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Outline

• Objective

• Lunar Characteristics

• Ionospheric Propagation

• KC1HTT EME Station Description

• EME Operations

• Summary

The Fiftieth Anniversary of Apollo 11 Landing on the Moon, 1969 – 2019
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Project Selene Objective: Amateur Radio 
Communications via Moon Reflection

Σελήνη, Selene, Greek Goddess of the Moon
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Amateur Radio Earth-Moon-Earth 
Communications Link

Transmitted

Transmitted Signal

Reflected Signal

• EME involves transmitting a signal 
towards the Moon and receiving the 
reflected wave

• EME allows worldwide contacts on 
frequencies that are usually limited to line-
of-sight e.g., 144 MHz
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Key Lunar Characteristics

• Range 
– 3.84 x 108 m

• Lunar Diameter
– 1.736 x 106 m

• Lunar Angular subtense
– 9.03 mrad

• Lunar Geometric Cross Section Area
– A = 9.47 x 1012 square meters

• Lunar Reflectivity at VHF and UHF

– Reflectivity, ρ ~7.4%

– Predominantly specular at VHF

• Median Lunar Radar cross section, Moon

– 118.45 dBsm or ρA = 7.01 x 1011 square meters

– Radar cross section has a Rician distribution - one major scatterer, many small 
scatterers

– Linear polarizations are not altered significantly by lunar reflection
– Slow fading times - several seconds at 144 MHz
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Measured Cumulative Total Radar Cross Section 
of the Moon at 425 MHz, February 8, 1960
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G. H. Millman and F. L. Rose, "Radar Reflections From the Moon at 425 Mc/s,"



Project Selene-7
WK 4/2/2019

Probability Density Functions of Lunar 
Echo Amplitude at 425 MHz

Rician distribution indicates a strong, steady reflection accompanied by 
many, smaller random reflections

Moon rise Moon transit

Rician Distribution

Rician Distribution

Rayleigh Distribution Rayleigh Distribution

Normalized Amplitude Normalized Amplitude
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G. H. Millman and F. L. Rose, "Radar Reflections From the Moon at 425 Mc/s,“.
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Measured Polarization Versus Delay for 
Lunar Radar Echos at 440 MHz

G. H. Pettengill and J. C. Henry, "Radar Measurements of the Lunar Surface“.
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Lunar Reflection Coefficient as a 
Function of Wavelength

Pettengill and Shapiro, “Radar Astronomy”.
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Reflectivity

Lunar reflectivity is about 7% to 8 % from 30 MHz to 30 GHz
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Ionospheric Effects on VHF Propagation
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Ionospheric Faraday Rotation of Signal 
Polarization
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• Polarization rotation angle is a uniformly distributed random variable
• Expected polarization rotation is 45° @ 144 MHz
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Probability of Polarization Loss

Polarization Loss ≤ 𝑿, dB
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Median Polarization Loss = -3dB

If the polarization rotation is assumed to be random and uniformly distributed from 0 to 90 degrees, 
then the expected rotation is 45 degrees and the loss is 3 dB or less for half the time
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KC1HTT Earth Moon Amateur Earth 
Radio Station
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Location of KC1HTT EME Station -
Pawcatuck, Connecticut (FN41bj)

Residential area, each EME session requires setup and breakdown 
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Antenna Studies: Vertical or Horizontal 
Polarization?
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Vertical Polarization, 9 element Yagi, One 
Wavelength Above Ground, 0 degree Elevation

Antenna Height 1 wavelength
14.85 dBi, @ 9 degrees
13.24 dBi @ 5 degrees
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Horizontal Polarization, 9 element Yagi, One 
Wavelength Above Ground, 0 degree Elevation

Antenna Height 2 meters
18.61 dBi @ 12 degrees
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Estimated Effect of Ground on 2M9SSB 
Yagi One Wavelength Height

• Yagi Horizontal Polarization
– Between 10 and 30 degrees pointing angle, horizontally 

polarized Yagi antenna has a higher gain than a vertically 
polarized Yagi

• Conclusion
– Use H polarized Yagi antenna to obtain higher gain
– Ionosphere will randomly change the polarization at the EME 

receiver



Project Selene-19
WK 4/2/2019

M2 2M9SSB Antenna on Hand-Pointed 
Mount on East Side of Home
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Measured in situ VSWR of M2 2M9SSB 
Yagi Antenna
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KC1HTT 144 MHz EME Station



Project Selene-22
WK 4/2/2019

KC1HTT EME Station Cost
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KC1HTT EME Station

• Operator William Keicher
• QTH Pawcatuck, CT, USA
• Grid FN41bj
• CQ Zone 5
• ITU Zone 8
• Receiver H pol
• Transmitter 177 W, H pol 
• Antenna Array 1 x 9 element 2M9SSB
• Antenna Gain  14.2 dBi
• Ground Gain @15° 2.46 dB 
• Total Antenna Gain  16.66 dBi
• Power*Aperture       +39.14 dBW
• Mode JT65B
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JT65B Waveforms and Signal 
Processing
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JT65B “Long Message” Waveform and 
Processing

• FSK65 Modulation – frequency shift keying using 65 separate tones
– 64 tones (or symbols) reserved for 64-ary alphabet
– Each symbol carries 6 bits
– 65th tone at 1270.5 Hz reserved for frequency and time synchronization 

• FEC - Low rate Reed-Solomon code – RS(63,12)
– Rate = 0.19 code
– 72 message bits and 306 error correction bits (378 bits total) are encoded into 63 symbols 

for transmission

• Interleaving of 63 symbols in 7 x 9 matrix in rows, read out in columns
• Alternating one minute transmissions starting 1 second after UTC minute

– 126 transmissions intervals each of 0.372 seconds transmitting one of 65 frequencies
– 63 synchronization tones transmitted at 1270.5 Hz each for a 0.372 seconds duration
– 63 symbols transmitted each of 0.372 seconds duration
– 63 Sync and 63 symbol transmissions are interleaved in a pseudorandom sequence
– Each transmission ends after 47.8 seconds after UTC minute

• Franke-Taylor algebraic soft-decision algorithm 
• Deep Search decode – requires CALL3.TXT call sign database

– Only hypothetical messages combining CQ or the user’s own callsign with a callsign and 
locator from the callsign database will be tested against the received information

– 262 million call sign possibilities

S. J. Franke and J. H. Taylor, "Open Source Soft-Decision Decoder for the JT65 (63,12) Reed-Solomon Code”



Project Selene-26
WK 4/2/2019

JT65B Long Message Performance

S. J. Franke and J. H. Taylor, "Open Source Soft-Decision Decoder for the JT65 (63,12) Reed-Solomon Code”
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JT65B Shorthand Messages

• Shorthand (SH) message tones 
and sync tone are time 
interleaved and repeated 
• Sync 1270.5 Hz
• RO      1378.2 Hz
• RRR   1432.0 Hz
• 73      1485.9 Hz

• Tone duration is 1.486 seconds
• 32 sync, 32 SH tones in 47.55 

seconds
• Decoder looks for frequency 

difference, Δf, between sync 
and SH tones
• RO 107.7 Hz
• RRR 161.5 Hz
• 73 215.4 Hz

S. J. Franke and J. H. Taylor, "Open Source Soft-Decision Decoder for the JT65 (63,12) Reed-Solomon Code”
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KC1HTT – RX1AS JT65B QSO

• CQ KC1HTT FN41 * KC1HTT in grid square FN41 
calls to anyone listening

• KC1HTT RX1AS KO59 * RX1AS in grid square KO59 
responds to KC1HTT

• RX1AS KC1HTT FN41 OOO * KC1HTT Reports sufficient SNR

• RO ... RX1AS “Roger, sufficient SNR”

• RRR ... KC1HTT “Roger, roger, roger”

• 73 ... RX1AS “Best regards”

• 73 … KC1HTT “Best regards”

Transmitted JT65B Messages Meaning

* 72 bit message encoded in 378 bits and sent only once using 63 FSK tones + 63x sync tone
(…) Indicates repeated shorthand (SH) message tones + interleaved sync tone  
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Earth-Moon-Earth Operations
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19 January 2019 EME QSOs

Nighttime Moon rising, waxing gibbous (94%)
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Moon Sked Software  Predictions for 
19 January 2019

Degradation 
Factor in dB on

January 19th

Minimum 
Degradation

D. Anderson, "GM4JJJ Amateur Radio" 
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Position of the Moon and Sun During 
19 January 2019 QSOs

Moon

Sun

D. Anderson, "GM4JJJ Amateur Radio" 
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Position of the Moon on Radio Sky Map, 
19 January 2019

D. Anderson, "GM4JJJ Amateur Radio" 
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Location of KC1HTT EME Station -
Pawcatuck, Connecticut, 19 January 2019

Moon antenna azimuth 
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H Pol, 9 element Yagi, One Wavelength 
Above Ground, 15 degree Elevation

Antenna Height 2 meters
17.25 dBi, @ 12 degrees

16.66 dBi @ 15 degrees (-0.59 dB from max)
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Frequency Spectrum of RX1AS JT65B 
Coded Signal – “Waterfall” Display

QSO

JT65B coded 
SH tones

from RX1AS
“RO” tone

1470 Hz

“73” tone 1577 Hz
Sync @
1362 Hz
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KC1HTT - RX1AS QSO Analysis: SNR

2137   CQ KC1HTT FN41 KC1HTT calls CQ
2138   KC1HTT RX1AS KO59 SNR = - 18 dB RX1AS calls KC1HTT, 2.2 second delay
2139   RX1AS KC1HTT FN41 OOO SNR = - 24 dB KC1HTT reports sufficient SNR
2140   RO SNR = - 13 dB RX1AS “Roger, sufficient SNR”
2141   RRR KC1HTT “Roger, Roger, Roger”
2142   73 SNR = - 14 dB RX1AS “Best regards”
2143   73 KC1HTT  “Best regards”

Roundtrip
time delay

2.4 seconds,
-0.2 second error
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Text Messages Sent Before and After QSO Between 

RX1AS and KC1HTT on WSJT EME – 1 Bulletin Board

19 Jan 21:42 KC1HTT Bill tnx qso 1 -24 2.1 -272 3  RX1AS KC1HTT FN41  OOO 
==={RX1AS/4X15XP/1 Serge xx KO59xw}

19 Jan 21:44 RX1AS Serge TX! First EME! 73, Bill===(KC1HTT Bill CT FN41bj)

19 Jan 21:37 KC1HTT Bill call you==(RX1AS/4X15XP/1 Serge xx KO59xw)

C. Cox, "WSJT EME Link by NØUK - chrisc at chris.org"



Project Selene-39
WK 4/2/2019

CONFIRMATION! RX1AS QSL Card Sent to 
KC1HTT
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RX1AS EME Station

• Operator Sergey. A. Spiridonov
• QTH St Petersburg, Russia
• Grid KO59xw
• CQ Zone 16
• ITU Zone 29
• Receiver V and H pol
• Transmitter V or H pol, 1000 W
• Antenna Array 4 x 15 element XP Yagi
• Antenna Gain  23.5 dBi (est.)
• Power*Aperture   +53.5 dBW
• Mode MAP 65
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Moon Sked Parameters for 19 January 
2019 EME QSOs

Range to the Moon was 360,906 kilometers for a roundtrip of 
721,812 kilometers or 448,513 miles or 2.408 light seconds

Operation during Moonrise, beam elevation = 12°

D. Anderson, "GM4JJJ Amateur Radio" 



Project Selene-42
WK 4/2/2019

Calculation of the SNR During the KC1HTT –
RX1AS QSO
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Frequency Spectrum of S52LM JT65B Coded 
Signal – “Waterfall” Display

JT65B coded tones
from S52LM

Sync 
@ 1312 Hz
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WSJT-X JT65B Screenshot of S52LM, 
Solkan, Slovenia QSO

QSO

WSJT-X QSO Logging WIndow
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KC1HTT - S52LM QSO Analysis: SNR

2153   CQ KC1HTT FN41 KC1HTT calls CQ
2154   KC1HTT S52LM JN65 SNR = - 26 dB S52LM calls KC1HTT, 2.2 sec delay
2155   S52LM KC1HTT FN41 OOO SNR = - 25 dB KC1HTT reports sufficient SNR
2156   RO SNR = - 19 dB S52LM “Roger, sufficient SNR”
2157   RRR KC1HTT “Roger, Roger, Roger”
2158   73 SNR = - 21 dB S52LM “Best regards”
2159   73 KC1HTT  “Best regards”

Roundtrip
time delay

2.4 seconds,
-0.2 second

error
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Text Messages Sent After QSO Between  S52LM and 

KC1HTT on WSJT EME – 1 Bulletin Board

19 Jan 21:59 Milos TX for the QSO! 73, Bill ===== {KC1HTT Bill CT FN41bj}

19 Jan 21:59 KC1HTT , Hi Bill, tnx qso, -25 best, 164 pol, TX V, GL ====={S52LM/4x28HV/1k Milos xx}

C. Cox, "WSJT EME Link by NØUK - chrisc at chris.org"
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CONFIRMATION! S52LM QSL Card Sent 
to KC1HTT
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S52LM EME Station FIXED

• Operator Milos Leban
• QTH Solkan, Slovenia
• Grid JN65tx
• CQ Zone 15
• ITU Zone 28
• Receiver V and H
• Receiver NF 0.2 dB
• Transmitter V or H, 1000 W
• Antenna Array  4 x 2M28XP Yagi
• Antenna Gain  21.14 dBi
• Power*Aperture Product +51.14 dBW
• Mode:  MAP 65
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Calculation of the SNR During the KC1HTT –
S52LM QSO
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10 February 2019 EME QSO

Daytime, Moon waxing crescent (24%)
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Moon Sked Software  Predictions for 
10 February 2019

D. Anderson, "GM4JJJ Amateur Radio" 
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Position of the Moon and Sun During 
10 February 2019 QSO

Moon

Sun

D. Anderson, "GM4JJJ Amateur Radio" 
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Position of the Moon on Radio Sky Map, 
10 February 2019

D. Anderson, "GM4JJJ Amateur Radio" 
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Location of KC1HTT EME Station -
Pawcatuck, Connecticut, 10 February 2019

Moon antenna azimuth 
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KC1HTT H Pol, 9 element Yagi, One Wavelength Above 

Ground, 35 degree Elevation

Antenna Height 2 meters
14.45 dBi, @ 35 degrees
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KC1HTT - I2FAK QSO Analysis: SNR

1804 KC1HTT I2FAK JN45 SNR = - 30 dB I2FAK calls KC1HTT, 2.7 second delay
1807   I2FAK KC1HTT FN41 OOO SNR = - 26 dB KC1HTT reports sufficient SNR
1812   RO SNR = - 28 dB I2FAK “Roger, sufficient SNR”
1817   RRR KC1HTT “Roger, Roger, Roger”
1818 73 SNR = - 28 dB I2FAK “Best regards”
1819 73 KC1HTT  “Best regards”
Undecoded calls occurred at 1805 1806, 1808, 1809, 1810, 1811, 1813, 1814, 1815, 1816.  Undecoded even 
time (red) I2FAK calls were caused by I2FAK alternating TX polarizations.

Roundtrip
time delay

2.7 seconds
EXACT!
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Text Messages Sent Before and After QSO Between 

I2FAK and KC1HTT on WSJT EME – 1 Bulletin Board

10 Feb 18:20 KC1HTT Bill I have yr 73, many tnx for 1st qso B-26 === {I2FAK/16X19LLY Franco xx JN45ob}

10 Feb 18:22 I2FAK de KC1HTT TNX for QSO! 73, Bill ==={KC1HTT Bill CT FN41bj}

10 Feb 18:02 KC1HTT Bill running === {I2FAK/16X19LLY Franco xx JN45ob}

C. Cox, "WSJT EME Link by NØUK - chrisc at chris.org"
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CONFIRMATION!  I2FAK eQSL Card 
Sent to KC1HTT
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I2FAK EME Station

• Operator Franco Giorgi
• QTH Broni, Italy
• Grid JN45ob
• CQ Zone 15
• ITU Zone 28
• Receiver V and H
• Receiver NF 0.2 dB
• Transmitter V or H, 1500 W
• H Antenna Array   16 x 19 LLY
• V Antenna Array    16 x 6 el Yagi
• LLY H-pol Ant Gain  25.7 dBi
• Yagi V-pol Ant Gain 23.5 dBi
• Power*Aperture Product 

+55.2 dBW or +57.4 dBW
• Mode:  MAP 65
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Moon Sked Calculations for KC1HTT 
I2FAK QSO

Range to the Moon was 395,953 kilometers for a roundtrip of 
791,906 kilometers or 492,067 miles or 2.642 light seconds

Operation at beam elevation angle = 34°

D. Anderson, "GM4JJJ Amateur Radio" 
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Calculation of the SNR During the KC1HTT –
I2FAK QSO
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Comparative SNR Analysis
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EME QSO SNR Evaluation

• KC1HTT receiver noise figure (NF) is largely determined by the sky temperature
• Assumes all “big gun” EME stations compensate for received signal polarization
• Evaluation variables include

• Range differences
• Sky temperature (NF) differences
• Antenna gain differences
• Transmitter power: KC1HTT 180 Watts, EME “big gun” 1000 to 1500 Watts

• Conclusion
• KC1HTT antenna gain is significantly affected by antenna elevation
• KC1HTT antenna gain largely determined message SNR at “big gun” station
• KC1HTT SNR greatly affected by polarization loss
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Summary and Future Work

• Performed EME system analysis to determine what was required 
for EME
– Use radar equation
– EZNEC+ antenna tradeoffs
– Model EME performance
– System requirements and cost

• Three successful “big gun” EME QSOs on 2 meters
– 19 January 2019: KC1HTT - RX1AS, European Russia
– 19 January 2019:   KC1HTT – S52LM, Slovenia
– 10 February 2019:  KC1HTT – I2FAK, Italy

• Minimum small EME station power aperture product, P*A is +39 
dBW
– Only able to work “big gun” stations with P*A > +50 dBW
– Best to operate at low elevation angles during Moon rise or set 

• Future work includes building a twin, 9-element, horizontally 
polarized, Yagi array


