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Modern Beacon Design

North Texas Microwave Society Beacon Strategy

It is a goal of the North Texas Microwave Society to maintain VHF, UHF and microwave beacons as a
service to the ham community. Many of us have experienced unusual propagation effects while in
operation over the air and the usefulness of beacons is well known for checking conditions and studying
propagation. Beacons may also be used to verify equipment performance. NTMS has established a wide
range of beacons' and are planning to install additional beacons at 24 and 47 GHz. As we drew up
requirements for the new beacons, new options became available which deserved attention including the
use of Wavelab modules and control board for 24 GHz and Tom William’s (WAIMBA) Quadrupler for
47 GHz. We also required remote control of the beacons as we may not need to power the units 24/7.
The final design required several devices including an Arduino to handle remote control polling and a
custom 144 MHz oscillator with a separate PIC to key the beacon CW string and carrier. In visiting with
Kevin Hobbs VE3KH, we learned of the RFzero™ board which in theory would reduce our device
count for the beacons plus add the functionality of modulated WSJT-X modes. See Figure 1 for block
diagrams of version 1 and version 2 beacon designs. Adding Q65 mode to the 24 GHz beacon appeared
to be possible and would take the propagation studies to a new level with weaker than can be heard
signal detection and S/N values identified for documentation. The frequency synthesis in the Wavelab
control board was already locked to GPS but would the RFzero™ board provide adequate stability as a
144 MHz driver?
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Figure 1. Original version 1 design with custom 144 MHz driver compared to version 2 using
RFzero™

The RFzero™ board functionality and features

Figure 2 illustrates the parts of the board. A NEO-7M GPS receiver is tied to an ARM MO processor
which controls the Si5351A clock generator for frequency synthesis. The Si5351A is clocked by a 27
MHz crystal oscillator with continuous correction from the M0 processor once GPS is valid. On board
EEPROM is updated with frequency correction factors for use in restarts. There are recommendations to
provide a perturbation shield*, e.g. foam cover, over the Si5351A 27 MHz crystal oscillator which we
found to be effective. A set of filter pads on the RF output stage allow for filters to be designed as
needed. The USB port is used with a PC to program the board. There are several means of
programming. For straightforward use, the app RFzero Manager® can be used which permits
configuration of supplied Arduino sketches and downloading them to the board. For customization, the
Arduino IDE may be used along with the provided RFzero™ Arduino sketches or a sketch you create.
The board is multi-function with ability to be a GPSDO on frequencies up to 280 MHz, a VFO with 1
mHz resolution, a standalone WSPR transmitter and beacon driver with a large selection of modulation
modes (see Figure 3).
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Figure 2. Features of the board

Frequencies from 2289 Hz to ~ 300 MHz (or harmonic)

CW + carrier

FT4 + CW + carrier

FT8 + CW + carrier

JS8 + CW + carrier

JT4 + CW + carrier

JT65 + CW + carrier

Q65 + CW + carrier
RTTY x 5 + CW + carrier
WSPR

Frequency compensation for multipliers up to 72 GHz

Figure 3. Beacon modes (not all modes shown)




Programming using RFzero Manager

The first task was to use the RFzero Manager to program the board for Q65B-30 at 144 MHz and
observe the decode success over the air to a receiver ported to WSJT-X. Figure 4 shows the RFzero
Manager interface which has the usual COM port selection, a long list of beacon modes that can be
selected, a group of shortcut keys that can be used, and an input line at the bottom of an output window.
In the illustration, the “rd cfg” [read configuration] command has been entered by pressing F2 (or could
have been typed on the input line) which caused a response in green text within the large window
identifying the current values of the board configuration. Pressing F1 or typing a “?” brings up the
pertinent commands and value options for configuring the selected beacon mode type (see Figure 5).

Figure 4. RFzero Manager interface with a config Figure 5. List of commands pertinent to Q65
listing current state of the board

Checking tone spacing bandwidth

Over the air tests proved that the WSJT-X mode was being transmitted correctly, in proper timing
through GPS clocking, not drifting in ambient shop environment and decoding 100% on every
transmission. But this was at 144 MHz. We moved on to checking WSJT-X tone spacing bandwidth
before dealing with harmonics. Referring to the Q65 Quick Start Guide® we noted that the Q65 30
seconds T/R Period (figure 6) had bandwidth spreads ranging from 433 Hz (sub-mode B) to 1733 Hz
(sub-mode D). This seemed like a good place to start. As a side note, we have used Q65B-30 to
complete contacts on both 24 and 47 GHz. To capture tone bandwidth spacing we used a 10 MHz
referenced HackRF SDR with SDR Console software. After programming the board for Q65B-30 at 144
MHz, the tone bandwidth spacing was spot on in the SDR waterfall which was no surprise because the
signal was decoding 100% in WSJT-X (Figure 7). Changing the sub-mode to Q65C-30 (Figure 8) and
then Q65D-30 (Figure 9), we observed correct tone spacing in the SDR waterfall and WSJT-X
decoding.



T/R A B C D E
Period Spacing Width Spacing Width Spacing Width Spacing Width Spacing Width|

(s) (Hz) (Hz) (Hz) (Hz) (Hz)
15 6.67 433 1333 867 = 26.67 1733 N/A N/A
30 333 217 6.67 433 | 1333 867 26.67 1733 N/A
60 1.67 108 333 217 6.67 433 13.33 867 2667 1733
120 075 49 150 98  3.00 195  6.00 390 12.00 780
300 029 19 0.58 38 116 75 231 150  4.63 301

Figure 6. WSJT-X Q65 by T/R period and sub-mode designation
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Managing harmonics

We then moved on to harmonic testing and working to understand the “multiply” feature noted in
RFzero™ documentation. Simply setting the SDR to receive at 1296 MHz and keeping all the same
variables as the last test (Q65D-30 at 144 MHz) we expected to see 9 x 1733 Hz spacing (9" harmonic
of 144 MHz) and this was confirmed with observation of approximately 15.6 KHz bandwidth (see
Figure 10).
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Figure 10. Q65D-30 9" Harmonic of 144 MHz. Occupying approx. 15.6 KHz

Digging in to the documentation we found that the correct method for programming 1296 MHz output is
to write the configuration frequency as 1296 MHz and let the RFzero™ program library do the work.
The calculateTonesMulti function contains the math that resolves the tone spacing and bandwidth and
selects the appropriate frequency (under 300 MHz) to drive the RF synthesizer. See Figure 12 for the
RFzero Manager configuration report that now shows 1296 as output frequency and a multiplier of ‘7’
which means the board output is 185.14 MHz producing a 7" harmonic signal with tone spacing
adjusted. Figure 13 shows the correct tone spacing bandwidth for Q65D-30 at 1296 MHz.

‘3 RFzero Manager : www.rfzero.net : v.1.4.1 6.000
Q65D-30
1296 MHz
from 7th
Harmonic of
185.14 MHz

File Communication Tools Help

Figure 12. Correct configuration for 1296 Figure 13. Correct tone bandwidth (1733
MHz. Note Multiplier value of 7. Hz) at 1296 MHz for Q65D-30 by using
7" harmonic of 185.14 MHz.




To make one final confirmation we set the board configuration for 10368.360 and observed a multiplier
factor of 47 which calculates to be a fundamental of 220.6034 MHz which is exactly what we observe as

output from the board (see Figures 14 and 15). Measurements were made with an external 10 dB
attenuator in place on the SA input.

'@ RFzero Manager : www.rfzero.net : v.1.4.1

File Communication Tools Help

220.603.4 MHz

valid GPS before TX: 0: no*, 1: yes
S data to USB 0O off*, 1: on, 2: all

: default value

Figure 14. Programmed output of 10368.360 | Figure 15. Observed fundamental output from
yields a Multiplier of 47. board at 220.603.4 MHz

Adding Filters

To control the harmonics there are filter pads on the board in the RF output section and standalone filter
PCB boards available. We tested both. First was a band pass filter 100 — 150 MHz built directly on the
board. The Elsie filter design program? is free to use and has several good features that enable filter
design. See Figure 16 for Elsie design parameters for the 100 — 150 MHz band pass filter, Figure 17
depicts a KiCad schematic of the filter and Figure 18 the Elsie theorized plot.

fmin fmax 71 72 73 74 75 Z6 77 78 79 Z10
100 150
MHz MHz 15 pF 1pF 33 pF 3,9 pF 33 pF 3,3 pF 12 pF 68 nH 68 nH 68 nH

Figure 16. Filter design parameters for 100 — 150 MHz band pass filter
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Figure 17. KiCad schematic of 100 — 150 MHz band | Figure 18. Elsie plot of 100 — 150 MHz band
pass filter pass filter

Figure 19 shows the on-board filter pads in the RF output section with three shorting components placed
by default. Figure 20 shows the filter SMD components placed after removing the default shorts. Figures
21 and 22 illustrate the before and after spectrum from 33 to 2500 MHz. Most of the harmonics are gone
with a few significantly attenuated. Measurements were made with an external 10 dB attenuator in place

on the SA input.

Figure 19. Filter pads in RF output section with default Figure 20. Components placed for band
shorts placed pass filter
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Figure 21. Spectrum (33-2500 MHz) before 100 | Figure 22. Spectrum (33-2500 MHz) after 100 —
— 150 MHz band pass filter. 150 MHz band pass filter.

Next, we built a 400 MHz high pass filter which would suppress below 400 MHz yet allow harmonics
above 400 MHz to be usable. See Figure 23 for Elsie design parameters for the 400 MHz high pass
filter, Figure 24 shows the Elsie schematic of the filter and Figure 25 the Elsie theorized plot.

fmin 71 72 73 74 75 Z6 77 78 79 710

400 MHz 6,8 nH 130 nH 6,8 nH 27 nH 6,8 nH 39 nH 8,2 nH 10 pF 12 pF 12 pF

Figure 23. Filter design parameters for 400 MHz high pass filter




1 2 3 4 5 L] 7

ke sanH 12on S 7o SanH et 820H %

I EIETES

Transmission, 9B Return, 98
[ ]

« val «

AN

1000 200 s00m © S 5

Figure 24. Elise design schematic for 400 MHz high
pass filter

Figure 25. Elsie plot of 400 MHz high pass
filter

Figure 26 shows the standalone “MultiFilter” PCB board available*. Figure 27 shows the high pass filter
SMD components placed and SMA connectors added. Figures 28 and 29 illustrate the before and after
spectrum from 33 to 2500 MHz. The 144 MHz fundamental is attenuated over 50 dB while the 1296
MHz harmonic has increased in strength by 10 dB. Measurements were made with an external 10 dB

attenuator in place on the SA input.

Figure 26. Standalone filter PCB Figure 27. Components placed for high pass filter
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Figure 28. Spectrum (33-2500 MHz) before 400 Figure 29. Spectrum (33-2500 MHz) after 400
MHz high pass filter MHz high pass filter

Empirical Testing

Real results are best, so we set out to use the board with the 100 — 150 MHz filter and adjust it’s 144.360
MHz output to a level of 10 dBm and inject this ahead of the mixer in the Wavelab board (see Figure
30). This configuration drives the Wavelab board to full output (approx. 31 dBm) at 24192.360 MHz.
Mounting the 24 GHz parts crowded the beacon prototype staging platform but was securely attached
sufficient to take the beacon to the field and run OTA tests. Using a trailer mounted telescoping mast,
the beacon assembly was raised to approximately 30 feet and was observed with strong signals (Figure
31) by Al Ward, W5LUA at a DX of 60 km (see Figure 32). Rotating the beacon in azimuth to point
nearly 180 degrees away from Al, he was still able to decode the WSJIT-X Q65B-30 signal at -23 dB.
This illustrates the W1GHZ Sector Horn pattern which would seem to make a good antenna for our
purposes. See Figure 33 and 34 for images of the test location with beacons deployed and the beacon
assembly with parts notation.
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Figure 30. Wavelab control board IF RF injection point. Remove C8 and
inject 10 dBm on empty C8 pad to pin 5 (IF) of U2 mixer.
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Figure 31. WSJT-X reception and decode of 24 GHz beacon at W5LUA.

Video is also available®
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Figure 32. Path profile from beacon test location to WSLUA
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Conclusion

The RFzero™ has been available for several years and offers a good choice as a beacon driver as well as
other functions. A large user group exists, and the company provides prompt responses to questions.
New releases of the Arduino scripts are made as corrections are found to be necessary. Stability is
sufficient to enable WSJT-X modes at VHF, UHF and microwave frequencies with attention paid to
shielding the 27 MHz crystal oscillator. NTMS will implement the power control IC, the on-board GPS
and the Arduino C++ coding (allowing modification of existing sketches) to reduce the parts count in
our original design.
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