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Figure 3. The figure uses an RS-IS type orbit (TCF =, 0.121) to illustrate how orbit inclination 
affects the distribution of access time. Note that changing the incl ination does not change 
TCF. 

randomly in the orbital plane. For this to occur 
the spacecraft must be in slightly different orbits 
so that their periods will not be identical. This is 
easily accomplished. In fact, it 's very difficult to 
avoid . Even if the spacecraft are released from a 
single launch vehicle the springs in the ejection 
mechanism are never exactly the same. 

Note how the marginal increase in access 
time decreases as the number of spacecraft in the 
plane increases. For a station at 40" N the first 
spacecraft provides about 195 minutes of access 
time; the eighth spacecraft only provides an 
additional 50 mintUes. This is due to overlapping 
of coverage areas. After a certain point adding 
additional spacecraft to the same plane provides 
very little increase in service. At a height of 
2000 km using more than about 6 spacecraft in a 

single plane doesn't appear to compensate for the 
additional effort . 

Note that 6 spacecraft can provide 720 
minutes (12 hours) of access time per day to a 
station at 50" N. 

The "average" in ADAT refers to a 
mathematical procedure and does not always 
reflect what a ground station actually sees. With 
a constellation of only two spacecraft a ground 
station will clearly notice how daily access time 
slowly cycles between the ADAT associated with 
one satellite and twice this value depending on the 
degree of overlap. With three spacecraft 
observed ADAT values begin to stabilize near the 
predicted values . And . with four or more 
spacecraft , the ADA T values provide an accurate 
picture of day to day performance. 
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Figure 4. This figure uses an RS-J5 type orbit to illustrate how satellite height affects the 
distribution of access time. Starting at 2000 kIn the height is decreased in increments of 
20 percent. 

Figure 6: Discussion 

Suppose we wish to add 4 spacecraft to 
the 4 satellite constellation shown in Figure 5. 
Two ways of accomplishing this are : [B] add the 
4 spacecraft to the same plane, [A] add the 4 
spacecraft to a second plane at right angles to the 
first. Figure 6 compares the performance 
resulting from these two approaches and 
quantifies the service advantage of the additional 
plane. Note that the two plane configuration with 
eight spacecraft provides ground stations between 
30' N and 6(1' N with about 15 hours a day of 
service! And, this can be accomplished using 
simple spacecraft that do not contain any means 
for station keeping . 

Two additional facts not shown in the 

figure deserve mention here. 

First, another computer run was made 
using 8 spacecraft in 2 planes in a very similar 
configuration except for the fact that the angle 
between the orbital planes was set to 6(1' instead 
of 9(1'. As expected, the resulting ADAT curve 
lies between the cases labeled [A] and [B]. 
However, it's much closer to curve [A]. In fact, 
between the equator and 25' N they nearly 
coincide. The conclusion is: To get the 
advantages associated with a two plane 
constellation it's not necessary that the angle 
between the two planes be close to 9(1' -- any 
angle above 6(1' provides most of the benefit. 

Second, the benefit gained by using two 
planes over a single plane increases as the number 
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Figure 5. This figure provides Average Daily Access Time data for single plane constellations 
of spacecraft in RS-15 type orbits (satellite positions in the plane are assumed to be 
random). With constellations access is defined as a ground station reporting one or more 
satellites visible. 

of spacecraft increases. The data presented in 
Table I suggests that opting for two planes isn't 
wonh the additional effon when a total of only 
two or four spacecraft are being considered . 

Figure 7: Discussion 

Figure '7, which shows the P3D 3/2 
ADAT profile for various arguments of perigee, 
was initially prepared for a P3D design meeting 
in 1991 just after the proposal of the 3/2 (three 
revolutions in two days) orbit. It may be of 
considerable interest in the near future since 
current plans are to allow the argument of perigee 
to drift to its final position over the next few 
years. This graph is being repeated here to 

enable readers to compare the service that P3D 
will provide to that which could be obtained from 
satellite systems mentioned elsewhere in this 
paper. The comparison follows in Figure 8. 

Figure 8: Discussion 

Figure 8 compares the service provided 
by a number of satellite systems. These include: 
P3D with an argument of perigee set to 210", two 
constellations using RS-15 like orbits (a single 
RS- I 5 ADA T profile is also included for 
reference) , a single ICO-50 spacecraft, and a 
constellation (one plane) of two ICO-50 
spacecraft. The implications of this data are open 
to interpretation. One could argue that a 



AMSAT-NA 15th Space Symposium, Toronto, Oct. 1997 

Average Daily Access Time 

u;-
Q) -:J 
C 

.s 
Q) 

E 
i= 

H ..... 
1440 

1320 

1200 

1080 

-

RS-15 constellations 

height = 2030 km 
inclination = 64.8 

960 

840 

720 

600 

480 

360 

240 

120 

-EJ- ----
~ 

JB1 ---V 
-

---------

, 

18 sc, 2 planes I 

18 sic, 1 plane 

L 4 sic, 1 plane 

I 

1 1 spacecraft I 

o 
o 10 20 30 40 50 

// "'" 

'---V/ 
/ 

------
./ 

/ 

I)<2UBC 7/97 ~ 
I 

60 70 80 90 
Ground Station Latitude (N or S) 

Figure 6 . This figure provides Average Daily Access Time data for selected constellations of 
spacecraft in RS-IS type orbits . [AJ and [BJ show the result of switching from a single 
plane constellation of 4 satellites to one of 8 satellites. In [AJ the 4 new satellites are in 
a plane perpendicular to the initial plane. In [BJ the 4 new satellites are introduced into 
the initial plane. See Figure 8 for related information. 

constellation of 6 spacecraft in RS-IS like orbits 
or two spacecraft in ICO-50 orbits will provide 
the same quantity of service as P3D to Northern 
Hemisphere ground stations and far more service 
to Southern Hemisphere ground stations. There 
will , of course, be significant differences in the 
characteristics of the service being provided. 
These differences include cost of placing the 
system in orbit , maximum communications range, 
path loss, Doppler shift rates, etc . These factors 
are extremely important but they are not being 
covered here since the object of this paper is to 
quantify characteristics related to quantity and 
distribution of service, especially with respect to 
constellations. 

Mathematical Techniques: ADAT 

A computationally efficient method of 
computing an ADAT profile for a satellite in a 
circular orbit was presented in 1990' . The 
method was extended to cover elliptical orbits in 
1991' . 

The method consists of dividing one 
complete revolution (orbit) of the satellite of 
interest into a finite number. n, of segments of 
equal time interval (Il.t = Period/n) . For each 
ground station latitude of interest (k) the 
probability (P;,,) that the satellite is in range 
during a particular orbit segment (i) is obtained 
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Figure 7. This figure , first published in 1991, shows how the final value selected for the P3D 
3/2 argument of perigee will affect the distribution of ground station access time. 

by computing the width (in degrees of longitude) 
of the ground stations acquisition circle 
corresponding to the subsatellite point latitude and 
height at the center of the orbit segment 
(GSwidth(i,k» and dividing this number by 360". 
Summing the product P, x .:I.t over one complete 
orbit we obtain the average access time for one 
orbit. Multiplying by the number of orbits per 
day (the Mean Motion) gives ADAT for the 
latitude of interest. 

n 
ADAT(k) = MM E p, .• x .:I.t, 

i=l 
where 

Pi .• = GSwidth(i,k) I 360" 

k = latitude of ground station 
i = orbit segment (goes from I to n) 
n = number of discrete segments in 

one revolution 
ADAT(k) = ADAT at latitude k 
MM = Mean Motion 
p, .• = Probability that the satellite is in 

range of the ground station (at 
latitude k) during orbit segment i 

GSwidth(i ,k) = width of ground station 
acquisition circle (in degrees 
of longitude) corresponding to 
subsatellite latitude and height 
of satellite at center of segment i 

The technique for calculating ADAT just 
outlined applies to both circular and elliptical 
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Figure 8. This figure compares the projected Average Daily Access Time for the P3D 312 orbit 
to the service that could be provided by several possible future radio amateur projects 
including single spacecraft and constellations. 

orbits. However, a computer program focusing 
on circular orbits is easier to implement because 
(I) the acquisition circle for the ground station 
does not have to recomputed for each orbit 
segment because the satellite height is constant 
and (2) calculating the subsatellite point latitude at 
the center of each orbit segment is simpler. 

U nfortunatel y, the method for computing 
ADAT just outlined can not be modified to apply 
to constellations. As a result I had to develop an 
entirely different approach to cover multisatellite 
systems. The approach adopted uses a technique 
called a Monte Carlo simulation . 

The Monte Carlo simulation proceeds as 
follows. For a given ground station and 
constellation one chooses the equator intersection 

of the first orbital plane constellation randomly (if 
a second orbital plane is involved it is set at a 
fixed offset angle). Next, the locations of all 
satellites are chosen randomly (with respect to 
time) with the constraint that they're in the 
appropriate plane. Finally , we check to see if at 
least one spacecraft is in range. This is repeated 
a large number of times (40,000 times in this 
study). We then obtain the probability that at 
least one satellite is in range at any time by 
dividing the total number of trials where at least 
one satellite has been found to be in range by 
40,000. Multiplying the result by 1440 (the 
number of minutes per day) yields ADAT for the 
GS latitude being investigated. Studying a single 
configuration of satellites requires roughly 40,000 
trials x 19 ground stations (five degree incremems 
from the equator to the pole) x number of 
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spacecraft in configuration. For an eight satellite 
constellation this amounts to about eight million 
calculations of whether a specific spacecraft is in 
range . To do these calculations in a reasonable 
amount of time (my lifetime) the orbit is treated 
as a discrete variable. 1000 segments were used. 
This makes it possible to create a lookup table 
involving sines and cosines of the subsatellite 
positions at the center of each segment and 
replace, in the case of the example just 
mentioned, 16,000,000 sine and cosine 
calculations with 2000 calculations and a lookup 
table . 

A computer program implementing the 
Monte Carlo discrete segment approach is shown 
as Table 2. This program was used for all 
ADAT calculations in this paper. ·AIl reported 
studies involved 40,000 trials and 1000 orbit 
segments. Sample outputs are shown in Figure 9 
and Table 2. 

The use of statistical methods like the 
Monte Carlo method and the replacement of 
continuous variables by discrete variables leads to 
"jitter" in the results . The level of this "statistical 
noise" can be estimated by running a specific 
constellation several times using: different sets of 
random numbers, more and less trials, and more 
and less orbit segments . Results for single 
spacecraft using the Monte Carlo method were 
also cross checked with the earlier method. All 
these tests lead me to believe that 40,000 trials 
and 1000 orbit segments produce results having a 
percentage error of less than +1- 2 percent better 
than 97 percent of the time. 

Mathematical Techniques: TCF 

The method used to calculate TCF for 
single satellites was discussed earlier in this 
paper. [t cannot be generalized to constellations. 
To calculate TCF for constellations we must turn 
to an alternative method for single spacecrali 
which can be generalized. One can calculate an 
average ADAT for a particular orbit by summing 
ADAT values (in. minutes) for ground stations at 
all latitudes using a weighing factor consisting of 
the surface area of latitude belt associated with 
each ground station divided by the surface area of 
the earth. Dividing this average ADAT by 1440 

(the number of minutes in a day) produces TCF. 

TCF for constellations is calculated using 
the procedure just described. For constellations 
one must therefore first compute ADAT using the 
Monte Carlo approach. This data is then used to 
obtain an average ADAT which is then 
transformed into TCF. All TCF values for 
constellations specified in this paper use this 
approach. All TCF values for single satellites 
were checked using this approach. 

Table 2: The Program ADAT2P 

The program ADATIP provides ADAT 
profiles for constellations consisting of one or two 
planes wi th multiple satellites per plane. [t 
assumes that all satellites are in circular orbits and 
that all satellites in a given plane have the same 
nominal orbit. As written it also assumes that 
when 2 planes are used both planes contain the 
same number of spacecraft but this can easily be 
changed. 

The program was written in MS-BAS[C 
using a very limited set of operations. [have 
done this for two simple reasons : more people can 
read and port MS-BAS[C to other languages than 
any other language and copies of MS-BAS[C are 
available to more people around the world than 
any other single language. The fact that other 
languages may run faster, be easier to use, etc., 
is essentially irrelevant here. 

Lines marked *** should be changed to 
change the constellation. Lines marked ** may 
also be changed. The program contains a number 
of features designed to confirm proper operation. 
These include (I) a screen counter used to 
determine the run time of particular parts of the 
program and (2) primitive screen graphics 
rout.ines that plot (i) the orbits being investigated 
on a cartesian grid and (ii) the location of every 
satellite calculated to be in range of ule ground 
station at the latitude currently being studied as 
the program goes through its 40,000 trials. These 
features can be eliminated to reduce running time. 

Despite the dramatic increase in speed 
obtained by treating the orbit as a discrete 
variable the present incarnation of this program 



AMSAT-NA 15th Space Symposium, Toronlo. Oct. 1997 

takes a great deal of time to run. Using myoid 
33 MHz 386, obtaining ADAT data for a single 
constellation takes about six hours. Producing the 
8 curves shown in Figure 5 required about 48 
hours. The run time can be cut by a factor of IO 
to 100 by using a faster machine, a compiled 
language, and optimizing the code but reducing 
run time is not one of my current Objectives. 

Other Satellite Perfonnance Measures 

The object of this paper was to quantify 
satellite orbit Gharacteristics related to quantity 
and distribution of service, especially with respect 
to constellations and to introduce radio amateurs 
to some constellations and orbits that might play 
a role in the future of the Amateur Satellite 
Service. The specific measures discussed were 
TCF and ADAT. A related measure, Mean Time 
to Next Access for single spacecraft, was treated 
in an earlier paper. 4 

Work has also begun on two additional 
performance measures but neither is ready for 
publication. (Unfonunately I have a full time job 
and an addiction to regular paychecks). The first 
is DXfactor which is a numerical quantity which 
specifies the percentage of the earth a specific 
ground station will eventually have access to via 
a specific satellite or constellation and provides a 
picture (or a list of grid squares) detailing which 
regions of the eanh will never be in view. For 
high inclination LEO spacecraft this is an easy 
problem to solve in closed fann but it turns out to 
be rather complex in the general case. The 
second perfornlance measure is blackout duration 
probability which enables one to make predictions 

Figure 9. Graphics screen output of 
ADA T2P. Shows all subsatellite 
points determined to be in range of 
ground station at 500 N latitude 
during 10,000 trials using a 
constellation of 8 RS- IS like 
spacecraft in 2 planes, one with an 
inclination of 64 .8', the other with an 
inclination of 30'. 

like: the likelihood of not having any access to a 
satellite in a given constellation within the next 
180 minutes is less than 2.7 percent. 
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Table 2. Program ADAT2P 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
17 0 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
4 00 
410 
420 
430 
440 
450 
460 
47 0 
480 
4 90 
500 
510 
520 
530 
54 0 
550 
560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
660 
670 
6BO 

690 

Program : ADAT2P (ADAT: Constellations, 1 or 2 planes, circular o r bit s ) 
Last update: 25 June 1997 
RANDOMIZE TIMER 

Constants, Conversion Factors, Functions, Initialization, Etc. 
PI = 3.14159 , TWOPI = 2*PI , HALFPI = PI/2 
RTOD = 18 0/ PI , DTOR = PI / 180 
RE = 6371 ' km (mean radius of earth) 
DEF FNACOS( Z) = HALFPI - ATN(Z/SQR(l - Z*Z)) 

System Description 
NPLANES := 1 ' Number of planes ( 1 or 2) *** 
TNSAT := a ' Maximum number of satellites in each plane *** 

DI M INCLINATI ON (2) , INCL(2) , SININCL (2) 
DIM MM(2), HEIGHT(2) , PERIOD(2) , BETAMAX (2) , COSBMAX(2) 

N12 := 90 * DTOR ' Angle be tween planes 1 and 2 ** 
NSCEN := 40000 ! ' No . of s cenarios ** 
TM = 1000 ' No. of segments per orbit ** 

DIM LAT(2,TM), LNG (2,TM), SINLAT(2,TM), COSLAT(2,TM) 

Descr iption of Orbits and Ground Station Parameters 
MM(1 ) := 11.27504 ' Mean motion (rev/day ) plane 1 (RSIS) *** 
IF NPLANES := 2 THEN MM (2) := 11.27504 'Mean motion pla ne 2 *** 
INCLINATION(l) = 64.63 ' degrees plane 1 *** 
IF NPLANES = 2 THEN INCLINATI ON (2) := 30 'plane 2 *** 
ELEVAT ION := 0 ' Satellite above this angl e is in range of GS 
ELEV := ELEVATION*DTOR 

FOR PLANE = 1 TO NPLANES 
INCL(PLANE) = INCLINATION (PLANE)*DTOR 
SININCL(PLANE) = SIN( I NCL(PLANE) ) 
PERIOD (PLANE ) = 144 0/MM (PLANE) 
HEIGHT (PLANE ) = 331. 2 5* PERIOD (PLANE) ' (2/3) - RE 
BETAMAX(PLANE) FNACOS (COS(ELEV) *RE/( RE+HEIGHT(PLANE))) - ELEV 
COSBMAX(PLANE ) = COS (BETAMAX (PLANE )) 

NEXT PLANE 

Set up ground track look up tab le for sic in both p l anes 
FOR PLANE = 1 TO NPLANES 

Sl = 1 , I F INCLINATION (PLANE) > 90 THEN Sl = -1 
FOR THETA = 0 TO (TM - 1) 

TH = (THETA/ TM )*TWOP I 
X = SININCL (PLANE ) *SIN (TH) 
LAT = ATN(X/SQR(l-X*X)) 
IF X*X > .9999 THEN LAT = SGN(X)*,~LFPI 
S2 = 1 , IF TH > PI THEN S2 = - 1 
Y = COS(TH)/COS( LAT ) 

IF Y > .99999 THEN LNG = 0 , GOTO 530 
IF Y < - .9999 9 THEN LNG := PI : GOTO 530 

LNG = Sl*S2*FNACOS(Y) 
IF 52 := -1 THEN LNG = LNG + TWOPI 

LNG (PLANE, THETA) = LNG : LAT ( PL}~E, THETA.) LA.T 
SINLAT(PLANE, THETA) SIN(LAT) 
COSLAT (PLANE, THETA) = COS(LAT) 

NEXT THETA 
NEXT PLANE 

Subsection to graph g round t racks to check previous work 
SCREEN 9 'Use screen 12 wi t h QB 
WINDOW (-2 70, - 120 ) - (450, 120) 
FOR HL = -90 TO 90 STEP 30 , LINE (O,HL) - (360,HL) , NEXT HL 
FOR VL = 0 TO 360 STEP 90 , LINE (VL, 90) - (VL, -90) , NEXT VL 
FOR Kl = 0 TO TM -1 

PSET (LNG (1,K1 ) *RTOD, LAT (l ,K1 ) *RTOD) 
PSET (LNG (2,Kl)*RTOD, LAT (2,K1)*RTOD) 

NEXT K1 
PRINT "GS Latitude". "ADA::''' , Heading for screen d i splay PRINT 11 __ _ __ ___ __ _ 11 "-- -- 11 
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Table 2 (continued) 

700 
710 
720 
730 
740 
75 0 
760 
770 
780 
790 
800 
810 
820 
830 
840 
850 
860 
87 0 
880 
890 
900 
910 
920 
930 
940 
950 
960 
970 
980 
990 
1000 
1010 
1020 
103 0 
1040 
1050 
1060 
1070 
10 75 
1080 
1090 
1100 
111 0 
1 1 20 
1130 
114 0 
11 50 
116 0 
1170 
1175 
118 0 
1190 
120 0 
1210 
1220 
1230 
1240 
1250 

FOR NSAT = 1 TO TNSAT ' Constellation (# of sIc in each plane) 
TA$ = TIME$ 

Subroutine to print heading 
LPRINT , LPRINT , LPRINT 
LPRINT "ADAT fo r Constellations (pr ogram ADAT2p)", 
LPRINT date:"; DATE$ 
LPRINT Tota l number of sIc: "; NSAT*NPLANES 
LPRINT Number of planes , "; NPLANE S 
LPRINT Number of spacecraft per plane: "; NSAT 
LPRINT Number o f scenarios chec ked: "; NSCEN 
LPRINT Number of discrete orbit sections: II; TM 
LPRINT 
LPRINT, ," 
LPRINT, , " 
LPRINT 
LPRINT 
LPRINT 
LPRINT 11 

LPR INT 

Plane 1 ", I I Plane 2 " 
- - - - -- - ", " --- --- - " 
Mean motion [rev. /day) ,MM(1), MM (2) 
Mean altitude [km)" , INT (HEIGHT (l», INT(HEIGHT (2» 
Period (minutes] ", PER I OD(l), PERIOD( 2 ) 
Incl ination [degrees] ", INCLINATION(l), INCLINATION (21 

LPRINT 
LPRINT 
LPRINT 

"GS Lat ", "ADAT " 
" - -----,, 

** 

Main Program calculation === = = === ============== == ======== === ============ 
FOR GSLAT = 0 TO 90 STEP 5 Modify at times ** 

SINGSLAT = SIN (GSLAT*DTOR) , COSGSLAT = COS (GSLAT *DTOR) 
SUM = 0 , SUM2 = 0 , FF = 0 

FOR K = 1 TO NSCEN ' check all scenarios 
LOCATE 1, 73 : PRINT K 
SUM = SUM + 1 
LNGXl = RND*TWOPI : LNGX2 = LNGXl + N12 

FOR J1 = 1 TO NSAT , THTA (J1 ) " INT(RND*TM ) , NEXT J1 
FOR M1 = 1 TO NSAT ' c heck all sic i n plane 1 

Zl = SINGSLAT*SINLAT (1,THTA (H1 » 
Z2 = COSGSLAT*COSLAT(1, THTA (Hl»*COS(LNG(1,THTA(Ml»+LNGX1) 

IF (Z1 +Z2) >= COSBMAX(1) THEN Sl~2 =SUM2 +1 , FF = 1 
IF FF=1 THEN LG = LNG(1,THTA(M1»+LNGX1 + PI , LT = LAT(1,THTA (M1 » 
IF FF=1 AND LG > TWOPI THEN LG " LG-TWOPI 
IF FF=l AND LG > TWOPI THEN LG '" LG-TWOPI 
I F FF=l THEN PSET(LG*RTOD, LT*RTOD) , FF=O , GOTO 120 0 

NEXT Ml ' Proceed to next sIc in plane 1 
IF NPLANES = 1 THEN GOTO 1200 'skip over plane 2 

FOR J2= 1 TO NSAT , THTA(J2 ) = INT (RND *TM) , NEXT J2 
FOR M2 = 1 TO NSAT ' check all sIc in p l ane 2 

Z1 = S INGSLAT* S INLAT (2 ,THTA (>12» 
Z2 = COSGSLAT*COSLAT(2,THTA (M2»*COS(LNG(2,THTA(M2»)+LNGX2) 

IF (Zl+Z2) >= COSBMAX(2) THEN Sl~2=SUM2+1 , FF = 1 
I F FF=l THEN LG = LNG(2,THTA (M2 » +LNGX2 + PI , LT = LAT(2,THTA (M2» 
IF FF=l AND LG > TWOPI THEN LG '" LG-TWOPI 
IF FF=l AND LG > TWOPI THEN LG :: LG-TWOP I 
I F FF=1 THEN PSET (LG*RTOD, LT* RTOD) FF=O, GOTO 1200 

NEXT M2 ' Proceed to next sIc in plane 2 
NEXT K ' Proceed to nex t scenario 

ADAT = (SUM2 /SUM) *1440 
LPRINT USING "######."; GSLAT; : LPRINT USING "##########.#"; ADAT 
LOCATE (3 + (GSLAT/S» ,1 , PRINT GSLAT , PRINT USING "BBBB.B"; ADAT 

NEXT GSLAT ' =========== == ======== =============-======= == ===== === == == == == 

1260 LPRINT: LPR INT nrun time: "; TA$i " - -> II ; TIME$ 
1270 NEXT NSAT ' Pro ceed to next constella tion 
128 0 END 
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Table 3. Sample of printed output of program ADATIP 

ADAT for Constellations (program ADAT2p) date: 06-30 - 1997 
Total number of sic: 8 
Number of planes: 2 
Number of spacecraft per plane : 4 
Number of scenarios checked: 40000 
Number of discrete orbit sections: 1000 

Plane 1 Pl a n e 2 

Mean motion[rev . /day] 
Mean altitude [km) 
Period [minutes] 
Inclination [degrees] 

GS Lat ADAT 

O. 1 025 . 2 
5 . 1018.8 

10 . 998.6 
15. 956.4 
20. 927.4 
25 . 921.7 
30 . 895 . 6 
35 . 876 . 8 
40. 847 . 0 
45. 820 . 3 
50. 782 . 2 
55. 753.2 
60 . 711 . 2 
65. 664.8 
70. 638.8 
75 . 716.5 
80 . 775 . 5 
85 . 797 . 1 
90. 792 . 0 

11. 27504 
202 9 
127.7157 
64.83 

run time: 16 : 50 : 59 --> 04 :37:31 

11. 27504 
2029 
127.7157 
30 
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Abstract 

Amateur radio has had a substantial presence 
in human space flight since the mid- I 980s. 
For over 15 years, amateur radio space 
enthusiasts in the U.S., Russia, and Germany 
have worked diligently to develop, deploy and 
coordinate operations of on-orbi t amateur 
radio stations on the U.S. Space Shuttle and 
the Russian space station Mir. Human space 
flight is expected to change in the near future 
as the aerospace community rapidly evolves 
its focus towards operations on the 
International Space Station (ISS). The 
international amateur radio community is 
progressing in lock-step with the aerospace 
community to make amateur radio a 
permanent fixture on ISS. This paper will 
summarize the status of the ISS program, the 
development of a transportable station for 
initial use on-board ISS, and the opportunities 
and plans for implementing a permanent 
amateur radio station on-board the ISS. 

Ham Radio and the Human Space Flight 
Connection 

Amateur radio has had a significant human 
presence in space starting with a flight on 
board the space shuttle orbiter Columbia on 
the STS-9 mission late in 1983. At that time, 
astronaut Owen Garriott, W5LFL, provided 
an unprecedented level of excitement to the 
amateur community by talking to hams on the 
ground using a 2-meter FM transceiver. 
These modest beginnings 14 years ago have 
led to a significant, nearly continuous 
presence of ham radio in human-tended space 
vehicles today. 

With twenty-four flights to date, the Shuttle 
Amateur Radio Experiment (SAREX) has 
become the most flown payload on board the 

Space Shuttle. The primary goal of SAREX 
is to pique student's interest in science, 
technology and communications by allowing 
schools around the world to talk with the 
astronauts during Shuttle missions. The crew 
also uses the equipment for a limited number 
of personal chats with close friends or family 
members and to talk to hams on the ground 
during their break times. SAREX was the 
first to demonstrate crew-tended 2 meter 
voice, packet radio from space, crew tended 
amateur television uplinks and Slow Scan TV 
uplinks and downlinks . 

Tn 1988 a permanent amateur radio facility 
was placed on board the Russian space station 
Mir. Technical capabilities have steadily 
increased on Mir over time. Currently Mir 
provides capabilities for 2m voice, a packet 
bulletin board system, a 70cm repeater, and a 
digi-talker. This station, developed primarily 
by our Germans and Russian colleagues, 
provides an important spontaneous link for 
the astronauts and cosmonauts. While it isn 't 
officially a backup communications source for 
Mir, ham radio has served as a secondary 
psychological ice-breaker; for the Mir crew, 
particularly after events such as the political 
and economic reorganizations in Russia and 
the recent Mir/Progress accident. 

The world's space flight community is now 
concentrating a significant amount of their 
resources on the development and 
implementation of an International Space 
Station (ISS.) The ISS has gone through a 
number of name and configuration changes 
since its first inception in 1985. The current 
design calls for modular components from a 
number of countries to be lofted on board 
Russian expendable rockets and the United 
States Space Shuttle. Construction is planned 
to begin in 1998 with permanent human 
residence to start in 2002. 
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With ISS hardware design and development 
underway, preliminary planning for ISS on­
orbit operations is taking place through joint 
experiments and U.S. astronaut visits on 
board the Russian space station Mir. This 
joint U.S.-Russian activity is called ISS 
" Phase I." U. S. astronauts have been 
learning valuable lessons on Mir during their 
4-6 month stays. Astronauts are transported 
up to Mir using NASA's Space Shuttle. 
Supporting experiments, hardware and 
materials are carried on the shuttle or on the 
Russian Progress resupply ships. This effort 
has refocused nearly all the current Space 
Shuttle missions to become Mir/Shuttle 
docking flights. Since these missions are 
typically fairly short and exceedingly busy, 
the SAREX team has curtailed its activity on 
these Shuttle missions. During the 
construction of ISS, the U.S. space shuttle 
will become a primary carrier of ISS 
hardware, materials, and crew. Thus, these 
flights will also be too busy for SAREX 
activities. This past year, the SAREX team 
has reduced its activity on the shuttle and 
concentrated on astronaut amateur radio 
operations on Mir. Moreover, the SAREX 
team is working with its international partners 
to make the ISS a permanent base for amateur 
radio operations. The an1ateur radio facility 
on ISS can be used by the visiting shuttle 
crews, if they have time, and will serve as an 
educational outreach and recreation tool for 
the crews stationed on the ISS. 

In November of 1996 a meeting was held at 
Johnson Space Center in Houston, Texas with 
international representatives from eight 
national amateur radio organizations. This 
meeting served to initiate the dialog on the 
development of a permanent an1ateur radio 
station on ISS. The outcome of the meeting 
was a Memorandum Of Understanding 
(MOU) that states that the groups would work 
together to coordinate the development of one 
amateur radio plan for the ISS. Since NASA 
is the coordinating agency for ISS, it was 
decided to have the SAREX Working Group 
coordinate requests and plans with the ISS 
project management. This included seeking 
official sanction and allocation of space for 
anlateur radio equipment. 
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At the time of this writing, an international 
"hardware committee" is being established 
which will define the permanent ham station 
for ISS, given the space and power resources 
obtained from the ISS project by the SAREX 
Working Group. On-board space for the 
permanent ISS facility is expected to become 
available late in the ISS construction project 
(around 2002). In the interim, the SAREX 
working group has been charged with 
implementing a " transportable station" which 
can be launched in late 1998. 

ISS Development Status 

Preparations of flight hardware for the ISS are 
progressing fairly well. The first component 
of the ISS is the Russian Functional Cargo 
Block (FGB). See figure 1. This should be 
launched on a Russian launch vehicle in June 
of 1998. The FGB will provide initial attitude 
control and power for the ISS. 

In December of 1998 a shuttle flight to ISS, 
called the "2A. I Logistics flight," wi ll carry 
supplies to ISS. The SAREX working group 
has arranged for the launch of an initial 
" transportable station," very similar to the 

Functional Cargo Block readied for Flight 
Figure I 

Functional Cargo 
Block (FCB) 

on-orbit configuration 
June 1998 

2A.1 Logistics Flight 
December 1998 



current SAREX equipment, on that night. 
This will provide a temporary ham radio 
capability on board the ISS. Current plans 
call for 2m and 70cm FM capabil ity through 
an external antenna. There wi II be a packet 
bulletin board system, primarily for the 
personal use of the crew. Hopefully, the BBS 
will allow the crew to post status messages for 
the ham community. 

Several years later on fl ight UF-4, (figure 2) 
currently scheduled for January 2002, the 
worki ng group has arranged fo r space on 
board an "EXPRESS Pallet. " EXPRESS 
Pallets are mounted external to the station, 
and it is expected that there will be room for a 
fairly sophisti cated " OSCAR like" pay load. 
A request is in progress for permanent rack 
space in the" habitation module" which is to 
be launched on flight 16A no later than 

International Space Station 
UF-4 January 2002 

Figure 2 

December of2002. See figure 3. The request 
includes access to external antennas and 
access to the ISS computer systems for status 
information. 

Transportable Station Plans 

The current SAREX configurations support 
FM voice, an automated packet robot, 
amateur television uplink, and slow scan 
television capabilities. The" packet robot" 
sends beacons and issues serial numbers for 
connects but has no other functionality. The 
initial plan for a transportable station uses 

International Space Station 
On-Orbit Coniiguration, Late 2002 

Figure 3 

intrinsically safe commercial 2m and 70cm 
hand held radios from Ericsson. These radios 
are extremely rugged and will not pose a 
hazard on the Space Shuttle or ISS. The 
radios are very simple to operate, with text 
di splays for frequency configurations. They 
can be reprogrammed on orbit with soft ware 
compatible wi th the laptop computers planned 
for use on board the ISS. Initially, these 
radios will be used with externally mounted 
antennas to provide a low power vo ice 
communication capability. 

The packet bulletin board system on Mir has 
proven to be incredibly valuable for 
educational and recreational acti vities. The 
primary problems observed with the Mir 
packet system is the limited memory space for 
messages and the fac t that only a single 
connection can be made at a time. Hams 
unfamiliar with Mir packet operating practices 
have been known to lock up the system over 
an entire pass because the single connection 
does not time out for approx imately 5 
minutes. The Terminal Node Controller 
(TN C) that is being qualified for the ISS 
transportable station is the PicoPacket TNC 
from PacComm corporation. PacComm 
TNCs are also used on board Mir so the user 
interface for the Mir and ISS systems will be 
close if not identical. The transportable station 
on ISS is expected to include 1 megabyte of 
memory to allev iate the current memory 
problems. The PicoPacket wi ll also support 
multiple connections so this should ease some 
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of the problems that have been seen when 
connecting to Mir. Our Russian colleagues 
are working hard to assure that feedthroughs 
and external antelUlas are available early in 
the ISS assembly process. Additional 
transportable hardware is being discussed but 
has not been defined at this time. It will 
probably be desirable, for instance, to upgrade 
the transportable station with a multimode 
transceiver to enhance voice and data 
operations on ISS. 

A Permanent Amateur Radio Station on 
the ISS 

Plans for the development of a permanent 
amateur radio station located in the habitation 
module have begun. A set of derived 
req uirements were generatcd for the 
permanent station. These are shown below. 

Permanent station derived requirements: 

• 
• 

• 

• 
• 

• 

Eight minute contact with well equipped 
ground station 
Computer to computer radio links 
Thirty second contact with a minimal 
ground station 
Autonomous beaconing of status in digital 
form 
Still picture transmit & receive 
Video transmit & receive 
Support continuous contacts (for at least 
thirty minutes) 
Support multiple concurrent operations 
Space-to-space as well as space-to-ground 
operations 

Based on these requirements, the SAREX 
Working Group briefed the NASA ISS 
management on specific interfaces for the 
ham station. The briefing suggested 30 kg of 
hardware in a standard 19 inch wide rack. 
The rack-mounted system would be 24 
inches high and would draw 200 Watts of 
power. The station includes external 
antennas, and connections to the ISS audio, 
video, and computer networks. ISS 
management thought these requests were 
quite reasonable. A summary of the hardware 
described included: 

208 

• 

• 

• 
• 

• 

Multi -band radio support: 10m, 2m, 
70cm, & up 
External Omni antennas for voice and low 
rate data: nadir and zenith 
5-25 Watts transmit power; 100 Watt for 
ATV 
Flexible TNCs (probably OSP based) 
Multiple transceiver systems to support 
concurrent operations 
PC interface to the ISS flight computer 
systems 
Video processing capabi lity 
Gained antennas for high data rates 
Active station control through the ground 
Pass planning and scheduling software. 
Expandability for experimentation. 

The briefing also suggested external 
allocations for four" microsat class" payloads 
that could be changed out. This would allow 
schools and Ulliversities to develop stand 
alone payloads and not have to worry about 
attitude control, or power concerns. This 
allocation has been made on an EXPRESS 
Pallet scheduled for a flight in 2002. It will 
be incumbent upon the hardware committee to 
rapidly formu late plans to effectively utilize 
this space before it gets reallocated to another 
project. 

Plans for utilizing these resources are 
expected to come in the form of proposals to 
the international hardware committee. At the 
time of this writing, the German SAFEX 
group have generated a proposed contribution 
to the ARISS project. This proposal is 
described at the world-wide-web site: 
hUp://www.op.dlr.de/-dfDvr/ariss_el.htm 
It will be the responsibility of the committee 
to evaluate the technical merit and feasibility 
of the proposals and generate a final 
integrated plan for the ISS. Elements of the 
final plan will be implemented and supported 
by the international community. Those 
wishing to review the status of the various ISS 
hardware proposals are welcome to peruse the 
world-wi de-web site: 
http://garc.gsfc.nasa.gov/-ariss/ariss.html 

The U.S. Proposal 

The U.S. would like to provide the basic rack 
and interconnection infrastructure for the ISS 



amateur radio station. This makes a great deal 
of sense as the SAREX Working Group are 
the coordinating interface with the NASA ISS 
program office. The basic idea is to develop a 
system with modular equipment slots and 
standard interfaces that are tied together with 
a computer controlled matrix. The matrix can 
handle voice/data signals and can handle RF 
switching. Interchangeable modules means 
that repairs and upgrades are easily handled 
on orbit. This modularity also means that it is 
easy for many different organizations to make 
contributions of hardware and software to the 
ISS amateur radio station. One module has 
tentatively been designated as a "student 
experiment" module. Potentially, schools 
could design an experiment module for this 
space and then gather the data and control the 
experiment from their own groundstation or 
collaboration of ground stations with other 
schools. 

Matrix switching would be handled by a 
master computer that would also serve as the 
interface to the control stations on the ground. 

'\ 17 WIDEBAND 

A perennial problem for Mir and SAREX has 
been the inability to control hardware 
configurations from the ground. This 
capability will a llow the crew to offload the 
responsibility of day to day maintenance of 
the system to a network of amateur control 
stations. The network of amateur ground 
stations is a well established practice that has 
proven its value over the years in the OSCAR 
program as well as for SAREX. 

Figure 4 illustrates the ARlSS Hardware 
Concept presented by Dr. Ron Parise, 
W A4SIR, at the 1997 Dayton Hamvention. 
The station is organized into three major 
sections. The radio frequency section (top left 
of the figure) consists of a number of 
replaceable transceivers that have a standard 
interface to a wide band analog switch. 
Multiple external antelmas have been 
requested, so hopefully the use of multi-band 
duplexors will not be necessary. The 
wideband analog switch will connect multiple 
signal sources to the tranceivers. Many 
different data sources are possible: digital 
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modes, analog voice, and amateur television 
for instance. The use of the analog switch 
provides a very powerful capability for 
reconfigunng the ARISS station. 
Transceivers could be tied together to form 
cross band repeaters. Stand alone bulletin 
board systems could provide specialized 
services. Moreover, the modular design 
permIts that add ition of modes and 
~apabilities as the technologies and the 
mterests of the amateur communi ty change. 

Control of the transceivers, data sources, and 
the analog multiplexer will be provided by a 
master housekeeping computer. This wil l 
most likely be a fairly powerful personal 
computer running a multi-tasking operating 
system, such as LINUX. This computer will 
provide basic functions, like control of the 
analog matrix and the crew interface via the 
front panel. It would also provide a platform 
to control and run interface software for the 
replaceable data modules. This computer wi ll 
control the interfaces with the ISS systems. 
We expect to be able to receive housekeeping 
data via the ISS Mil Std-1553 data bus. 
Housekeeping data is under discussion but 
should include orbital and attitude 
information. Interfaces have been requested 
to the ISS intercom and video networks. 
Ideally the data available will also include 
status reports concerning activities aboard the 
ISS . The control computer will also include a 
dedicated" backup" transceiver and TNC to 
provide a '~back door" for reconfiguring the 
ARlSS statIOn. Normally this backup will be 
used for beaconing, but would be available for 
any emergency activities that cannot be 
performed through the regular control 
channels. 

Figure 5 depicts the ARlSS Preliminary Rack 
Configuration. The ISS management team 
reacted quite favo rably to our briefing the use 
of 24 mches of standard 19 inch wide rack 
space in the habitation module. The top half 
would be used for housekeeping and control 
functIOns . The bottom half would contain the 
modules to be proposed, designed, and built 
by the worldwide amateur radio community. 
The dedicated crew mterface is mounted at 
the very top of the proposed configuration. A 
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liq~id crystal display (LCD) would provide 
soltware reconfigurable status information to 
the crew. A set of standard" mode" switches 
(possibly with built in LCD labels) would 
allow the crew to easily configure for standard 
operating modes: a school contact for 
instance. See fi gure 6. The switches would 
be read by software in the control computer, 
so the use of LCD labeled switches (or a 
touch screen LCD) would provide a wide 
degree of flexibility. A master reset switch 
will be provided to allow the crew to do a 
"hard" reset of the system without having to 
power cycle the unit. The radiation 
environnlent in the ISS orbit is not expected 
to be severe, but there may be radiation 
induced Single Event Upsets (SEU) that will 
require periodic reset of the computer 
systems. There will also be a significant 
amount of software running in the master 
computer, and the possibility of bugs 
requmng a hardware reset should not be 
overlooked. A headset jack will be provided 
to allow a crew member to operate ARISS 
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from the front paneL Discussions are ongoing 
about the possibilities for controlling ARISS 
via the ISS intercom system. Naturally, the 
permanent ARISS station can be used as a 
repeater link to the transportable station. The 
crew can use the 2m and 70cm voice and 
packet capability of the transportable station 
as an inter-vehicle communications link to 
access various features of the permanent 
station. 

Below the user interface panel, are modules 
designed to support the overhead and 
housekeeping functions of the ARISS station. 
The housekeeping computer will be in a 
modular unit to allow replacement in case of 
failure and easy upgrade. A student 
experiment module is planned that would be 
periodically changed out and would be 
controlled via the housekeeping computer. 
This would be a supplement to the experiment 
sites avai lable on the external EXPRESS 
Pallet The bottom half of the rack will 
consist of the transceiver and data modules 
supplied by the groups selected from 
proposals to the international hardware 
committee. These units will be designed with 
standard mechanical, electrical, and control 
interfaces to allow for changeout in case of 
problems or for expansion. 

Conclusions 

The historic use of amateur radio on the Space 
Shuttle and Mir to support educational 
outreach, crew personal contacts and 
interaction with terrestrial-based hams will 
become even more important when the 

international aerospace community migrates 
to the International Space Station. The 
ARISS international partners are working 
hard to transform the dream of a permanent 
amateur radio station on the international 
space station into a reality . 
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