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Abstract: Proposed below is a mathematical model for reception and processing of  
spurious (“uncontrolled” radiation) from constantly operating units of  the special 
complex installed onboard a spacecraft. This model makes it possible to implement a 
new technique for identification of  such radiation thus improving the capabilities of  
the space monitoring. At the same time creation of  stand-alone radio systems solely 
for identification of  the spacecrafts based on the proposed mathematic model would 
require significant expenses therefore it is worthwhile to add new identification hardware 
to the existing ground-based radio systems used for space flight control. Identifying 
features in the proposed mathematical model are the parameters of  signals of  the 
uncontrolled radiation from constantly operating units installed onboard spacecrafts 
that “leak” through antenna systems (master generators, heterodyne oscillators in the 
spacecraft radio receivers). Identification of  spacecrafts by uncontrolled radiation 
from the receiving master generators and heterodyne oscillators involves keeping track 
of  the behavior of  oscillation parameters as well as identifying signs that distinguish 
the oscillations of  one generator from another. Since the uncontrolled radiation 
from heterodyne oscillators is a harmonic oscillation, it features such parameters 
as amplitude, frequency and initial phase. It is impossible to use the amplitude and 
initial phase of  the signal for identification purposes because the propagation medium 
strongly affects these parameters. The most informative for identification purposes 
is the frequency of  oscillations, or rather, the behavior of  the frequency changes 
over time. These changes are due to the frequency instability of  the onboard master 
generators. The behavior of  the frequency change depends on the characteristics of  
each onboard generator, which serves as a basis for identification. It should be noted 
that the identification process can be conditionally divided into two stages: the first 
stage includes validation of  models and processing (evaluation) algorithms while the 
second stage involves classification of  the results of  processing (evaluation).
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1. INTRODUCTION
For many space systems it is typical to have 
onboard transmitting devices of  the spacecraft 
disconnected when outside the visibility range 
of  its radio systems. This fact significantly 
complicates identification of  maneuvering 
spacecrafts.

Based on the above fact, we found it 
worthwhile to develop such an identification 
technique that would eventually improve 
operational quality of  a space monitoring 
system.

In doing so, for the identification parameters 
we decided to use signals associated with 
spurious “uncontrolled” radiation (UCR) 
coming from constantly operating units of  the 
onboard equipment (i.e. heterodyne oscillators, 
master generators).

The proposed identification technique 
is based on the algorithm for evaluating 
parameters of  the correlated component of  
the instability process of  master generators 
installed onboard the spacecraft, with the 
process itself  regarded as an identifying factor 
[1].

2. MAIN PART
To solve the problem in question we evaluated 
the feasibility of  reception and processing of  
spurious signals radiated from certain radio 
systems (RS) of  a ground-based complex. 
Results of  such evaluation showed that antenna 
arrangements of  these systems could be used 
for SC identification purposes as well [4].

The only signal received from an “enclosed” 
SC could be an UCR from onboard reciever’s 
heterodyne oscillators and master generators. 
Sources of  frequency instability in the onboard 
RS can be conditionally classified by the 
following criteria [1,9]:

Systematic changes of  frequency caused 
by drifts. These changes are due to aging of  

the resonator material and are extremely slow. 
They are also called “long-term” instability and 
they are measured in frequency chage per hour, 
day, month or year depending on the device 
type and application specifics.

Deterministic periodic frequency deviations 
caused by incidental frequency modulation 
from surrounding processes, such as instability 
of  power supplies, crosstalks, temperature 
variations, vibrations, pressure etc.

Frequency deviations triggered by random 
fluctuations due to the use of  electronic 
components in the devices. Such frequency 
fluctuations are called “short-term” instability.

Instability will include three main 
components. The first one is a slowly varying 
component g(t) (dashed line in Fig. 1) that 
describes non-stationarity of  the process 
and can be considered as a deterministic 
component (at least throughout a certain 
sampling period).

This component is described by a 
polynomial
g(t) = С0 + c1t + c2t

2 +... .
The second component m(k) accounts 

for slowly changing fluctuations φ(k) relative 
to component g(k). This component can be 
considered random local stationary process 
with long correlation time. In this case 
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Fig. 1. Illustration of  frequency instability process 
components.
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when g(k) = g0 = const, it is also subject to 
prediction.

The third component n(k) represents fast 
frequency fluctuations that are stationary 
throughout the sampling period but have low 
correlation time. Therefore, the instability 
process due to phase drifts will be as follows  
φ(t) = g(t) + m(t) + n(t).        (1)

However, some peculiarities of  the process 
components (1) require development of  special 
algorithms for their analysis.

Component g(t) of  the process (1) features 
relatively slow changes within the observation 
time interval. Therefore, it is worthwhile to 
regard it as constant within this interval and 
exclude from the analysis of  the instability 
models.

Component m(t) of  the process (1) is a 
locally stationary process with a relatively long 
correlation time. To determine its parameters, 
we find it appropriate to use the least squares 
method [4,5] or dynamic filtration method 
[6,7]. In order to lower computation time and 
increase speed we deem necessary to use their 
recurrent modifications with relatively small 
portion of  the gathered information being 
involved in the processing.

Component n(t) of  the process (1) describes 
rapid phase fluctuations over time which are 
the most informative in terms of  detecting 
peculiarities of  master generators. n(t) is more 
informative than m(t) because component 
m(t) has constituents of  unknown Doppler 
frequency shift. Presence of  the Doppler shift 
often make it impossible to ensure identification 
by component m(t).

We will analyze component m(t) of  the 
phase shift process φ(t) (1) by using a model as 
defined by state and watch equations

( ) ( ) ( ),
( ) ( ),

x t Fx t Gg t
m t Hx t

= +
 =



 (2)

1( ) ( ) ( ),
( ) ( ) ( ),

z t H m t n t
z t t g tϕ

= +
 = −

 (3)

while taking into account that process n(t) 
is regarded as the white noise because its 
correlation time is considerably lower than 
correlation time of  component m(t). This 
model is used for making a modification to the 
dynamic filtration algorithm.

Additionally, evaluation of  the model 
parameters of  component m(t) for the least 
squares method was considered
Z(t) = AM(t) + n(t),        (4)
where A is a constraint matrix; M(t) is a vector 
of  the linear model parameters that are being 
evaluated using the least squares method 
(LSM); n(t) is a component in (1), z(t) = φ(t) – 
q(t) = m(t) + n(t).

The experience in research of  stationary 
quickly fluctuating processes similar to n(t)
shows that they can be highly effectively 
described by autoregressive models [2,3,6]. 
Therefore, further description and analysis 
of  component n(t) was done in terms of  
autoregressive models:

11

1 2

( ) ( ) ( ),

( ) ( ) ( ),

n
ii

y t a y t i e t

n t e t e t
=

 = − +


= +

∑  (5)

where аi are coefficients of  an autoregressive 
model; е1(t) is a generating noise, 

1 11
( ) ( ) ( ),n

ii
e t a n t i e t i

=
= − + −∑  е2(t) is a white noise 

of  measurements, 2 1 21
( ) ( ) ( ),n

ii
e t e t a e t i

=
= − −∑  

y(t) is a process of  oscillation phase change 
caused by poorly correlated component of  the 
instability; n(t) is a component of  process φ(t) 
(2).

We will develop equations that describe 
algorithms for evaluation of  components (1) 
m(t) and n(t) for models (2)-(5).

Taking into account the peculiarities of  
the instability model (1), we will analyze the 
feasibility of  developing a recurrent algorithm 
of  LSM using a “sliding” window. To do so 
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we will first investigate a linear model of  
component m(t) of  the phase change process 
φ(t) (1), presented as follows
Z(t) = AH + n(t)
with a measurement vector, where z1,…, 
zN are measurements of  the signal phase at 
moments t1,…, tN, matrix 1 ,..., ,T T

nA A A =    
where [ ,..., ]T

i i irA a a=  is i-th row of  matrix 
A, vector of  parameters in question 

1[ ,..., ]T
rM M M= , and vector of  random 

measurement errors 1[ ,..., ] ,T
nn n  where n1, …, 

nn is a value of  component n(t) at time moment 
t1, …, tn. Evaluation using the least squares 
method ( 1)M n,n +



 can be made based on 
measurements zn+1, …, zn+ℓ while using matrix 
rows from (n + 1) to (n + ℓ).

As a result, expressions were developed to 
determine transfer coefficients when a new 
measurement is selected

(1)
11
1

1 11

( ) ( )

( ) ,

T
nn

TT
n nn

K n,n n,n A

J A n,n A

+ +=

−

+ + + +=

+ = + ×

 × + + 

∑
∑



 

 



 (6)

( )
1

(1)
1 1

( 1)

( ) ( ),

T

n
TT

n n

n,n

J K n,n A n,n
=

+ + =

+ + =

= − + +

∑
∑





 

 (7)

where ℓ is a unity matrix, or in detail as follows
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and when forgetting the outdated information
(2)
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or in detail as follows
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Vectors K(1) and K(2) having length of  
r + 1 are called transfer coefficients when 
introducing a new measurement and when 
forgetting, respectively. Another more PC-
friendly presentation of  the transfer coefficient 
K(1) [7] can be used

(1)
11

( ) ( 1)T
nn

K n,n n,n A + +=
+ = + +∑



   (12)

and К(2) coefficient
(2)

11
( 1) ( 1 1) .T

nn
K n,n n+ ,n A +=

+ + = + +∑   (13)

Furthermore, by doing a block-by-block 
multiplication of  matrix AT(n, n + l + 1) and 
vector z(n, n + l + 1), we find that

1 1

( 1 1) ( 1 1)
( 1) ( 1) .

T

n n

A n+ ,n z n+ ,n
A n,n z n,n A z− +

+ + + + =
= + + + + −

 

 

 (14)

So, using recurrent procedure of  the LSM 
over the sliding window makes it possible to 
establish a relatively simple procedure for 
evaluation of  m(t) component parameters 
of  process φ(t) (1). This procedure will be 
used for processing the measurement results 
of  UCR signal phase.

For complete research and synthesis of  
an optimum algorithm for identification 
of  SC UCR, we performed an analysis 
of  the evaluation procedure by using a 
linear Kalman filter with a finite memory 
of  component m(t) of  process φ(t) (1) as 
an alternative to modification of  LSM 
(7)-(14).

To do so, we analyzed a dynamic system 
with discrete time being analogous to (2), (3) 
and described by equations of  state
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( 1) ( 1 ) ( ) ( 1) ( 1),
( 1) ( 1)

x k + k + ,k x k G k + k
m k Hx k

Φ ξ= + +
+ = +

 (15)

and equations of  observation
1( ) ( ) ( ),

( ) ( ) ( ) ( ) ( ),
z k m k n k
z k k q k m k n k

Η
ϕ

= +
= − = +

 (16)

where Ф(k + 1, k) is a transfer matrix; k is a 
variable denoting filtration iteration index.

Practical implementation of  this 
identification method was carried out in 
the following order. Preliminary frequency 
search is done using a Fourier-transform 
processor within 50 kHz band based on 
a sequential scanning method for a given 
frequency band. After detection of  a signal 
and estimating frequency with an accuracy 
of  25 kHz, the signal is then directed to 
the digital spectrograph that uses the same 
Fourier-transform processor. Data from the 
analyzer output are then transmitted to a 
minicomputer for further processing.

Sequence of  subsequent operations 
performed on the received signal is shown as a 
block diagram in Fig. 2.

Detected signal with phase change 
pattern denoted as φ(t) is then directed to 
a device that subtracts long-term instability 
component g(t) from φ(t). It should be 
noted that this procedure is performed by 
using a method that involves finding mean 
value over the observation interval with 

subsequent calculation of  the result from 
each measurement.

In accordance with model (1), calculation 
of  g(t) from φ(t) results in the fact that 
now we need to process a sum of  two 
components of  process φ(t): m(t) and n(t) (see 
Fig. 2). Component m(t) is a slowly varying 
component due to both instability of  a 
generator and unknown Doppler frequency 
component. Since the Doppler component 
is unknown, component m(t) of  process 
φ(t) cannot be used for SC identification. 
Therefore, we deem necessary to evaluate 
parameters of  model m(t), and estimate its 
state vector and then exclude m(t) from 
further analysis.

To accomplish this purpose we use a 
procedure for linear optimal filtration and 
recurrent LSM with a sliding window.

Selection of  a finite memory procedure is 
impeded by not having accurate information 
about the order of  model m(t). It was believed 
that presence of  sliding windows would slightly 
alleviate this problem.

Evaluation results for component m(t) 
are subtracted from sum m(t) + n(t) (see 
Fig. 2) and further processing is performed 
on the fast-changing component n(t). This 
component is governed by the peculiarities 
of  a master generator. Its values are then fed 
into a device that implements time-series 
analysis procedure. The device outputs 

RADIOELECTRONICS

Fig. 2. Sequence of  operations performed on the received signal during SC identification.
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estimations of  а1 parameters of  process n(t). 
Values of  these parameters are then directed 
to a classifier where a decision is made about 
a type and identity of  the detected SC.

Fig. 3 and 4 for an observation time 
of  20 sec. show results of  comparison 
between evaluation algorithms based on 
the least squares method and dynamic 
filtration method. Y-axes show mean values 
ε(t) that are determined  as sum of  squared 
differences between measurement results 
f(ti) at moments ti and evaluations of  process 
ˆ ( )im t  as divided by number i.

2

1

1 ˆ( ) [ ( ) ( )] ,  1,..., ,i
i ik

t f t m t i N
i

ε
=

= −∑ 

where N is the number of  measurements. 
Parameter i determines the size of  the “sliding” 
window.

Analysis of  curves (see Fig. 3 and 4) 
shows that dynamic filtration algorithm 
turns out to be unstable under conditions 
of  high prior uncertainty about parameters 
of  the process being filtered. Increasing 
window size to 15 makes it possible to 
slightly improve evaluation results obtained 
using the dynamic filtration algorithm as 
shown in Fig. 5 for an observation interval 
of  40 sec.

However, further increasing window 
size l again results in increased ε, which is 
most likely due to some inconformity of  the 
model with the process (Fig. 6)

Unlike the dynamic filter, recurrent LSM 
procedure over the sliding window turns 
out to be more stable and yields appropriate 
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Fig. 4. Algorithm comparison results for “sliding 
window” with l = 7.

Fig. 3. Algorithm comparison results for “sliding 
window” with l = 15.

Fig. 5. Algorithm comparison results for “sliding 
window” with l = 15.

Fig. 6. Algorithm comparison results for “sliding 
window” with l = 20.
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results. Analysis of  graphs shows that LSM 
algorithm is sensitive to the window size l.

3. CONCLUSION
Developed data processing algorithm for 
instability processes of  master generators of  
onboard radio systems makes it possible to 
significantly simplify evaluation of  the model 
parameters in question. Additionally, use 
of  a “sliding window” when evaluating the 
parameters being processed improves quality 
and speed of  SC identification.
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