two cavity filters have been made and a
discrete Chebyshev filter has been designed. The cavity filters are of the pipe-cap type. Pipecaps are single ended copper containers that can be soldered or pressed onto the end of a
water/gas pipe. A cavity is a resonant filter with a sharp passband. However, there is always
more than one passband. Most of the odd harmonics of the passband frequency therefore
come through undamped. This is because they also fit perfectly in the cavity. Other filters are
necessary to filter out unwanted frequencies. Microstrip, stripline or discrete filters can be a
better option.
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6.1. Pipe-caps

Image 23: Soldering brass nut on pipe-cap

“If brute force isn't working for you, then you're not using enough of it.”
The 5 mm hole is drilled using a lathe, so that it is perfectly centered. As the copper is too thin
to be strong enough, an extra brass nut is soldered on top. To ensure that the nut lay flat, an
inox nut and screw to lock the brass nut to the cupper surface are used. A lot of heat, grease
and solder are further used to attach the nut to the pipe-cap. In total, three of these pipe-caps
are prepared.
Afterwards, the pipe-cap is mounted on a 0,5 mm FR4 laminate, by using two transmission
lines of 50 Ohm in microstrip, two SMA connectors and two 1,25 mm coated coil wires as
antennas. Tests using a VNA show that there is a forward loss of only 1,5dB, which is 0,5dB
less than the example on which this design has been based.
A double pipe-cap filter on 1mm FR4 laminate (the 0,5mm works perfect but is fragile) is
made as well to get a steeper filter. VNA tests show that this one has a forward loss of 8 dB
but more importantly, it has such a steep passband that it is actually not usable anymore in
practice. The slightest change in temperature can make the passband move, possibly even so
far that the wanted signal is attenuated by 50dB.
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Image 24: Test with a single pipe-cap

Here the PLL and multiplier have been
added to see if the filter works. The pipecap has been tuned using the diode detector
in the frequency counter. A VNA has been
used afterwards to tune more precisely.

Image 25: Frequency counter showing the output of a single pipe-cap
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Image 26: VNA output of the double pipe-cap

The double pipe-cap clearly has a forward attenuation of 8 dB and a very steep passband. This
makes it unusable for unattended use, however, as a slight change in ambient temperature
would move the passband far enough to make it attenuate the wanted signal too much.
Besides that, this filter also has many unwanted passbands as you can see on the VNA below.

Image 27: VNA setup for testing the double pipe-cap
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The single cavity has a less steep passband but has only two passbands (in the range 1-7GHz)
making it more usable for the purpose of this project. It has an attenuation of -55dB on the
other unwanted frequencies. Only 6,96GHz comes through too strongly and needs extra
filtering. Also the 1,5dB forward attenuation is better. This will also be defined by the use of
thinner FR4 laminate. FR4 works like a sponge on microwave frequencies.

Image 28: VNA output of the single pipe-cap

Image 29: Tuning the double pipe-cap using a VNA
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Image 30: Frequency response of the single pipe-cap

The image above is a frequency chart of the multiplier (blue) and the signal of the multiplier
filtered through the single pipe-cap (orange). Only 2,32 GHz an 6,96 GHz come through
strongly. Extra filtering for 1160 an 6960MHz is necessary. In the amplifier designed to use
after this multiplier and filter, an extra Chebyshev filter is included (possibly eliminating the
need of the pipe-cap itself). The used MMICs have a maximum frequency of 3,5 GHz, some
of them only going up to 2,7GHz. This way, the 6,96 GHz will be attenuated all the way to
the antenna.

Image 31: Test setup
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6.2. Discrete 7th order Chebyshev
Proof of concept for a discrete 2,32GHz 7th order Chebyshev as used in the PA.

Image 32: schematic of a discrete 7th order Chebyshev on 2,32GHz

This simulations run from 1,16GHz to 3,48GHz (this is to verify that the first and third
harmonic are filtered out). The vertical axis shows the attenuation from 0 dB to -100 dB in 10
dB steps.

Image 33: Analysis of a discrete 7th order Chebyshev on 2,32GHz

Image 34: Montecarlo analysis of a discrete 7th order Chebyshev on 2,32GHz

Attenuations of 20 dB in the passband are possible for that we need to add an extra MMIC
(that can be bridged). This will be further explained in the power amplifier chapter.
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7. Continuous wave
While building the multiplier, disconnecting the power supply of the MMIC turned out to
make the output go flat (no signal).

Image 35: Simplified Schematic of the Agilent ABA-52563

This comes in handy, as CW in this project is meant to be used as a modulation form. Cutting
off the power supply of one or more MMICs would make the output signal dissapear. Doing
this with one or more transistors and sequencing these transistors using the AVR leads to the
opportunity to do morse. The output does not need to be noise but more attenuation on a 'low'bit is always better. Having -40 dBm when not sending and +33 dB when sending should be
enough, but this project makes an extra adaptation of the code and uses PIN-attenuators on the
PA to be able to also send with low power. For instance, two times high power and one time
low power, for people who live closely near the beacon. An average amateur radio has a
signal level indicator that goes up to 9 and then has +20dB, +40dB and +60dB indications. In
case one lives next to a beacon that constantly delivers 25W ERP, their radio would always
indicate 9+20dB (for example) making it impossible to direct the antenna. So if the beacon
sometimes sends while using only 0dBm of power (for example) people living near the
beacon can use the 0-9 scale to find direction. In the meantime, people who live much further
away will not hear anything. If the attenuation is not large enough, the person that lives
directly underneath the beacon wil hear a continuous tone (you will hear a difference but it
will not be totally silent on 'low'). This is why the MMIC's that shorten the signal to ground
come in handy. If 'low' equals noise, the person living underneath the beacon will always be
able to seperate 'low' and 'high' signals. Examining the PA circuit diagram will lead to finding
that there are two I/O lines: one for dissabling the signal (turning of a couple of MMICs) and
one to attenuate the signal (no current through a PIN-diode will give +- 10dB attenuation).
When the beacon sends 'low' the PIN-diodes and the MMICs will shut off. When the beacon
sends 'high' with lowpower, the PIN-diodes will be shut off while the MMICs will stay on.
When the beacon sends 'high' with full power, the PIN-diodes and the MMICs will be turned
on.
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8. Power Amplifier
The proposed PA* consists of the previously designed multiplier and discrete Chebyshev
filter, followed by a handful of MMICs and PIN-diodes to generate CW and gain enough
power to drive the Meranti 2 W power MMIC. According to the datasheet, the Meranti is able
to deliver a minimum of 33dBm. Since we only use CW and the manufacturer already gives a
higher typical output power 34,8dBm; 34,8 dBm or even higher is possible to attain. Further
testing will determine whether extra filtering behind the Meranti is necessary or not. The
Meranti uses 800 mA on 5 V, an extra 7805 is therefore added to this circuit diagram. The
power supply is a identical copy of the one used on the controller board. The expansion
headers will be connected to the controller bord, so that the PIN-diodes and MMIC supplies
can be controlled to generate morse. Every PIN-diode is equipped with a trimmer to calibrate
the according MMIC for linear operation. Powering only the MMICs and not the PIN-diodes
allows the beacon to send in a lower power mode, as has been explained earlier. Linking
every stage of the amplifier by using a patch coax allows good tuning of every separate
amplifier and bridging one or more stages if too much gain is generated. Another option is to
let the signal pass through an additional filter (cavity, for instance). The high-gain driver in
front of the Meranti is the only MMIC that needs additional impedance matching.
* Circuit diagram can be found in appendix
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9. Antenna(s)
For the demostration setup, two double quad antenna's are made, which are self-supporting
and have a reflector. The design is explained in the image below. The oversize reflector could
not be achieved because the FR4 laminate that was available was merely 160x100mm.

Image 36: Double Quad antenna design

Image 37: Assembled Double Quad antennas
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