(0(�$SSO\LQJ�0RGHUQ

&RPPXQLFDWLRQV�7HFKQRORJLHV�WR

:HDN�6LJQDO�$PDWHXU�2SHUDWLRQV�

�7RP�&ODUN�:�,:,�

FODUN#WRPFDW�JVIF�QDVD�JRY�

3KLO�

.DUQ�.$�4�

NDUQ#TXDOFRPP�FRP�

-XO\�

�,QWURGXFWLRQ�

T he availabilityof several new com m unications technologies perm it significant advances in am ateur

weak -signal operation. In this paper we will outline som e ideas which could achieve ~20 dB im provem ents

over conventional practice. W e will focus our discussions in the Moonbounce (EME) arena at

VHF/UHF/Microwave frequencies, but the ideas are applicable to other activities.

As an idea of the k ind of gain that can be achieved, we look back in historyto 1964/5 when Gordon Pe t -

tingill and Rolf Dyce ( Nature 206 , 1240, 1965) used the Arecibo 1000´ antenna at 430 MHzto determ ine

that Venus had a rotation period 2/3 of its orbital period. Com paring their achievem ent with a m odern

amateur EME QSO at 70cm between a ^big~ and ^small~ station:

Item: RADAR ASTRONOMY AMATEUR EME dB

Transmitter Power 250 k W 1.5 k W 22.2

Transmitting Antenna 250 Meter dish 9 Meter dish 27.9

Distance 67,500,000 kilometers 350,000 kilometers -91.4

Receiving Antenna 250 Meter dish 20 dBd Yagis 34.8

Receiver Tsys 250 K 80 K -4.9

�

Our goal in this paper is to exam ine ways that am ateurs can ^buỹ perform ance im provem ents of 10-15 dB better than Pettingill and Dyce used 30 years ago for the purpose of m ak ing valid QSOs. T he

^purchase~ m ust use technologythat is inexpensive, readilyavailable and easyto replicate. T he k eyel e - ments that the amateur will need are:

1. A Pentium -class PC, which is augm ented with a SoundBlaster card to provide A/D and

D/A conversion at audio frequencies.

2. Millisecond accuracytim ing clock (a sm all GPS receiver -- W 3IW I´s ^T otallyAccurate

Clock~ will work fine. See Appendix A)

3. A low-speed digital logic plus audio frequencyanalog adapter ^widget~ to ^glue~ the computer, clock and radios together.

4. An OSCAR-class (or better) satellite station.

�:KDW·V�D�462

"

T he initial questions/com m ents from the sk eptics when advanced signal processing schem es are di s - cussed always seem to start with the age-old premise:

<28·9(�*27�72�+($5�¶(0�72�:25.�¶(0�

And then follow with the dictum:

$�462�,61·7�9$/,’�81/(66�,7·6�,1�5($/�7,0(�

T he schem es we discuss here are not ^ earball~ based, and the S/N ratios will be verylow, so we have to

dism iss the first point as irrelevant. As a reducto ad absurdo analogy, consider the case of two deaf am a -

teurs who succeed in m ak ing an EME QSO with RT T Y. W ould even the m ost hardened ^you´ve got to

hear..~ advocate deny the validity of the RTTY QSO?

T he ^real-tim e~ issue stem s from people´s pre-conceived notions that a QSO shouldn´t tak e hours of off-

line data analysis. T o answer this issue, we extend the deaf am ateur analogyto the use of pack et radio

instead of RT T Y. T he sending am ateur types in an entire line of text and hits the return k ey. T he com puter

in the T NC assem bles the text into a standardized pack et and appends control inform ation and a check -

sum which is sent as a single burst. T he receiving station disassem bles the pack et and if the check -sum

is verified presents the entire line at one tim e a few seconds later. Is this real-tim e? W ould the deaf am a -

teurs be able to count a packet QSO?

T he schem e we are proposing can be envisioned as a glorifed (albeit slow) form of pack et radio. W e env i -

sion that the inform ation needed for a QSO tak es about a m inute to transm it and that the inform ation will

be presented a few seconds later at the other end. So we regard the ^real-time~ arguments as moot.

The requirements for a ^legal~ QSO read something like:

· Each station m ust copythe call of the other station and k now that the transm ission is

directed to him.

· Som e unk nown inform ation m ust be exchanged in both directions. T his is usuallya

signal report but might also include a Grid Square.

· Each station m ust receive an ack nowledgm ent that the other station has copied the

required information.

�5DZ�%LWV�

Clearly, we are think ing in term s of true digital com m unications. On our com puters we all use utilities lik e

PKZIP to com press data into its m ost com pact form . A program lik e PKZIP uses a well-defined m ath e - m atical algorithm that look s for redundancies in the entire block of data and represents repeated m aterial as a m uch shorter ^tok en~. It k eeps a dictionaryof the tok ens it finds and appends it to the tok enized data.

A partial PKZIPped file is useless since onlythe com plete file can be restored.

Since the inform ation needed to com plete a QSO is well defined, we have attem pted to pre-define the

^QSO dictionarỹ in order to reduce the inform ation to the m inim um possible num ber of raw data bits. To these ^raw~ bits, we will add additional bits for error correction in order to im prove the reliabilityand to f a - cilitate signal processing; we´ll return to this topic later, but first let´s exam ine the ^raw~ inform ation needed to conduct an EME QSO.

In com m unications theory, this is called ’source coding’. Our goal is to get the m ost out of everyuser data bit byencoding all our inform ation as com pactlyas possible. It’s a lot lik e playing ’twentyquestions’ by carefullyphrasing each question to have a 50-50 chance of being answered with a yes or no. Later on when we do ’channel coding’ we’ll add som e carefullydesigned overhead back in the form of error corre c - tion coding (ECC). Even though source coding rem oves redundancywhile channel coding puts it back in, it’s im portant that these two steps be k ept separate to m axim ize the overall perform ance of the system , as well as its modularity. This philosophy is stressed by Andy Viterbi in an article that can be viewed at http:// www.qualcomm.com/people/ pkarn/ viterbi_lessons.html

Presently, m ost EME com m unications involves Morse Code. T he Morse alphabet was optim ized for the transm ission of plain text. T he characters ETOIANS which have a high occurrence frequencywere a s - signed the shortest sym bol length, while infrequentlyused characters lik e QYZ were given long sym bols.

T he digits 0�9 were given still longer sym bols. But the inform ation in a QSO is m ore random . For exa m - ple in am ateur calls, all letters have nearlyequal occurrence probabilities. An am ateur with a short call lik e

N5EE is m ore ^Morse efficient~ than an EMEer suffering with a call lik e ZJ9QYP. In Morse, a dot (counting the separator space) tak es 2 bit tim es and a dash tak es 4. Another 2 bit tim es are required as a character separator. T herefore a call lik e N5EE is 28 bits long while ZJ9QYP is 94 bits long.

W e m ight consider coding in ASCII so that all characters require the sam e num ber of bits. T he 7- and 8- bit ASCII sets have sym bols we never will use, with both upper and lower-case letters plus punctuation and a lot of control characters. A 6-bit subset (often called Half-ASCII, using the ASCII range with decim al values 32 thru 95) gives upper case characters, num bers and punctuation and is m ore than adequate.

W ith this character set, a call lik e ZJ9QYP becom es 36 bits long. Even this character set has sym bols which are not needed to conduct a QSO and it is trivial to reduce the required num ber of bits even further.

All am ateur calls consist of a 1 or 2 character prefix (one of which is a letter), a digit, and a 1 to 3 letter suffix. Let´s consider all calls as being a 6 character field, and fill anyuse a space character to pad em pty positions. If a field can be a letter character or a space there are 27 possible values. If it can be a letter or digit, there are 36 or 37 possible values depending on whether a space is needed. A digit has only10 po s - sibilities. Let the 6 characters of an am ateur call be denoted a,b,c,d,e and f . T he a field can be a digit, le t - ter or space, the b field is either a letter or digit, and c m ust be a digit. T he d,e and f fields are either le t - ters or spaces:

a b c d e f

Digit [0-9] 10 10 10

Letter [A-Z] 26 26 26 26 26 space character 1 1 1 1 28-bit Value

TOTAL POSSIBILITIES 37 36 10 27 27 27 in HEX

Examples:

, : , F957F6B

.

$

�

4 8935D6F

-

<

� 86D0869

$

% 44F474C

� 0

�

( 0 ( 40FD27E

.

� -

/ F72108B

0LVFHOODQHRXV FA08318

)XQFWLRQV - to -

UDWH�[ ~ code. T his process is k nown as convolutional encoding and has been the k eyto decoding the veryweak signals from inte r - planetary spacecraft like Galileo.

T he 82 [ bits of data would be transm itted as a narrow-band spread spectrum signal occupying the ~2k Hz passband available with typical SSB radios. As we will discuss later,

P� DU\ FSK m odulation (with a single

one of P frequencies being transm itted at a tim e) look s optim um . T he P discrete states result in ORJ

�

�P�

bits being sent at any i n stant.

Each second,

% signalling elem ents will be transm itted, resulting in a baud rate = % and a total data rate of

% ORJ

�

�P� bits/second). T he tim ing of the % elem ents would be preciselysynchronized to the UT C se c -

ond (using GPS tim ing receivers) so that the receiving station can optim allydetect the data (i.e. GPS

would provide the clock synchronization function).

Back to the EME QSO and assum ing that all 82 [� bits can be sent in a one m inute sequence -- the m inute-

by-m inute progress of an ^easỹ QSO m ight go som ething lik e this (not m uch different than norm al EME

practice):

· Minute 0: Station A sends with the Si g nal, Ack and QSL bits set to zero.

· Minute 1: Station B sends. If he copied A, then he sends a signal report and sets

Ack bits 2,3,4

· Minute 2: Station A sends a signal report and Ack s everything and sets QSL bits

2,3,4

· Minute 3: Station B sets Ack bit 1 and QSL bits 1,2,3,4

· Minute 4: T he QSO is com plete, and Station A sends a ^courtesySK~ bysetting QSL

bit 1

As an aside, if the QSO isn´t ^easỹ , the coding and the fixed m essage form atting allows data from

subs e quent transmissions to fill in ^holes~.

�/RRNLQJ�DW�WKH�0RRQ �

So far, we´ve onlyhinted at the hard part of the problem . T he transm itter sends a pure CW carrier, it is reflected from the m oon and finallyreceived back on the earth. In this process, a lot happens. In this se c - tion, we will discuss a bit of physics and astronomy that applies to EME.

First, the signal is severelyattenuated ˘ it drops as 1/R 2 on the wayto the m oon and it loses again as 1/R 2 on the wayback to earth for a net 1/R 4 path loss. But am ateurs are crazyenough to tryto dig weak signals out of the noise. If it was easy, there would be no cha l lenge!

Second, the signal is reflected from a large, rough, m oving (nearly) spherical object. From the center of the m oon´s visible disk (where the first signal is reflected) to the lim b, we can observe up to 11.6 m sec of tim e delay(T he radius of the m oon is 1738 k m = 5.8 m sec. T he round-trip delayis twice the one-way value). Figure 1 shows contours of the reflection point at delays of 0,2,4,6,8 and 10 m sec and the lim b at

11.6 msec.

T he m oon has a prolate spheroidal shape (rather lik e a football). T hru the 4.5 billion years that the m oon has orbited the earth, energylosses due to tidal friction have caused the m oon to be captured so that one face is presented to the earth and we never see the back side of the m oon. T he m eans that the lunar rotation period is the sam e as the l u - nar month.

An exaggerated version of the basic geom etryof the m oon in its orbit is illustrated in Figure 2. T he orbit of the m oon is an ellipse with an eccentricityof

0.055. T he rotation of the m oon on its axis is un i - form and k eeps the average center facing the earth.

But since the orbit is elliptical, a point on the surface appears to m ove thru several degrees of lunar lo n - gitude throughout the lunar m onth. T his is illustrated in Figure 2 bya fixed ^spot~ on the m oon as seen at

4 different phases during the lunar m onth. T he total m otion of a spot on the m oon´s equator am ounts to

± 7.9 ° (see for exam ple A.E.Roy, Orbital Motion , Hi l - ger Press 1988, pg 288).

In addition, the m oon´s orbit is inclined about 5 ° to the ecliptic, so we can see a bit over the north and south poles of the m oon. T hese effects are k nown as Optical Librations (as distinguished from the m uch sm aller Physical Librations which reflect sm all deviations from ^sm ooth~ rotation). T his apparent wobbling of the m oon perm its earth-based obser v - ers to see about 60% of the total surface of the moon.

T he total apparent m otion of a spot on the m oon by up to ~ ± 10 ° of lunar longitude and latitude is of co n - siderable im portance in EME. At anygiven tim e, the m oon appears to be rotating slowlyand any^hot spot~ that gives good EME echoes is changing its range accordingly, giving rise to a Doppler offset. If there are several ^hot spots~, the relative phases of the reflected signals changes and the signal can fluctuate wildly. T he contours of constant Doppler shift are illustrated in Figure 1. T he zero velocitycontour is the intersection of the plane defined bythe a p - parent angular velocityvector and the line from the center of the m oon to the observer on earth (a great circle on the m oon´s surface). Other velocitycontours are parallel to this plane and are lik e the m oon was cut bya giant bread slicer. Half of the bread slices are m oving towards the observer and the other half away from the observer. The peak velocity at the limb of the moon is:

(Moon Radius = 1738 km) * (Apparent Angular Velocity, radians/second)

As an estim ate of this velocity, we note that the position of a spot on the m oon m oves as a m onthlysin u - soid with ± 8-10 ° am plitude (depending on the current astrological conditions) corresponding to peak v e - locities of 60-75 cm /sec with the m axim a occurring at apogee and perigee (and m inim um libration m otion m idwaybetween apogee and perigee). T he opposite lim bs of the m oon therefore have relative velocities

0

2

4

6 8

Figure 1 : The radar moon, with contours of constant delay and

Doppler

EARTH

Moonat

Apogee

Moonat

Perigee

Figure2:OpticalLibrationsoftheMoon.

Theapparentlocationofalunar featurevariesthruthelunarmonth becauseof:

(a)themoon’seccentricorbit,and

(b)the5degreeinclinationofthe moon’sorbittotheecliptic .

7.9degrees change inapparentLunar

Longitude of up to 120-150 cm /sec. On Figure 1 we have schem aticallyshown ± 3 velocitycontours, so each co n - tours repr e sent ~20-25 cm/sec intervals at apogee and perigee.

Most of the usable EME signal arrives in the first ~2 m sec which Figure 1 shows corresponds to the ce n - tral half (radius-wise -- it´s actuallyonly~¼ of the area ) of the visible m oon. Over this area we see som e - what less than half of the peak libration-induced velocity(i.e. ~ ± 25-35 cm /second). For the EME case, the

2-wayDoppler shift in frequencyunits (with the ± sign rem inding us that half the m oon is turning towards us and half is retreating) that we see over the reflecting moon is:

D f

FP�VHF

T he signal bandwidth is about 2 p larger than the Doppler shift since about 1 radian of random phase shift will cause a loss of coherence. W e double this to get the full bandwidth (accounting for the ± velocity range):

B W

+]

» 2*2 p * D f

+]�

» 0.84 * F

*+]

* D v

FP�VHF

and, taking the coherence time as the reciprocal of the bandwidth, we also get:

t

» 1/ BW

+]�

» 1.2 / (F

*+]

* D v

FP�VHF

) » .04 * l

FP

/ D v

FP�VHF

T he lunar surface consists of flat areas (Mare) and m ountains. T he Mare are covered with dust and

strewn with boulders. Anysignal we get back from the m oon is the vector sum of the voltages from all

these regions and the resultant signal is spread in both time and fr e quency.

In the tim e dom ain, m ost of the signal com es from the area within the 2 m sec contours of figure 1.

T herefore the signals have a coherence bandwidth ~500 Hzto 1 k Hz(essentiallyindependent of signal

frequency). T his m eans that the signal fading seen at frequencies ~1 k Hzapart are uncorrelated and there

it is possible to achieve som e im provem ent with frequencydiversityeven with the ~2 k Hzbandwidth of an

SSB radio. T his also accounts for the fluttery, hollow sound of EME SSB signals. It also places an upper

lim it of ~300-500 baud on the signalling rates for EME digital com m unications. In 1986, W 3IW I/KL7 had a

^legal~ pack et radio QSO with W 3IW I/KL7 on 70 cm EME using 300 baud FSK (the 2.4 second EME d e -

lay allowed the same 85´ dish antenna to be used for both transmitting and receiving).

At longer EME wavelengths (like l =2M), several effects occur:

· 10-20 cm /sec libration velocities m ean that signals m aintain coherence for several

seconds.

· T he signal is ^reflected~ from a region about one wavelength thick , so the dust

^ sm ooths~ the reflection. Boulders and other sm all-scale surface roughness is rel a -

tively unimportant.

· T his gives rise to signals with lots of ^glints~ m uch lik e the reflections from a

^ discoteque mirror ball~. QRP EME on 2M thrives on waiting for a ^glint~ to happen!

By contrast at frequencies above 1 GHz, the ^rules~ are different:

· 10-20 cm /sec libration velocities reduce coherence tim es to sm all fractions of a se c -

ond. The signals sound increasingly ^rough~ as shorter wavelengths are used.

· T he surface ^roughness~ (m easured in wavelengths) increases and boulders/rock s

become much more important.

· ^Glints~ become unimportant ˘ it´s the overall average properties that matter.

And the l =70cm band represents a transition region. Since the typical Oscar satellite station is equipped

for 2M and 70 cm operation and since equipm ent is readilyavailable for these bands, we envision it will be

the ^hom e~ the signal processing ideas we present here. Since our ideas are based on spread-spectrum

techniques, we note that the bandwidth that can be used depends on three factors:

· T he added bandwidth due to spectral broadening described above. Physics m ak es

this the ultimate limit!

· intrinsic frequencystabilityof the radios. Frequencystabilitycan be im proved byusing

high stabilityfrequencystandards; in Appendix A we discuss the possibilityof using

GPS-aided crystal oscillators to achieve perform ance equivalent to a Rubidium fr e -

quency standard.

· T he abilityof the stations to set their frequencies to com pensate for Doppler. It is

easyfor our com puters to calculate the Doppler offsets since both the m oon´s orbit,

the rotation of the earth and the stations locations are well k nown; It is onlynece s -

saryto devise a schem e to ^steer~ the radio´s frequencies to values predicted bythe

computer.

All these factors becom e m ore serious direct proportion to frequency. Schem es which m aywork at 2M or

70 cm will probablyfail m iserablyat 10 GHz! T he following section will develop a design which ends up

with 64-aryFSK occupying a ~2 k Hzbandwidth (i.e. channel spacing ~ 30 Hz), sym bol rates ~2 baud and

som e degree of coherent detection suitable for 2M and 70 cm . At l =13 cm or l =2.8 cm , we m ayhave to

use binary or 4-ary FSK, symbols several seconds long and rely totally on incoherent signal pro c essing.

Now with an idea of the lim itations im posed bysignal characteristics, we turn to the topics of coding error

correction, modulation and signal processing.

�

0RGXODWLRQ�DQG�FRGLQJ�IRU�WKH�(0(�FKDQQHO�

T he design of anym odulation and coding schem e m ust be carefullytailored to the channel. W hat work s

well on one k ind of channel (e.g., a dialup telephone circuit) m ayperform poorlyor not at all on others

(e.g., EME). Although our understanding of the problem is still incom plete, we alreadyk now enough to

suggest an approach that is likely to work.

a. The EME channel as seen by a communications engineer

T he m ost conspicuous feature of the EME channel is its veryhigh path loss. T his is obvious from the

large antennas, high power am plifiers and high perform ance pream ps typical of am ateur EME. On the

other hand, amateur EME signals are usually narrowband; plenty of extra bandwidth is usually available.

So in com m unications engineering parlance, the EME channel is verym uch power lim ited -- as opposed

to bandwidth lim ited -- and just about anything we can do to reduce the required signal power will be worth

it. One wayto reduce required signal power is to lower the user data rate. But we should first m axim ize the

efficiency with which we use our power.

W e can do this bytrading off bandwidth -- which we have in abundance -- for scarce power. T his tradeoff

comes from Shannon’s famous channel capacity formula:

C = B * log

2

(1+S/N)

where C is the channel capacityin bits/sec, B is the channel bandwidth, S is signal power and N is noise

power. As long as we do not tryto exceed the capacityC of a channel, it is theoreticallypossible to co m -

municate with an arbitrarily low error rate. Above C, it is simply not possible to do so.

Note the relationship between B and S/N; to a certain extent we can com pensate for a lower S/N by

L

Q

�

�

�

�

�

�

�

�

�

�

� �

� �

5HODWLYH�%DQGZLGWK�%�5

0LQLPXP�(E�1R�G%

E�)DGLQJ�

Another im portant characteristic of the EME

channel is that it fades. T he signal tak es m any

slightlydifferent paths as it reflects off the uneven,

slowly librating lunar surface. It can also split into

m ultiple paths as it passes through the earth’s

ionosphere or troposphere. Because these paths

varyin relative length, the various signal com p o -

nents arrive at the receiver at slightlydifferent

tim es and with different phases. T he receiver

"sees" the vector sum of these com ponents.

Since their relative path lengths change with tim e

as the m oon librates, som etim es theyadd to pr o -

duce an enhanced signal. At other tim es they

cancel, producing a degraded signal. At low a n -

tenna elevation angles, m ultipath reflections

(ground reflection gain) from the surface of the

earth are also impo r tant.

It turns out that the precise physical m echanism s

that produce m ultipath fading aren’t reallythat

im portant. Som ewhat different m echanism s pr o -

duce the m ultipath fading seen in land m obile r a -

dio, but it resem bles EME in that m anyseparate

paths are often present. And when there are

m anyreflection paths without anydirect line-of-

sight paths, we have a " Rayleigh fading channel".

T hat is, the signal am plitude distribution follows a

Rayleigh probabilityfunction and the signal phase

is uniformly distributed at all a n gles.

T his doesn’t quite tell the whole story. If you sa m -

ple a fading signal, wait a veryshort tim e and

sam ple it again, the two m easurem ents will tend

to have sim ilar am plitude and phase, i.e., theyare

correlated. If you wait a long tim e between m ea s -

urem ents, theywill tend to be different, i.e., unco r -

related. T he tim e scale beyond which a pair of

signal m easurem ents tend to becom e uncorrelated is the "channel coherence tim e". It depends on the

relative physical velocities of the various objects involved in reflecting or refracting the RF energy. It also

depends on RF wavelength. Faster velocities and shorter RF wavelengths produce shorter coherence

tim es, i.e., "faster" fading. For exam ple, with all other things constant, m obile FM "flutter" and EME fading

are both typically3x faster on 70cm than on 2m . As an extrem e exam ple, aurora scatter has extrem ely

short coherence times because of the very high apparent "velocities" of the ionized cloud part i cles.

Coherence tim es on 2m EME are typicallyseveral seconds, but this can varyover the m onth and with

ionospheric or tropospheric activity. Because the m ultipath com ponents arriving at the receiver travel

m anydifferent distances, their relative phase (and whether theyadd or cancel each other) depends on the

precise wavelength. A sm all change in frequencym aybe enough to cause two paths that form erlyca n -

celed to enhance each other, or vice versa. T he frequencyscale over which this occurs is called the

"coherence bandwidth".

Coherence tim e depends on the relative velocities of different parts of the propagation m edium with r e -

spect to the observer: e.g., lunar libration, which varies with tim e. On the other hand, coherence bandwidth

) LJ X U H� � D� � 5 D \ OH LJ K� $ P S OLW X G H� ’ L V W U LE X W L R Q

�

� �

� �

� �

� �

0 1 2 3 4 5 6

5 H OD W LY H� $ P S OLW X G H

3UREDELOLW\

5H ODWLYH� G%

3UREDELOLW\

) LJ X U H� � F� � 5 D \ OH LJ K� & X OX OD W LY H� 3 U R E D E LOLW\

0

0 .1

0 .2

0 .3

0 .4

0 .5

0 .6

0 .7

0 .8

0 .9

1

-2 1 -1 8 -1 5 -1 2 -9 -6 -3 0 3 6 9

R e la t iv e , dB

Cumulative Probability depends on the size of the propagation m edium : the larger the m edium or object, the wider the possible

range of m ultipath delays that can occur. Longer delaydifferences between m ultipath com ponents m ean

that sm aller frequencydifferences are enough to com prise a significant fraction of a wavelength that can

turn a peak into a null and hence the narrower the coherence bandwidth.

As previouslydiscussed, the m axim um EME delayspread possible given the m oon’s diam eter is 11.6 m i l -

liseconds, corresponding to a coherence bandwidth of about 86 Hz. If the lunar surface reflected RF the

wayit reflects light, this would indeed be the coherence bandwidth; but in fact it’s m ore lik e 500-1000 Hz

on the lower EME bands.

W hythe discrepancy? Because the lunar surface reflects RF differentlythan it does light. At optical

wavelengths, the full m oon appears uniform lybright (discounting albedo variations between m aria and

highlands) because, thank s to the fine layer of dust covering its entire surface, the lunar surface is e x -

trem elyrough at scales corresponding to visible wavelengths. And the m oon’s surface is fairlyrough at

large scale (m uch longer than VHF/UHF wavelengths) due to m ountains, craters and the lik e. But in b e -

tween, the m oon is relativelysm ooth over a fairlywide range of radio wavelengths. So instead of un i -

form lyscattering RF at all angles, the lunar surface tends to reflect it m ore specularly; the center of the

disk appears brighter than the lim b. But the lim b isn’t totallydark because of the large scale surface u n -

dulations. So the m oon can be best seen as a collection of m anyindependent specular reflectors, som e -

thing lik e a dance hall m irror ball where the glue holding the m irrors on has softened and allowed the m i r -

rors to shift their angles with respect to the surface.

So the net result is that the delayspread is som ewhat shorter (and the coherence bandwidth wider) than it

would be if the m oon scattered RF as uniform lyas it does light. T he coherence tim e is som ewhat longer

too, thank s to the sm aller contribution from the m ore rapidlym oving lim b. On the other hand, the sm aller

reflecting area means a higher average round trip path loss.

In the discussion that follows, it’s im portant to rem em ber that fading affects signal phase as well as a m -

plitude. It is typical to see veryrapid phase shifts (approaching 180 ° ) across a deep fade. T his is easiest

to understand byexam ple. Consider a path with just two m ultipath com ponents of nearlyequal am plitude

and 180 ° out of phase. If the first com ponent starts at a lower am plitude than the second com ponent but

then increases to where it becom es the stronger, it’s easyto see how the am plitude of the vector sum of

both components goes through zero and how the phase will suddenly jump 180 ° during the tra n sition.

F�&RKHUHQW�YV� QRQFRKHUHQW�VRPHWLPHV�FDOOHG�LQFRKHUHQW�GHPRGXODWLRQ�

A receiver always work s best when it has a signal carrier phase reference. W ith it, noise in phase qua d -

rature to the desired signal can be ignored. But a receiver without a phase reference m ust respond to all

incom ing signal phases. T he benefit is slight at high SNR (where the signal "swam ps" the noise) but can

be large at low SNR. T his is whyAM envelope detectors have a threshold effect on weak signals while

SSB receivers do not. ( Noncoherent FM demodulators have an even more pronounced threshold effect.)

[Note from KA9Q: see diagram of signal vector plus noise for large and small signal case. ]

[Note from W3IWI: Phil and I were working on this paper right up to the last minute and it

wasn´t possible for us to get the figures merged with the text. Sorry!]

Som e digital m odulation schem es require the receiver to m aintain a stable carrier phase reference over

relativelym anydata bits. A good exam ple is binaryphase shift k eying (BPSK), used for telem etryon the

AMSAT Phase III satellites and on the low-earth-orbiting PACSAT s. Since the BPSK signal suppresses

the actual carrier, the receiver m ust reconstruct a local carrier reference from the data sidebands. (BPSK

is just suppressed carrier DSB-AM with digital modulation.)

T wo essentiallyequivalent m ethods are com m onlyused to generate a BPSK carrier reference: the Costas

loop and the squaring loop. Both use a nonlinearityto regenerate the suppressed carrier: an I-Q m ultiplier

in the Costas loop or a signal squarer in the squaring loop. T his necessarilydegrades the SNR of the r e - covered carrier by6dB for binaryPSK, 12 dB for QPSK and m ore for higher orders. T his is generallynot a

problem when signals are strong, the channel is stable and relative frequencyuncertaintyis sm all, as in

high speed line-of-sight link s. One sim plynarrows the loop filter enough to raise the recovered carrier

SNR to the desired level. I.e., the loop " sm ooths" its carrier phase estim ate over m anydata bits. T his

work s well as long as the channel coherence tim e (as well as other sources of phase noise, such as local

oscillators) is long with respect to the reciprocal of the loop filter bandwidth. In a typical system designed

for a relatively high SNR, the loop filter bandwidth might correspond to 30 bit times.

[Note: see diagram of costas loop with loop filter highlighted]

T hings get difficult when strong FEC is used to get the m ost out of the lim ited signal power. At such low

"raw" SNRs (or m ore precisely, Es/N0, the ratio of energyper channel sym bol to the noise spectral de n -

sity) an additional degradation called "squaring loss" appears. T o com pensate, the loop filter m ust est i -

m ate carrier phase over an even longer period. For exam ple, KA9Q’s 1200 bps experim ental QPSK sa t -

ellite m odem estim ates carrier phase over several hundred bit tim es, and yet the m odem ’s overall pe r -

formance is still limited by the noise that gets through this very narrow filter.

T hings onlyget worse as we scale to lower signal powers and data rates. At 1 bps, several hundred bit

tim es is several hundred seconds. T his corresponds to a carrier loop filter bandwidth of less than .01 Hz!

Even if the frequencyinstabilities in an am ateur EME system could be k ept below this level, we are faced

bythe insurm ountable fact that the EME channel sim plywon’t staystill for m ore than a few seconds -- the

fading will "m odulate" the signal right out of the carrier filter bandwidth. So it’s prettyclear bynow that

conventional suppressed carrier BPSK with coherent demodulation is probably not a good choice for EME.

G�

&RKHUHQW�GHPRGXODWLRQ�ZLWK�D�SLORW�FDUULHU�

One wayto m itigate the fading problem with BPSK is with a "pilot". T hat is, you put som e fraction (e.g.,

10%) of the total RF power into a residual unm odulated carrier (the pilot) for use bythe dem odulator in regenerating a local reference (e.g., with a narrow bandpass filter or PLL). You do this byphase m odula t - ing the carrier with less than +/-90 degrees of phase shift; the resulting signal is equivalent to a su p - pressed carrier BPSK signal plus an unmodulated carrier in phase quadrature.

[Notes: see diagram of signal vectors] [see diagram of loop with simple PLL tuned to carrier]

Because this carrier com ponent can be recovered without a nonlinearity, there are no losses. Of course, the pilot is onlypart of the total signal power, and this power can’t carrydata. So there is an optim um pilot power fraction that depends on the situation.

Pilots are som etim es used even on channels that nom inallydon’t fade. NASA has long used them on deep space link s where signals are weak , data rates are low and relative frequencyuncertainties are so high that the inherent losses in regenerating a suppressed carrier are just too great. Pilots also help deal with the sm all am ounts of m ultipath fading that occurs when signals have to pass through planetarya t - mospheres or through the solar corona.

H�

1RQFRKHUHQW�GHPRGXODWLRQ�HVSHFLDOO\�P�

DU\�)6.�

Many other alternatives exist when the receiver can’t maintain a stable, long term carrier phase reference.

BPSK can be differentiallydetected bysim plym ultiplying the previous sym bol bythe current one, in e s - sence using just the previous sym bol as a carrier reference. Unfortunatelythis doesn’t perform nearlyas well as coherentlydem odulated BPSK, especiallyat low SNR, because onlyone bit’s worth of energyis used as the reference.

[Note: see diagram of differential BPSK demod]

T he m ost popular noncoherentlydem odulated signaling m ethod is binaryfrequencyshift k eying (FSK).

T he dem odulator sim plym easures the total signal energy-- ignoring phase -- over the bit tim e for each of the two "tones" and pick s the one with the greater energyas its decision. T his too has worse weak -signal performance than coherent BPSK.

But it turns out that frequencyshift k eying -- even with noncoherent detection -- can be m ade m ore power efficient bysim plyadding tones. Consider 4-aryFSK - i.e., FSK with four "tones". Onlyone tone is sent at a time, each representing log2(4) = 2 user data bits.

T he 4-aryFSK dem odulator is just an extension of the classic binary(2-ary) FSK dem od. It has 4 filters and envelope detectors, one for each tone. At the end of each tone pulse (called a "sym bol") the d e - m odulator pick s the filter channel with the greatest accum ulated energyand outputs the 2 data bits that correspond to that symbol.

[Note: see diagram of 4-ary FSK demod]

W hydoes this schem e use less power per user data bit than binaryFSK? Because each sym bol repr e - sents 2 user data bits, we can afford to invest twice as m uch RF energyin each channel sym bol as in b i - naryFSK while m aintaining the sam e energyper user data bit ( Eb). Raising the sym bol energyreduces the chance that a random noise peak in the three "incorrect" channels will cause it to be chosen over the correct channel. At reasonablylow bit error rates, the im provem ent is dram atic; 4-aryFSK requires an

Eb/N0 of 11.5 dB to m aintain a 10 5 BER, and that’s nearly3dB than binaryFSK. 8-aryFSK requires 9.5 dB, and that’s slightly less than perfect BPSK!

But as the num ber of tone channels M increases, the im provem ent slows down. T he probabilitythat any one tone channel will cause an error is unchanged; it’s just there are so m anym ore of them and just one can cause an error. Also, the symbol energy increases only as log

2

(M), so it falls further behind M.

[Note: see diagram of BER vs Eb/N0 curves vs M]

T he bottom line is that as the num ber of channels M approaches infinity, M- aryFSK approaches an Eb/N0 of -1.6 dB. T his is exactlythe fam ous Shannon lim it for infinite bandwidth. In fact, this was essentiallythe system that Shannon analyzed in his landmark 1948 paper on noisy channel capacity.

In a real system , of course, we have to pick a finite M and layer additional forward error correction coding on top of it. How large can we make M? There are two limits: complexity and bandwidth.

Com plexityis no longer a practical problem . T he British Foreign Office "Piccolo" system of the early1960s used 32-aryFSK with each sym bol representing one of the 32 letters in the Baudot alphabet. T he Piccolo dem odulator consisted of 32 separate hardware filters, one for each tone. T hat’s obviouslyrather cum be r - some.

T odaywe can use the Fast Fourier T ransform (FFT ) to build the receiver filter bank for just about any value of M we lik e. FFT s with thousands of points (bins) are no sweat on m odern m icrocom puters. W e just tak e the FFT of the received sym bol in the tim e dom ain, square and add the real and im aginaryco m - ponents of each frequency "bin", and pick the bin with the largest energy.

T he other lim it is the bandwidth needed for all the tones. As M increases, the tone signalling rate d e - creases as log

2

(M) because that’s how m anydata bits are represented in each tone. Since the tones m ust be at least 1/T Hzapart, where T is the sym bol tim e in seconds, we can space the tones som ewhat m ore closelytogether as we increase M thus partiallycom pensating for the extra tones. So the overall ban d - width requirements increase as M/log

2

(M).

[Note: see frequency diagram of tone spacing]

It’s interesting to note that the relative bandwidth required for 4-aryFSK is 4/log

2

(4) = 2, the sam e as 2-ary

FSK: 2/log

2

(2) = 2. In other words, "the first one is free", m uch lik e the transition from binaryPSK to

QPSK (4-phase PSK). (QPSK can carrytwice the data in the sam e bandwidth as BPSK with the sam e

Eb/N0. But higher order PSK constellations require greater Eb/N0 for the privilege of further increasing the

"bandwidth efficiency", just as higher order FSK constellations require greater bandwidth to save power.)

Som e final com m ents. M- aryFSK is just one exam ple of what is m ore generallyk nown as a "M- aryo r - thogonal signal set". A set of properlyspaced tones (sine functions) is just one exam ple; others include

W alsh functions (the Qualcom m CDMA digital cellular system uses 64-ary W alsh code m odulation on its m obile-to-base link ) and the pulse-position m odulation (PPM) codes often used on optical fiber. T he the o - retical perform ance is exactlythe sam e for all these schem es, but sine waves (i.e., FSK) have the pract i - cal advantage of maintaining orthogonality without precise time synchronization.

Also, the term " noncoherent detection" is slightlyinaccurate here, even though it’s standard in all the tex t - book s. It would be m ore accurate to saythat detection is " noncoherent from sym bol to sym bol". T he tone filter/detector is still verysensitive to tone phase

GXULQJ� a sym bol interval. For exam ple, an incom ing tone

that suddenlyphase flipped 180 deg degrees exactlyhalfwayduring the sym bol interval would produce a

zero output. T o m inim ize this effect, the the signalling interval m ust be k ept short relative to the cohe r -

ence time of the channel. This creates another practical limit on M.

Here’s another wayto look at it: channel fading AM m odulates the signal, and the receiver tone filters m ust

be wide enough to capture the sidebands so generated. T hat puts a m inim um bandwidth lim it on the filter,

which corresponds to a maximum coherent integration time.

�6XPPDU\�DQG�5HFRPPHQGDWLRQV�IRU�(0(�

So putting all this together, what k ind of m odulation and coding schem es can we recom m end for the EME channel?

T he overall structure is now clear: efficient source coding of the EME m essage, as discussed earlier, a forward error correction encoder, an interleaver and a M- aryFSK m odulator feeding the transm itter. All these steps up to the generation of the transm itted audio waveform can be done in software on a PC driving a standard sound card.

[Note: see diagram of overall scheme]

T he receiver perform s the reverse steps: dem odulating the M- aryFSK with a fast fourier transform (FFT ), deinterleaving, decoding and display in readable text for the operator.

Starting from the bottom up, the allowable FSK sym bol tim e is upper bounded bythe channel coherence tim e (typicallya second at 70cm , several seconds at 2m ) and lower bounded bythe m ultipath delay spread (a few m illiseconds at 2m and 70cm ). T hese param eters are independent of station perform ance, so they represent hard limits.

T he m inim um sym bol tim e is also bounded bythe need to attain sufficient SNR to m eet detector thres h - old. It is also lower bounded in practice byhow accuratelywe k now the beginning and end of everysy m - bol. But with GPS providing a sub-m icrosecond tim ing reference and com puter program s to com pute round trip delay to the same accuracy this is not likely to be a limiting factor.

Let’s consider the typical 70cm Oscar station described earlier. For transm it power = 150W , antenna gain

(T X and RX) = 19.1 dBi, and an average path loss of 261.2 dB, the average received power will be -201.2 dBW (-171.2 dBm ). For a system noise tem perature of 100 K, the receiver N 0 will be -208.6 dBW /Hz, gi v - ing a C/N 0 ratio of +7.36 dB-Hz. This is much too weak to detect by ear. [see link budget table]

On a Rayleigh fading channel, a strong rate 1/10 FEC code, sufficient interleaving and 64-aryFSK with soft decision decoding needs an average Eb/N0 of about 6.5 dB. T hat m eans our link can support an a v - erage user data rate of 7.36 - 6.5 = +0.86 dB- bps, or about 1.2 bps. If the m essage is 82 bits long, it will take about 67 seconds to transmit.

So let’s round down to 1 bit/sec. T he rate 1/10 FEC will produce 10 sym bols/sec. T he 64-aryFSK will consum es 6 of these sym bols per tone sym bol, since log2(64) = 6. So the FSK sym bol interval will be 600 milliseconds.

T his is uncom fortablyclose to our upper bound im posed bythe channel coherence tim e, so we m ight consider shortening it som ewhat (W 3IW I suggests 500 m sec to m ak e the GPS tim ing synchronization task ^cleaner~). If we doubled the FEC code rate to 1/5, this would double the FSK sym bol rate (halving the sym bol length to 300 m s) (and W 3IW I suggests 333.333 m sec to k eep the bit tim ing lock ed to UT C) at the e x pense of perhaps a half dB in Eb/N0 performance.

T o achieve orthogonality, tone spacing for 300 m s FSK sym bols m ust be a m inim um of 3.33 Hz. If M=64, the m inim um total bandwidth is therefore 213.3 Hz. So to sim plifythe im plem entation we could space the tones considerablyfarther apart than necessaryand still fit them all into a SSB transceiver bandwidth. Or we might consider larger values of M, which could lower Eb/N requirements somewhat.

�&RQFOXVLRQV�

T here is clearlya lot of room for experim entation and fine tuning here, but we are confident the system

just described should work as advertised. T hese techniques are not new; theyhave been k nown, studied

and used (m ainlybythe m ilitaryon HF) for decades. More recentlytheyhave also been applied to digital

cellular telephonyin the Qualcom m IS-95 CDMA system . T he IS-95 reverse link uses 64-aryorthogonal

W alsh code m odulation in com bination with rate 1/3rd K=9 convolutional coding and soft decision Viterbi

decoding. It also uses direct sequence spread spectrum . IS-95 has been heavilyfield tested where it pe r -

form ed verycloselyto theory: an Eb/N 0 of about 4 dB on a nonfading channel and about 7 dB on a fading

channel. T his latter figure is due to the use of rate 1/3rd coding, chosen as a com prom ise between the

fading and nonfading case, and a lim ited interleaver span of only20 m illiseconds im posed byreal tim e

voice delayconstraints. So we’re confident that with a little tuning our schem e can easilyachieve or e x -

ceed these performance figures on the EME channel with a typical 70cm Oscar-class station.

It is interesting to consider scaling this m odulation schem e up to the capabilities of full scale EME stations.

T he link calculations perform ed for the EME station described at the beginning of this paper show that a

continuous user data rate of 300bps should be possible. However, there are scaling problem s caused by

the im m utable link param eters such as coherence tim e and bandwidth, plus som ewhat m ore changeable

parameters such as transceiver bandwidth.

Since a better link could support a faster MFSK sym bol rate, we could m ove awayfrom the lim it im posed

bycoherence tim e. In fact, we could use this m argin to increase M and further lower our Eb/N 0 requir e -

m ents. But even if we k eep M=64, scaling this schem e up to 300 bits/sec would need alm ost 64KHzof

bandwidth, well beyond the range of m ost transceivers and PC sound cards. T o staywithin these lim its

we’d have to decrease M and sacrifice Eb/N 0 perform ance som ewhat. Also, with faster sym bol tim es we’d need m ore precise sym bol tim ing, though with GPS and accurate real-tim e com puter calculations of m oon

and station position this might not be hard to do.

A m ore fundam ental problem is the inherent EME delayspread of several m illiseconds. If the sym bol i n -

terval is shortened to where the delayspread becom es an appreciable fraction, intersym bol interference

appears. T he best wayaround this is to frequencyhop or chirp from sym bol to sym bol to allow tim e for the

lim b reflections on a given frequencyto die down before it is used again -- and this m eans still m ore total

RF bandwidth.

So it seem s prettyclear that the potential of a conventional (large) EME station can be fullyrealized only

with a true spread-spectrum signal.

On the other hand, scaling this technique to even sm aller stations runs into m ore fundam ental problem s.

T he big barrier is the channel coherence tim e; with our param eters we are alreadyperhaps too close to it.

T here would be no choice but to lim it sym bol tim es to less than desirable values. W e could k eep M=64

and reduce the FEC code rate to that which the link can support, and we could also increase M. But in

either case, the FEC code rate would probablyhave to be well below the optim um for the corresponding

value of M on the Rayleigh fading channel. T he FEC decoder would then be in the position of noncohe r -

entlycom bining sym bol energyin a less than optim um m anner, raising the overall Eb/N 0 requirem ents and

further lowering the attainable user data rate. T he system would work , but not nearlyas efficiently. And it

would certainlytax the patience of m ost operators since our schem e necessarilygives no real feedback to

the operator until after an entire transmission has been transmitted and received.

July 24, 1996

Tom Clark, W3IWI

clark@tomcat.gsfc.nasa.gov

-or-

w3iwi@amsat.org

---------------------

Phil Karn, KA9Q

karn@qualcomm.com

-or-

ka9q@amsat.org

$SSHQGL[�$�

*36�IRU�7LPLQJ�DQG�2VFLOODWRU�6WDELOL]DWLRQ

7RP�&ODUN�:�,:,

7,0,1* : T he techniques described in this paper depend on being able to decode the digitallyencoded data without the need for extracting a tim ing clock from the weak signals. Fortunately, GPS has given us the ability to do this reliably and at low cost.

For the past several years I have been experim enting with GPS tim ing receivers. In part this was driven by a need high accuracytim ing in m y^real life~. As a scientist I participate in the world-wide network of radio telescopes used for VeryLong Baseline Interferom etry(VLBI). At each VLBI station we use a Hydrogen

Maser frequencystandard to provide a ^flywheel~ so that we can coherentlycross-correlate weak signals from Quasars received at stations thousands of k m apart at frequencies up to 100 GHz. T he H-Masers used as frequencyreferences have relative stabilityof ~1:10 15 at tim e scales of hours. T o cross-correlate the noise signals recorded on m agnetic tape, we need to k eep track of the relative tim ing epoch at each station to a few tens of nsec. And the m easurem ents need to have ^absolute~ tim e-tags tied to

UTC(USNO) at levels ~100 nsec.

I was also driven to this topic because I can forsee the daywhen we, as am ateurs, m ak e use of a priori tim ing of digital signals to im prove perform ance. And I found it fascinating to reallydig deeplyinto how

GPS works and how well small GPS receivers can perform.

T hese efforts led to m ydevelopm ent of the ^ 7RWDOO\�$FFXUDWH�&ORFN ~ at hom e in m ybasem ent. As a bottom line, using a GPS receiver as a tim ing clock we can easilyachieve RMS tim ing accuracy and pr e - cision at levels of ~30 nsec RMS with hardware that can be easilyduplicated for < $500. T he ^ 7$&~ name was chosen with tongue-in-cheek:

· Years ago, Heathk it sold a W W V receiver theycalled the ^Most Accurate Clock ~. W ith

GPS I was able to achieve m ore than 10 4 better than the old ^MAC~, so ^T otallỹ seem ed lik e a good ^40+ dB~ adjective (I also note that Ham m ak er-Schlem er and

Sharper Im age sell the Germ an Junghans W W VB/DCF77 VLF clock with ^W orld´s

Most Accurate Clock~ advertising even t o day).

· And 7$& are my initials!

T he original 7$& was based on the Motorola PVT -6 (now called ONCORE Ò ) OEM receiver. After work ing with Motorola to correct som e firm ware errors a couple of years ago, I constructed the first prototype 7$& pack age and learned how to use it optim ally. I then showed it off to som e VLBI colleagues and was d e - ludged with r e quests for clones. To date we have more than 40 7$& s operating all around the world.

H y d r o g e n M a s e r a t G i l m o r e C r e e k , A l a s k a v s . T A C

3 . 2 8 e - 1 3 R a t e O f f s e t R e m o v e d

- 0 . 2

- 0 . 1

0 . 0

0 . 1

0 . 2

2 / 1 8 / 9 6 0 : 0 0 2 / 2 1 / 9 6 0 : 0 0 2 / 2 4 / 9 6 0 : 0 0 2 / 2 7 / 9 6 0 : 0 0

Residual, usec

Figure A-1 shows the typical perform ance of the T AC over an 8-dayperiod; in this case the data is from the Gilm ore Creek Geophysical Observatorynear Fairbank s where m ygroup operates a VLBI station with an 85´ telescope (this is the W 3IW I/KL7 EME QT H). T he plot com pares 100 second averages of tim ing pulses from the T AC with the GCGO H-Maser with ~31 nsec RMS agreem ent between the two clock s.

Thru the middle of the trace is a 2-hour running average showing 9 nsec RMS performance.

T his perform ance is achieved DESPITE the DoD´s im position of SA (Selective Availability) on the GPS satellite signals (SA involves the intentional degradation of the perform ance of the Cesium frequency standards onboard the GPS satellites). T he perform ance im provem ent is obtained byusing m ultiple sate l - lites (SA is incoherent between the different GPS satellites), bytim e-dom ain averaging and bynot solving for position of the observer.

An earlycriticism of the 7$&� was that the PC-based software Motorola provided was not as ^user friendlỹ and ^turnk eỹ as people wanted, and the 7$& was an uglygraybox that didn´t look lik e a clock ! So to support the 7$& I also wrote a controller program called

6+2:7,0( .

T he details of the ONCORE-based T AC and the SHOWT IM E software are found on m yanonym ous FT P

server at URL:

ftp://aleph.gsfc.nasa.gov/GPS/totally.accurate.clock/

An Em ail exploder called gps-tim ing has grown up to support different applications of low-cost GPS tim ing

widgets. You can see all the activity with your news reader (like Netscape or Mosaic) by establishing

news://aleph.gsfc.nasa.gov

as a news server and then ^subscribing~ to the gps-timing list.

T he Motorola ONCORE is an EXCELLENT tim ing receiver, but the Motorola ^engine~ costs ~$400 in sm all

quantities when equipped with the m andatorytim ing ^Option A~. I wanted to see if there was a lower-cost

� � � �

� � � �

� � � �

� � � �

� � �

� � �

� � �

� � �

� � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � �

*$50,1�*36�LQ�7$&�/LWH�YV�7$&�XVHF

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

1 4 0

1 6 0

1 8 0

2 0 0