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A b s tra c t— In this work, the determination of the orbit of an unknown ultra-sm all spacecraft based on 
Doppler m easurem ents of the telemetry signal frequency is studied. The reception and processing of 
telemetry radio signals was carried out by the ground station of the Belarusian S tate University. In the 
model of perturbed circular motion, the radio signals of a small satellite were processed and the parameters 
of its orbit were determined. Based on a probabilistic estim ate of the elevation angle and Doppler frequency 
shift of an ultra-sm all spacecraft from 10—20 m easurem ents, a set of orbital param eters is determined 
for the estimated time of receiving telemetry signals. For antenna system s, the dynamics of changes in 
the elevation angle, azimuth, and Doppler frequency shift of telemetry radio signals for the next flights 
of an unknown ultra-sm all spacecraft was predicted. The calculated absolute errors in predicting the 
elevation angle, azimuth, and Doppler frequency shift did not exceed 3°, 3° and 250 Hz, respectively, 
which is sufficient for successful telemetry reception and decoding. U sing the NORAD database of orbital 
parameters, the Chinese nanosatellite LUOJIA-1 01 of the C ubesat (6U ) format (num ber 43485 in the 
NORAD system ) was identified.

Keywords: nanosatellite orbit determination, perturbed circular motion, ground station, telemetry signal, 
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IN T R O D U C T IO N

T he role of u ltra -sm a ll sp acec raft (w eig h in g  up to  
10 k g ) in th e  study, developm ent, and  u se  of n e a r­
ea rth  space  is co n stan tly  in c reas in g  [1—3]. T he a d ­
v a n ta g e  of u ltra -sm a ll sp acec raft ( U S S C )  is the ir 
speed  and low  c o s t of developm ent due  to  th e  p o ss i­
bility of u s in g  com m ercia l co m p o n en ts , few er g round  
te s ts , ea se  of execu tion  and  th e  low  co s t of th e  g round  
con tro l and  co m m u n ica tio n  seg m en t (m o st often one 
g ro u n d  receiv ing  and contro l s ta tio n ), as  well as th e  
ability  to  c rea te  g ro u p s of su ch  sa te llites  for so lving 
com m ercial and  scientific p rob lem s [4—7]. T h e re ­
fore, m any  universities develop th e ir  ow n U S S C s  
a s  ed uca tiona l labo ra to ries for tra in in g  sp ec ia lis ts  in 
ae ro sp ace  specia lties, co n d u c tin g  scientific exper­
im en ts , and  d e m o n s tra tin g  techno log ica l cap ab ili­
ties  [6—8].
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P red ic tio n  of fu tu re  p o sitions of U S S C s  is im ­
p o rta n t for so lv ing prob lem s of th e ir  con tro l, tr a c k ­
ing, and  co n d u c tin g  radio co m m u n ica tio n  sessions. 
Traditionally, th e  S G P 4  pred iction  m odel [9, 10] is 
u sed  to  m ak e  th e se  p red ic tions for one  g ro u n d  s ta ­
tion . T he S G P 4  m odel u se s  averaged  orb ital p a ­
ram e te rs  in th e  T L E  (tw o -lin e  e lem en ts) fo rm at of 
th e  N O R A D  (N o rth  A m erican  A ero sp ace  D efense 
C o m m an d ) [10—12]. A s a rule, T L E s are  updated  
daily and  are  availab le free of ch arg e , b u t in th e  long 
te rm  or in th e  even t of m ilitary  conflicts, th e  N O R A D  
system  h as th e  ability  to  d isab le  public a c c e ss  to  th e  
d a ta b a se  of averaged  orbital p aram eters . L ess  often, 
on board  a sm all spacecraft, a nav iga tion  receiver is 
u sed  to  de te rm ine  th e  ex ac t co o rd ina tes and speed [8].

A n a lte rn a tiv e  w ay  to  o b ta in  initial da ta  for p red ic ­
tive m odels of th e  m otion  of a U S S C  is to  de term ine  
th e  o rb it based  on m e a su re m e n ts  of th e  c h a ra c te r ­
is tics  of radio s ig n a ls  of a te lem etric  or com m and  
radio link, w hich  sim plifies th e  h ard w are  im p lem en­
ta tio n  and th e  c o s t of th e  m easu rin g  system  [13, 14]. 
T he m easu red  p a ram e te rs  for a b u d g e ta ry  g round
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Table 1. The eccentricities of the orbits of space objects in low orbits

Total num ber Number of SO s with e <  0.01 Number of SO s with e <  0.005

SO s since 1990 2296 2175(94.7% ) 2100(91.5% )

SO s since 1990 1849 1757(95.0% ) 1695(91.7% )

C ubSat U S S C s 181 158(87.3% ) 149(82.3% )

receiv ing  s ta tio n  (G R S )  are  th e  tim e  and  th e  D oppler 
frequency  shift of th e  received radio signal [15]. M o st 
o ften , th e  p ro cess in g  of m e a su re m e n ts  co n sis ts  in th e  
refinem ent of th e  orbital p a ram ete rs  u s in g  th e  know n 
initial da ta .

T h e  d a ta b a se  of averaged  orbital p a ram e te rs  in th e  
T L E  fo rm at co n ta in s  in form ation  on 44 336 sp ace  
ob jec ts  (a s  of J u n e  23, 2019) w ith  d im ensions over 
10 cm  in d iam eter. Several dozen  un licensed  U S S C s  
(u n reg is te red  in in te rn a tio n a l o rg an iza tio n s , th a t  is 
th e  In te rn a tio n a l T e lecom m unication  U nion  (IT U )) 
have been  launched , sp acecraft w ith  a tran sv e rse  di­
m ension  of less th a n  10 cm , w hich  include p ic o sa te l-  
lites and  fem pto sa te llites  (w eig h in g  up to  0.1 kg), 
a re  especially  d an g ero u s  T h u s , for exam ple, in J a n ­
uary  2018, four un reg is te red  S p a c e B E E  p icosate llites  
of th e  A m erican  co m p an y  S w arm  T echnologies Inc. 
w ere  lau n ch ed  on th e  Ind ian  P S L V -X L  rocket. T he 
only w ay to  de te rm ine  th e  o rb its  and  tra c k  su ch  s a te l­
lites is by rad io -tech n ica l tra jec to ry  m easu rem en ts  
via te lem etry  or a com m and  radio  link.

T h e  ta sk  of p red ic tin g  th e  o rb ita l p a ram ete rs  in th e  
first h o u rs  after th e  lau n ch  of a U S S C  is especially  
a cu te , w h en  th e re  is no inform ation  in th e  N O R A D  
system  d a tab ase . T herefore, th e  ta sk  of th e  initial 
d e te rm in a tio n  of th e  o rb ita l p a ram ete rs  of a U S S C  
from  th e  re su lts  of rad io -tech n ica l tra jec to ry  m e a ­
su rem en ts  for th e  p u rp o se  of its fu rth e r identification 
and  ca ta lo g in g  is u rgen t.

A nalysis of th e  o rb ita l p a ram e te rs  of track ed  
sp ace  o b jec ts  (S O s )  in low  o rb its  (an  a ltitu d e  up to  
2000 km ) u s in g  th e  N O R A D  system  d a ta b a se  (a s  
of Ja n u a ry  1, 2020) show ed th a t  th e  v a s t m ajority  of 
sp acec raft (m o re  th a n  90% ) m ove in o rb its  c lose  to  
circular. N a n o -  and  p icosa te llites developed a cco rd ­
ing to  th e  C u b e sa t s tan d ard  can  serve as an  exam ple 
of U S S C s . T h ese  lo w -o rb it sa te llites  ( th e ir  orbital 
a ltitu d e  is less th a n  1000 km ) have an  a lm o st c ircu la r 
o rb it (w ith  a sm all eccen tric ity  value e ^  1). Table 1 
show s th e  values of th e  eccen tric ities  of th e  o rb its  of 
sp ace  ob jec ts  (S O s )  in low  orbits. T h u s , for exam ple, 
th e  to ta l n u m b er of S O s  in low  orb its launched  since 
1990 is 2296, w hile th e  n u m b er of S O s  w ith  an  orbital 
eccen tric ity  less th a n  0 .005  is 2100  (~ 9 1 .5 % ).

T h e  analy tica l th eo ry  of m o tion  of artificial s a te l­
lites w ith  sm all eccen tric ities  w as  described  in [16— 
19]. In [20], th e  possib ility  of u s in g  th e  m odel of

pertu rbed  c ircu lar m otion  for th e  sa te llites of Ju p ite r  
w as studied .

In th is  paper, w e developed a m ethod  for d e te rm in ­
ing th e  orbit of an  u n k n o w n  u ltra -sm a ll sp acecraft 
b ased  on a m odel of c ircu lar pertu rb ed  m otion  and 
experim ental m e a su re m e n ts  of th e  D oppler frequency.

1. T H E O R E T IC A L  M O D E L

T he m a th em atica l m odel of th e  m otion  of a U S S C  
in a c ircu lar o rb it is determ ined  by th e  fo llow ing p a ­
ram ete rs  of th e  s ta te  v ec to r X :

X  =  (T , i ,u , Q ) ,

w here  i is th e  inc lina tion  of th e  o rb it to  th e  equato ria l 
p lane, T  is th e  orbital period, u  is th e  la titu d e  a rg u ­
m ent, and  Q is th e  long itu d e  of th e  a scen d in g  node a t 
tim e  t.

T h e  de te rm in a tio n  of th e  o rb it of an  u nknow n  
U S S C  w as  carried  o u t by th e  U niversity  g ro u n d  s ta ­
tion  b ased  on N  m easu rem en ts  of te lem etry  radio 
s igna ls  a t several o rb its  for th e  period from  O ct. 6, 
2019 to  O ct. 9, 2019  (U T C )

Y  =  (Y 1 ,Y 2 , . . . Y k, . . .  Yn  ) ,  Yk =  (tk, A f k) ,

w here  t k is th e  tim e  of receiv ing  and  A f k is th e  
D oppler frequency  shift of th e  received te lem etry  radio 
signals.

F o r th e  ca lcu la ted  po in t in tim e  t0 =  09 : 48 : 18 
O c t. 10, 2019  (U T C ), th e  U S S C  s ta te  v ec to r w as 
found X 0 =  (T0 , i 0 ,u 0, Q0, ), w hich  b es t m ee ts  th e  
m e asu rem en t re su lts  acco rd in g  to  tw o criteria:

• th e  elevation  an g le  of th e  U S S C  above th e  
g ro u n d  receiv ing  s ta tio n  (G R S )  a t th e  tim es of 
m e a su re m e n ts  tk m u s t be positive ( th e  U S S C  
relative to  th e  G R S  should  be above th e  h o ri­
zon):

elk =  e l(tk ) >  0, (1 )

• th e  D oppler frequency  shift A f k alc =  A f  calc( tk) 
of th e  te lem etry  radio signal ob ta ined  as a 
re su lt of num erica l s im u la tion  a t th e  tim e 
m o m en ts  of m e a su re m e n ts  ti shou ld  differ 
from  th e  m easu red  one A f “ p =  A f exp( tk) by
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F ig . 1. The geometry of the perturbed circular motion model for determ ining the orbit.

less th a n  300  H z (here  w e con sid er th e  error 
a sso c ia ted  w ith  th e  frequency  in stab ility  of th e  
o n -b o a rd  U S S C  tran sm itte r):

Д / Г  -  A / <  300 Гц. (2 )

A cco rd in g  to  th e  re su lts  of m e asu rem en t p ro c e s s ­
ing, th e  ran g es  of varia tion  A X  =  (A T , A i , A u , A Q ) 
of th e  p a ram e te rs  of th e  s ta te  v ec to r X 0 a re  d e te r­
m ined. N ext, for each  ob ta ined  s ta te  v ec to r X 0 a t  th e  
m e asu rem en t tim e  t k th e  pertu rb ed  c ircu la r m otion  
m odel is used  to  ca lcu la te  th e  elevation an g le  elk of 
th e  U S S C  above th e  G R S  and  th e  D oppler frequency  
shift A / fccalc of th e  te lem etry  radio signal u s in g  th e  
fo llow ing a lgorithm .

1. A t th e  tim e  of m e a su re m e n ts  tk, w e find th e  
orbital p a ram ete rs  T ( t k) =  T0, i ( tk) =  i 0, Q ( tk) and  
u (tk). W h en  ca lcu la tin g  th e  long itu d e  of th e  a sc e n d ­
in g  node Q (tk) and  th e  a rg u m e n t of la titu d e  u (tk) in 
th e  m odel of d istu rbed  c ircu la r m otion , w e c o n s id ­
ered th e  n o n cen tra lity  of th e  E a r th ’s g rav ita tio n a l field 
th ro u g h  th e  fu n d am en ta l second  zonal h arm o n ics  in 
th e  expansion  for th e  po ten tia l of th e  g rav ita tional 
force [20]:

3 ( R e \ 2Q (tk) =  Q0 -  -,J 2n  ( —  J cos i ( tk -  t0) ,

3 Re V

6378 .137  km  is th e  m ean  equato ria l rad ius of th e  
E a rth , n =  2 n / T (tk) is th e  a n g u la r  velocity  of th e  
sa te llite  (m ean  m otion), and  J2 =  0 .0010826267 is 
th e  second  zonal harm onic . T h e  geo m etry  of th e  
pertu rb ed  c ircu la r m otion  m odel for d e te rm in in g  the  
o rb it is show n in F ig . 1.

2. F ind  th e  co o rd in a tes  and p ro jec tions of th e  
velocity  v ec to r in th e  orbital coo rd in a te  system  (C S )
O X  0rb Yorb Z orb:

X orb

Yorb

\  Z orb )

Л /  ^V xorb 

Vyorb

\ ^ o r b  J

^ R  cos u^ 

R  sin  u

^—v 1 sin

V1 cos u

V /

u (tk) =  Uq +  ^  J2n  J  (8 cos2 i -  2) ( tk -  t0) .

H ere, X 0 =  (T0 , i0 ,u 0 , Q0) are  th e  p a ram e te rs  of th e

s ta te  v ec to r a t th e  tim e  t 0, R  =  (^ T 2(tk)/ (4 п 2) ) 1/3 
is th e  rad iu s of th e  sa te llite  orbit, R E =

w here  v 1 =  ( ^ / R ) 1/2.

3. To transfo rm  co o rd in a tes  and  velocities from  
th e  C S  O X orbYorbZ orb to  th e  g eocen tric  inertial C S  
O X Y Z ,  it is n ecessa ry  to  m ak e  tw o successiv e  ro ta ­
tions by an  an g le  oppo site  to  th e  inc lina tion  of th e  i 
orb it a round  th e  O X orb axis and  th e  an g le  opposite  to 
th e  long itu d e  of th e  a scen d in g  node Q a round  th e  axis
O Z orb:

R

X

Y

Z

XX orb

=  R 3 ( —Q) R 1 ( —i) Yoorb

\ Z orb )

0

0
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V Vy

\VZ)

— R 3 (—Q) R 1 ( —i)

Vxorb 

Vyorb 

\ ^ o r b  )

R i ( —i) —

1 0 0 \

R 3 ( —Q) —

0 cos ( —i) sin  ( —i) 

^0 — sin  ( —i) cos ( —i ) j

cos ( —Q) s i n — Q) 0 

— s i n — Q) cos (—Q) 0

V 0 0 1

■GRS —

^Tb cos e LST^ 

rb sin  Ol s t

V rk

V g rs  =  x  R q r s ,

/

PXYZ — R  — R gR Sj
dpXYZ

dt V  — V  GRS •

^cos a  0 — sin  a  ̂

R 2 ( a )  — 0 1 0

sin  a  0 cos a

7. F ind  th e  s lan t ran g e  p, th e  elevation  an g le  el 
and  th e  az im u th  az, a s  well as th e  ra te  of th e ir  ch an g e  
a t th e  tim e  tk :

p — \pSEU\,

T he  ro ta tio n  m atrices  from  th e  C S  O X orbYorbZorb 
to  th e  re c ta n g u la r  coo rd in a te  system  O X Y Z  have th e  
form:

/ • 1 Uel =  a rc sm  ( —
p

dp

dt p :

az

del

dt

dU dp
— —sin  el
dt dt

(S 2 +  U 2) i

daz

dt

dS dE  
——h  —b
dt dt

(S2 + U2b
H ere , S , E , U  a re  th e  p ro jec tions of th e  inclined ran g e  
v ec to r p on th e  co o rd in a te  axis of th e  O 1S E U  system . 

8. C a lcu la te  th e  D oppler frequency  shift

4. A cco rd in g  to  th e  co o rd ina tes of th e  g round  
receiv ing  s ta tio n  ( ^  — 53°54/27" n o rth  la titude , X — 
2 7 °33/52// e a s t long itude , a ltitu d e  H  — 230 m ) a t th e  
tim e  of m easu rem en t tk w e de te rm ine  th e  rad iu s vec­
to r  of th e  position  R g r s  and  th e  velocity  v ec to r V g r s  
in th e  g eocen tric  inertial coo rd in a te  system :

calc
dp

~dtJА /

w here  c is th e  speed of lig h t in v acu u m , / 0 is th e  
nom inal frequency  of th e  onboard  U S S C  transceiver.

T h e  probab ility  of su c c e ss  (dj of th e  given se t of 
orb ital p a ram ete rs  (T0 , i 0 ,u 0, Q0) for th e  tim e  t0 — 
09 : 48 : 18 09 .10 .2019  (U T C ) by e s tim a tin g  only th e  
ca lcu la ted  elevation an g le  el ( j  — 1) and  th e  elevation  
an g le  and  th e  D oppler frequency  shift A / caic ( j  — 2) 
a t  th e  m o m en t of receiv ing  th e  te lem etry  radio signal 
w as  found acco rd in g  to

w here  wE is th e  v ec to r of th e  a n g u la r  velocity  of th e  
E a r th ’s ro ta tion , Ol s t  is th e  local sidereal tim e  for th e  
G R S  a t th e  tim e  tk, rb, r k a re  th e  p ro jec tions of R g r s  
on to  th e  equato ria l p lane and th e  axis perpend icu la r 
to  th is  p lane.

5. D eterm in e  th e  rad ius v ec to r of th e  s la n t ran g e  p 
and  th e  ra te  of its  c h an g e  in th e  OXYZ coord ina te  
system :

Pj —
N 3

Atotal
x  100%,

6. F ind  th e  v ec to r of th e  s lan t ran g e  p and  th e  
p ro jec tion  of its velocity  in th e  to p o cen tric  re c ta n g u la r  
C S  O iS E U :

p s e u  — R 2 (90° — ф) R 3 (O ls t ) p x y z ,

^  = Д П 9 0 ° - ^ ) Д Н а д ^ ,
w h ere  th e  ro ta tio n  m atrix  R 2 ( a )  is defined as

w here  N j is th e  n u m b er of ca lcu la ted  po in ts  th a t  
sa tisfy  th e  criterion  (1 ) for j  — 1 and  (1), (2 ) for j  — 
2 and  N total — 10 ,20  is th e  to ta l n u m b er of m e a ­
su rem en t po in ts  a t w hich  th e  num erica l s im ula tion  
w as  carried  o u t for a given se t of orbital p a ram ete rs  
(T0, i 0,u 0, Q0). T he probability  of su ccess  of /32 — 
50% m ean s  th a t  th e  N 2 — N totai/2  cond itions (1 ) el >  
0 and  (2 ) \ А /  — A / calc\ <  300 H z are  satisfied only in 
half of th e  experim enta l data .

2. R E C E P T IO N  A N D  P R O C E S S IN G  
O F  R A D IO  S IG N A L S  O F  A U S S C

T h e recep tion  and  p ro cess in g  of radio s igna ls  from  
an  un k n o w n  U S S C  w as  carried  ou t by th e  g round  
receiv ing  s ta tio n  (G R S )  of th e  B elaru sian  S ta te  U n i­
versity  on several o rb its for th e  period from  O ct. 6, 
2019  to  O ct. 9, 2019  (U T C ). T he G R S  hardw are  
p a rt co n s is ts  of: w ave ch an n el a n te n n a s  w ith  c ircu lar 
po lariza tion  in th e  ran g e  of 4 3 5 —438 M H z; a re ­
ceiv ing  sy stem s based  on th e  IC -9 1 0 0  transceiver; a 
receiv ing  system  b ased  on th e  S D R  receiver m odule;

c

MOSCOW UNIVERSITY PHYSICS BULLETIN Vol. 75 No. 5 2020



492 SPIRIDONOV et al.

900 г
h  ~ + H 120

800

700
1 о craxraaxjp о о - 100

600
о Ж  О О О  -

■ X 80

500
(Е> *#- СО О

" о о остхх9со сг
60

400 1

к \ о

1 40

300 ~ + + CD О
20

200 1 1 1 1 1 1 1 0
90 92 94 96 98 100 102

T, min

Fig . 2 .  The dependences of the orbit height H  and incli­
nation i of C ubesat satellites on the orbital period T .

a ro tary  device Y A E S U  G -5 5 0 0  w ith  th e  contro l unit; 
a contro l com puter. T he softw are p a rt of th e  G R S  in ­
cludes: th e  so ftw are (S W ) for p red ic tin g  th e  m otion  of 
a U S S C  and  th e  ch a ra c te ris tic s  of radio signals; th e  
so ftw are for m odeling  and  v isua liza tion  of scenario s of 
G R S  opera tion  and  carry ing  o u t express ca lcu la tion  
of s tan d ard  nav iga tion  and  ballis tic  inform ation; and  
th e  softw are for receiv ing  and  p ro cess in g  te lem etry  
radio signals. T h e  system  for m easu rin g  an d  d e te r­
m in in g  th e  orbit for th e  un iversity  g ro u n d  s ta tio n  c o n ­
s is ts  of a G P S  receiver, a m odule for m easu rin g  th e  
frequency  an d  tim e  of receiv ing  radio s igna ls  based  
on a m icrocon tro ller (M C ) for tim e  p ro cess in g  an d  a 
tw o -c h a n n e l d ig ital osc illograph , and  th e  softw are for 
p ro cess in g  m easu rem en ts , th e  softw are for d e te rm in ­
in g  and  refining orbits.

T he system  for m easu rin g  and  de te rm in in g  th e  
orbit of th e  receiv ing  g ro u n d  s ta tio n  can  m easu re  th e  
sa te llite ’s o rb it bo th  w ith  initially know n p aram ete rs  
( th e  tra c k in g  m ode) an d  w ith  u n k n o w n  pa ram ete rs  
( th e  o m n i-d irec tio n a l search  m ode). To p ro cess  m e a ­
su rem en ts  in th e  tra c k in g  m ode, orbital e lem en ts in 
th e  T L E  fo rm at or from  th e  ow n d a ta b a se  are  used  
a s  initial da ta . T h e  softw are for p red ic tin g  th e  m otion  
of th e  sa te llite  by th e  know n initial p a ram e te rs  of th e  
orb its ca lcu la tes  th e  radio co m m u n ica tio n  sessio n s, 
th e  e s tim a ted  p a ram e te rs  of th e  tra c k in g  sy stem s of 
th e  ro tary  devices, and  th e  frequencies of th e  received 
radio signals. T h e  m ain  ta sk  is to  check  th e  p a ra m ­
e te rs  of th e  sa te llite  orbit and  to  refine them . T he 
ca lcu la tio n s u se  th e  m ethod  of differential co rrection  
of orbital p a ram e te rs  b ased  on th e  ra te  of c h an g e  in 
th e  s lan t ra n g e  betw een  th e  g ro u n d  s ta tio n  an d  th e  
satellite , ca lcu la ted  from  th e  D opp ler frequency  shift 
of th e  received radio signal.

W h en  m easu rin g  in th e  o m n i-d irec tio n a l search  
m ode, th e  problem  of th e  initial de te rm in a tio n  of th e

sa te llite  o rb it p a ram ete rs  is solved. T he frequency 
of th e  ta rg e t sa te llite  is searched  w ith in  th e  4 3 5 — 
445  M H z  a m a te u r radio band . T he d istinc tive  fea ­
tu re s  of te lem etry  p ack e t radio s ig n a ls  (p ack e t rep ­
etition  ra te , p resen ce  of ta g s , e tc .)  are  determ ined . 
B ased  on th e  re su lts  of m e a su re m e n ts  on several 
o rb its, th e  frequency  of th e  radio  signal, th e  period of 
th e  sa te llite , th e  m ax im um  d u ra tio n  of flight over th e  
ground  s ta tio n  are  e s tim a ted , and  th e  allow able lim it 
of th e  m e asu rem en t error is es tim ated . To p rocess 
m e a su re m e n ts  on one  sate llite  p a ss  over th e  g round  
sta tio n , a lg o rith m s for d e te rm in in g  th e  s ta te  vecto r 
based  on th e  u n p ertu rb ed  m o tion  m odel a re  used , and  
on several p a sse s  a lg o rith m s for d e te rm in in g  th e  orbit 
a re  based  on th e  s im p lest m odels of d istu rbed  m otion.

3. D IS C U S S IO N

T he to ta l n u m b er of C u b e s a t sa te llites  in th e  
N O R A D  d a ta b a se  is ~ 1 8 0 . To narro w  th e  search  
ran g es  for th e  p a ram e te rs  of an  un k n o w n  satellite , 
w e prelim inarily  analyzed  th e  possib le  orbital p a ­
ram ete rs  of sa te llites  based  on th e  averaged  orbital 
p a ram ete rs  in th e  T L E  fo rm at as of O c to b e r 1, 2019. 
C a lcu la tio n s show  th a t  in F ig . 2 th e re  are  tw o types 
of ch a rac te ris tic  C u b e sa ts  o rb its. T he first type of 
orb its is a sso c ia ted  w ith  n a n o -  an d  p icosate llites 
launched  from  th e  In te rn a tio n a l S p ace  S ta tio n  ( IS S ) . 
They have an  orb ital inc lina tion  of ab o u t 51.6°, an  
orb ital period from  90 to  94 m in, an d  an  orbital 
a ltitu d e  from  330 km  to  430  km . T h e  second  type 
of o rb it is a sso c ia ted  w ith  n a n o -  and  p icosate llites 
lau n ch ed  in to  a su n -sy n c h ro n o u s  o rb it by a p a ss in g  
lau n ch  jo in tly  w ith  a m ain  sa te llite  (u su a lly  a low - 
o rb it rem o te  sen s in g  sa te llite). T hey  have an  orbital 
inc lina tion  from  98° to  99°, an  orbital period from  94 
to  102 m in, and  an  orbital a ltitu d e  from  500 km  to 
800 km .

T h e  g ro u n d  receiv ing  s ta tio n  of th e  B elarusian  
S ta te  U niversity  received and  p ro cessed  te lem etry  r a ­
dio s ig n a ls  from  an  un k n o w n  sp acec raft in th e  ran g e  
of radio a m a te u r  frequencies 4 3 5 —445  M H z. S ince  
th e  orbital p a ram e te rs  of th e  sp acec raft w ere  u n ­
know n, it w as  im possib le  to  p red ic t th e  ex ac t p o in t­
ing  an g le s  of th e  an te n n a  sy stem s an d  th e  D oppler 
frequency  shift of th e  received te lem etry  radio  signal. 
D ue  to  th e  low  pow er of th e  radio  signal, te lem etry  
p ack e ts  could  n o t be decoded.

In th e  ca lcu la tio n s, th e  in tervals be tw een  radio 
s igna ls  A t2 on ad jacen t loops w ere 90, 96 (m ostly), 
and  102 m in. T his m ade it possib le  to  a ssu m e  th a t 
th is  u n k n o w n  sm all sa te llite  be lo n g s to  th e  sa te llites  
w ith  o rb its  of th e  second  type. F o r th e  d e te rm ina tion  
a lg o rithm , th e  ra n g e s  of varia tion  of th e  p a ram e te rs  of 
th e  c ircu la r o rb it w ere  set: th e  orbital period T : 9 4 — 
102 m in  w ith  a step  of 1 s, th e  inc lina tion  of th e  orbit
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Table 2. The ranges of variation of orbital param eters with a probability of success в  higher than 50% based on an 
estim ate of only the elevation angle of an unknown ultra-sm all spacecraft based on N  =  10, 15, 20 m easurem ents

Orbital param eter N =  10 N =  15 N  =  20

Circulation period T, s 5760-5880 5765-5880 5789-5880

Orbit inclination i, deg 97 .68-98 .06 97 .69-98 .06 97 .77-98 .06

Latitude argum ent u, deg 100-130 100-130 100-130

Longitude of the orbit’s ascending node Q, deg 34 0 -2 0 340 -2 0 340 -2 0

Table 3. The ranges of variation of orbital param eters with the probability of success higher than 50% based on an 
estimate of the elevation angle and the Doppler frequency shift of an unknown ultra-sm all spacecraft from N  =  10, 15, 
20 m easurem ents

Orbital param eter N =  10 N =  15 N  =  20

Circulation period T, s 5830-5874 5849-5860 5852-5859

Orbit inclination i, deg 97.90-98.04 97.96-97 .99 97.97-97 .99

Latitude argum ent u, deg 103-124 112-119 114-118

Longitude of the orbit’s ascending node Q, deg 3 4 6 -6 3 5 6 -4 3 5 7 -3

i: 9 7 ° -9 9 °  w ith  a s tep  of 0 .01°, th e  la titu d e  a rg u m e n t 
u: 3 0 ° -8 2 °  and  9 8 ° -1 5 0 °  w ith  a step  of 1°, as well 
a s  th e  lo n g itude  of th e  a scen d in g  node of th e  orbit Q: 
0 - 3 6 0 °  w ith  a step  of 1°.

Table 1 sh ow s th e  ran g es  of varia tion  of th e  or­
b ital p a ram e te rs  for th e  e s tim a ted  tim e  t2 w ith  th e  
probab ility  of su ccess  %  above 50% based  on th e  
analysis of th e  elevation  an g le  of an  u n k n o w n  u ltra ­
sm all sp acec raft by N totai =  1 0 ,1 5 ,2 0  m easu rem en ts . 
I t  w as  found th a t  th e  ran g es  of varia tion  of th e  orbital 
period T  and  orbital inc lina tion  i w ith  an  in c rease  in 
th e  n u m b er of m e a su re m e n ts  from  N total =  10 to  20 
are  reduced  by 24% from  120 to  91 s and from  0.38° to  
0 .29°, respectively, w hile th e  ran g es  for th e  la titu d e  u 
and  lo n g itu d e  of th e  o rb it’s a scen d in g  node Q rem ain  
u n ch an g ed .

Table 2 sh ow s th e  ran g es  of varia tion  of th e  or­
b ital p a ram e te rs  for th e  e s tim a ted  tim e  t2 w ith  th e  
probab ility  of su ccess  в 2 above 50% based  on th e  
e s tim a te  of th e  elevation an g le  and  th e  D o p p le r fre­
q u en cy  shift of th e  u n k n o w n  u ltra -sm a ll sp acecraft by 
N totai =  10, 15 and  20 m easu rem en ts . i t  w as found 
th a t  th e  ran g es  of varia tion  of th e  orbital period Т  
and  orbital inc lina tion  i w ith  an  in c rease  in th e  n u m ­
b er of m e a su re m e n ts  from  N total =  10 to  20 decrease  
from  44 to  7 s (by  84% ) and  from  0.14° to  0.02° (by  
86% ), respectively. W ith  an  in c rease  in th e  n u m b er 
of m e a su re m e n ts  from  N total =  10 to  20 th e  ran g es  of 
varia tion  of th e  a rg u m e n t of la titu d e  u  and  long itude  
of th e  a scen d in g  node of th e  o rb it Q d ec rease  from

21° to  4° (by  81% ) and  from  10° to  6° (by  40% ), 
respectively.

F ig u re  3 show s th e  d ependence  of th e  n u m b er of 
possib le  se ts  of orb ital p a ram e te rs  X  on th e  su ccess  
probab ilities of th e  given se t of orbital p a ram e te rs  %  
and  в 2 based  on th e  m e asu rem en t d a ta  for 10 and 
20 po in ts . D u rin g  analysis  a t th e  ca lcu la ted  po in ts  
only by th e  values of th e  elevation  an g le  el >  0 
(F ig . 3a), th e re  are  16 106 (N total =  10) and  20 805 
(N total =  20) se ts  of orbital p a ram e te rs  N X  w ith  a 
probab ility  of su c c e ss  in th e  ran g e  of 5 0 - 6 0 % . W ith  
a 100% probability, th e  n u m b er of possib le  orbital 
p a ram e te rs  is 5065  (N total =  10) and  1099 (N total =  
20), w hich  does n o t allow  its  un iq u e  identification.

A nalysis  by tw o p a ram e te rs  (elevation  el and 
D oppler frequency  shift A / calc) allow s reduc ing  
th e  n u m b er of possib le  s ta te  v ec to rs  X  by 2 orders 
of m ag n itu d e . It w as found th a t  th e re  a re  187 
(N total =  10) and  42 (N total =  20) se ts  of orbital 
p a ram e te rs  N X  w ith  th e  probability  of su ccess  
in th e  in terval of 5 0 -6 0 %  and  one  se t of orbital 
p a ram e te rs  X  =  (5855с, 97 .98°, 115°, 360°) and 
(5855 с, 97 .98°, 115°, 359°) w ith  th e  probability  of 
su c c e ss  of в 2 =  95% and 100% respectively. T hus, 
a s ta tis tic a l analysis  of th e  orbital p a ram e te rs  of an  
u n k n o w n  u ltra -sm a ll sp acec raft b ased  on an  estim a te  
of th e  elevation  an g le  and  th e  D oppler frequency  shift 
m ak es it possib le  to  un iquely  de te rm ine  th e  orbit.

For th e  given se t of orbital p a ram e te rs  for th e  cal­
cu la ted  tim e  t 2 =  9 : 48 : 18 09 .10 .2019  (U T C ) and 
th e  m odel of c ircu la r d istu rbed  m otion , th e  elevation
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F ig . 3. The num ber of sets of the state vector N x  for a given probability of success when analyzing only the elevation в  (a) 
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F ig . 4. Doppler curves in a perturbed circular motion 
model in comparison with experimental m easurem ents 
at the University ground-based am ateur radio station 
(points).

an g le  el, az im u th  az  and  D oppler frequency  shift 
of te lem etry  radio s ig n a ls  A / caic w ere num erically  
s im u la ted  in th e  ran g e  from  0 : 0 : 0  to  23 : 59 : 59 
10.10.2019 (U T C ) of nex t flights. B ased  on th e  s im u ­
lated  d a ta , th e  te lem etry  p ack e ts  of th e  sm all sa te llite  
L U O JIA -1  01 (№  43485  in th e  N O R A D  sy stem ) 
w ere  successfu lly  received an d  decoded a t  th e  flight 
in terval from  10 : 07 : 50 to  10 : 20 : 50 10.10.2019 
(U T C ), w hich  is confirm ed by good ag reem en t b e ­
tw een  th e  ca lcu la ted  D oppler cu rves and  th e  m e a ­
su rem en ts  of th e  B S U  G R S , a s  show n in F ig . 4. 
T h e  re su lts  w ere  pub lished  on th e  D K 3W N  S a tB lo g  
a m a te u r  radio site.

F ig u re  5 show s th e  re su lts  of e s tim a tin g  th e  a c c u ­
racy  of p red ic ting  th e  elevation a n g le  e l , 
a z im u th  az  an d  th e  D oppler frequency  shift of radio

t, min

Fig . 5. The time dependences of com putational errors in 
the perturbed circular motion model in comparison with 
the S G P  4 model of the Doppler frequency shift of telem e­
try radio signals A f D, azim uth A az  and elevation angle 
Ael in the interval of successful reception and decoding 
of telemetry packets of the small satellite L U O JIA -1 01.

te lem etry  s igna ls  A / D in th e  in terval of successfu l 
recep tion  and  decod ing  of te lem etry  p ack e ts  of th e  
sm all L U O JIA -1  01 sa te llite  in th e  pertu rb ed  c ircu lar 
m otion  m odel in co m p ariso n  w ith  th e  S G P  4 m odel. 
A s can  be  seen  from  th e  g rap h s, th e  a b so lu te  errors 
in p red ic tin g  th e  elevation  an d  az im u th  did no t 
exceed 3° and  th e  ab so lu te  error in p red ic tin g  th e  
D oppler frequency  shift of te lem etry  radio signals  
did no t exceed 250 H z, w hich  is sufficient for th e  
successfu l recep tion  of te lem etry  radio s igna ls  and  
th e ir  decoding .

0
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C O N C L U S IO N S

In th is  w ork, a m ethod  for ca lcu la tin g  sate llite  
o rb it w as  developed on th e  b asis  of a m odel of c ircu lar 
d is tu rb ed  m otion  and  m e a su re m e n ts  of th e  D oppler 
frequency  shift. A m ethod  for d e te rm in in g  an  orbit 
h a s  been  developed, co n sid e rin g  a prelim inary  an a l­
ysis  of th e  possib le  orbital p a ram ete rs  of sa te llites 
b ased  on averaged  orbital p a ram e te rs  in th e  T L E  
form at. T h e  proposed  ca lcu la tio n  a lgo rithm  m ade it 
possib le  to  identify th e  C h in ese  n an o sa te llite  of th e  
C u b e sa t (6 U ) fo rm at L U O JIA -1  01 (N o. 43485 
in th e  N O R A D  system ), w hich  is confirm ed by th e  
successfu l recep tion  of te lem etric  radio s igna ls  and  
th e ir  decoding , as well as good ag reem en t be tw een  
th e  ca lcu la ted  and  experim ental D oppler curves.
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