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ABSTRACT:

Satellite communications technology developed rapidly and plays important role in communication networks. In
the meantime, CNC satellite communication has received much attention due to its high spectral efficiency.
However, the analysis of this type of communication signal in non-cooperative receivers is associated with many
challenges due to the nature of time-frequency overlap. The proposed methods in this field have been developed
assuming either symmetry or asymmetry in the amplitude of the two interfering signals. However, a reliable
method to detect the amplitude symmetry in the non-cooperative receivers is missing in the literature. Thus, in this
article, the symmetry or asymmetry of the amplitude of time-frequency overlapping signals of these type of
communications has been analyzed using higher-order statistics. For this purpose, the mathematical relationships
of higher-order statistics for the model of time-frequency interfering signals received in the non-cooperative
receiver have been developed. Then, the appropriate decision function is defined based on different ratios of
higher-order statistics of the received signal. This decision function is used to detect amplitude symmetry or
asymmetry in time-frequency overlapping signals for CNC communication. The simulations show that the
decision-making function based on the sixth and fourth ratio cumulants is a reliable metric, such that the probability
of correct classification at signal-to-noise levels higher than 25dB for BPSK modulation is more than 80%, and
for QPSK modulation is more than 90%.
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1. INTRODUCTION
Carrier-in-Carrier (CNC) is advanced satellite

non-cooperative receivers. Because the signal
received from the downlink of CNC satellite

communication technology [1]. The signals sent by
two earth stations are overlapped both in time and
frequency domains. Hance, the required bandwidth
can be reduced up to 50%. In a conventional satellite
communication links that uses Frequency Division
Multiplexing (FDM) or Single Channel Per-Carrier
(SCPC), two different carrier frequencies are used in
disparate bandwidths for sending and receiving. In
this case, the carrier frequencies do not overlap. But
CNC technology, using signal processing algorithm
and a technique called adaptive cancellation, makes it
possible to use the same bandwidth for transmission
and reception, allowing two carriers to be placed on
the same center frequency, which is impossible for
conventional transmission and reception methods.
This issue is shown in the comparison of Figure s 1
and 2.

So, the problem is the analysis of satellite
communications signals based on CNC technology in
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communication has the nature of time and frequency
overlapping, the non-cooperative receiver cannot use
the previous information in the signal separation
process like the cooperating receivers [4]. Therefore,
signals analysis is still considered an important and
complicated issue.

If interfering time-frequency signals have the
same modulation, based on the amplitude difference
of these signals, the separation problem can be
divided into two categories, symmetric and
asymmetric. In symmetrical mode, the two satellite
communication stations share the same channel, and
the amplitude of the two signals is equal, while in
asymmetrical mode, the amplitude of two signals
differ greatly [5].
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Fig. 1. Two-way satellite communication by SCPC
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Fig. 2. Two-way satellite communication by CNC
technology [3].

The importance of identifying symmetry or
asymmetry in these interfering signals is due to the
difference in separation methods and their
complexity. The separation in asymmetric mode is
easier due to the existence of this amplitude
difference. So, in [6], [7], and [8] the amplitude
asymmetry of interfering signals is used to separate
the signals. In [9], amplitude asymmetry of the
interfering signals is used to estimate the frequency
offset. [5] took advantage of the existing symmetry in
the signal domain to separate CNC time-frequency
overlapping signals using an improved quantum-
inspired evolutionary algorithm. It has been shown in
[10] that the proposed algorithms are suiTable for the
symmetric mode and the efficiency of the proposed
method decreases with the increase of the amplitude
difference of interfering signals. However,
researchers have not provided an approach to
distinguish between symmetric and asymmetric
modes.

Higher-order statistics such as cumulants and
moments of the modulated signals have been studied
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extensively. cumulants and moments, are especially
popular as features of interest in received
communication signal. Among them, the signal
statistics-based feature, especially the Higher-Order
Cumulants (HOC), owing to its inherent immunity to
gaussian noise. For this purpose, in this article,
higher-order statistics are used to define the decision
function regarding the detection of amplitude
symmetry or asymmetry. Therefore, in section 2, the
time-frequency interfering signal received at the non-
cooperative receiver is mathematically modeled, and
based on this model, the concept of amplitude
symmetry is explained. Then, in section 3, the
theoretical foundation of higher-order statisticians
will be examined, and in section 4, the cumulants
relations will be developed based on the mathematical
model of interfering signals in non-cooperative
receivers. In section 5, higher-order even cumulants
ratios are used to define the decision function, and
finally, in section 6, cumulants ratios are compared
and evaluated with simulated data.

2. MATHEMATICAL MODELING OF CNC
SATELLITE COMMUNICATIONS IN NON-
COOPERATIVE RECEIVER AND THE
CONCEPT OF AMPLITUDE SYMMETRY

In this section, the time-frequency interfering
signals of CNC communications received in the non-
cooperative receiver are modeled. If we assume that
each of the ground stations sends signals with the
same characteristics, then the model of the signal sent
from each of the stations and the signal received at the
non-cooperating receiver can be shown in Figure 3.

As shown in Figure 3, ¢V and ¢Pare the bit

sequences of each ground station. The sequence of
bits are modulated into s,(ll)and s,(lz) symbols,
respectively. The symbols are sent after passing
through the shaping filters. The transmitted signals
are received in the satellite transponder after the
addition of the uplink channel noise along with the
amplitude attenuation, phase offset and frequency
offset. Then, after frequency shifting, the transponder
sends the signals in a common bandwidth in the
downlink channel which is received along with the
downlink channel noise in the non-cooperative
receiver.

According to Figure 3, the baseband equivalent
received signal in the receiver will be a combination
of two signals, which can be expressed as
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Fig. 3. The model of the signals sent from two stations and the signal received at the non-cooperative receiver.

the path, and v(t) is the additive gaussian white
noise. x;(t) are the transmitted signals defined by
Equation 2:

Yoo 2
x;(t) = Z s,sl)gi(t —nT +1,(t)), i
=12

If PSK modulations are used, ‘s,(f) are
independent and identically distributed (iid) random
variables. The g;(t) is the pulse shaping filter,
assuming that it is in the limited time interval between
—LT and LT, <0 <t;(t) <T is the relative time
delay between two modulated signals and T is the
duration of one symbol. Here, the pulse shaping filter

is defined as

®)

cos(ﬁ";,rt

) sin(D)
1-ab: T

gi(t) =

In this relation, g; for i = 1,2 is the roll-off factor
of the shaping filter.

If the output signal of the matched filter is
sampled at a rate of 1/T, the discrete-time model of
the signal at the non-cooperative receiver is obtained:

Y = (4)
hlej(ZTtAflkT+91)xk(1) + hzej(Z‘r[Afsz+92)xk(2)
+ vg

in which we have y, = y(kT), v, = v(kT) and the
transmitted signal is rewritten as:

x,® = x;(kT) ®)

L

= > sOuginT +5,0)
n=1-L
in which, 7,® = 7;(kT) and k = 0¢1¢...<K — 1 will
be limited in time.

The time-frequency interfering signal received in
the non-cooperative receiver can be symmetric or
asymmetric. In symmetric mode, all communication
specifications and features of the two stations are the
same, and the stations use the same hardware
equipment and broadcasting conditions to exchange
signals [15]. In this case, the power of the received
signals in the non-cooperative receiver is the same. In
other words, interfering signals will have amplitude
symmetry if the following relationship holds:

h, = h, (6)

Figure 2 is a representation of communication
with amplitude symmetry, where the power level of
the interfering signals in the first and second carriers
are equal. If the stations are using different
modulations, hardware equipment, or broadcasting
conditions in their communication, it will cause the
power level of the two stations to be different and h,
and h, in the non-cooperative receiver will be
different as shown in Figure 4.
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3. THE THEORETICAL FOUNDATION OF
HIGHER-ORDER CUMULANTS

Higher-order cumulants characterize the shape of
the distribution of the noisy baseband samples and
have a natural robustness to constellation rotation and
phase jitter [17]. So, in [16], [18], higher-order
cumulants are used as a feature-based method in
modulation classification. Before defining the
cumulant, the moment must be described first.

The moment of the zero mean random signal y of
order p with g conjugate is defined as the following
relationship [18]:

M, = E{y?~9y*%} (1

So, the cumulant of order p with g conjugate is
defined as follows [18]:

Cpq = Cum{y' ---vyy*’ ’y*} (8)
rp—q q

Of course, cumulants can be defined in terms of
moments in the following relation [18]:

cum{yy, vz, o, ¥y } ©)

_ Z(n — D=1 l_[ E{l_[ vi}
P

Py i€p

where y includes all partitions 1, 2, ... , p and ¢ the
list of all blocks of the partition y. The number of
elements in the expression ¢ is denoted by 1. Since
the computational complexity increases with the
cumulant order, in this article cumulants of up to
order sixth are used, which are defined in terms of
moments in the Table 1 [19].
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Table 1. Higher-order cumulants and higher-order
moments [19].

HOCs HOMs
Second Order | Cyg My
Cumulants Cyy M,y
2
Cao My, — 3My,

Fourth  Order

Cumulants Cag Myq = 3Myo M3y >

Caz My, — [Myo|* = 2My,

c Mgy — 15M5o M4,

60 + 30M,,°
Mgy — 5My1 Myq

Cor — 10Myo My,
Sixth  Order + 30M202M21
Cumulants

Mgy — 6M3o My,

Coz | — 8My1Myy — M3, My,

+ 6M,*M,, + 24M,,*M,,
Ces Mg3 — IM31 My,

+ 12|Myo|*My, + 12M,,3

In practice, the theoretical values of higher-order
moments are estimated using a long sequence of N
samples of the received signal as follows:

L& (10)
= _z yiP "y
rq N i

)

Using the results of this estimation and Table 1,
higher-order cumulants can also be estimated. BPSK
and QPSK modulations are widely used in CNC
satellite communications, and the theoretical values
of the higher-order normalized moments of these
modulations are shown in Table 2 [18].

Table 2. - Higher order normalized moments of
BPSK and QPSK modulation [18].
BPSK | QPSK

0

S
(=)
-

I I R
R ol k| o k| o kK

Using the values of the moments in Table 2, the
higher-order cumulants of two modulations are
estimated using the mathematical relationships in
Table 1 in the form of Table 3 [18], [20].
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Table 3. Higher-order cumulants of BPSK and
QPSK modulation [18] and [20].

BPSK QPSK
Co | 1 0
Cy |1 1
Coo | -2 1
Cu |2 |O
Con |2 | -1
Ceo |16 |O
Co, |16 |-4
Co, |16 | O
Ces |16 |4

The results of theoretical values in the Table 3 will
be used to define the decision function. Before that,
the cumulant of the time-frequency interfering signals
received in the non-cooperative receiver must be
calculated.

4. HIGHER-ORDER CUMULANT OF TIME-
FREQUENCY INTERFERING SIGNALS

If we assume that X and Y are statistically
independent random variables, the cumulant of their
sum is separated as follows [21]:

Coq(aX + BY) = (11)
aP~la*1C,q(X) + BP7IB*1Chq (V)

where o and B are complex constant coefficients. This
feature can be wused to develop higher-order
cumulants on the mathematical model of Equation 3.
Therefore, the cumulant of order p with q conjugate
of the time-frequency interfering signal received in
the non-cooperative receiver will be separated as
follows:

Cpq (yk) = (12)
i(p— @
Y Cpq (€’ (P-2)@mASLIT+61) ., *7y

i(p— @
+ h’z’Cpq(el(p 2)@TARKT+62) ., ) 4 Coq(Wi)

Since the higher-order cumulant of gaussian noise
is zero, we can ignore the expression C,,(vy) in the
continuation of the relations. Equation 12 shows that
the cumulant of the time-frequency interfering signals
received at the non-cooperative receiver can be
separated into the sum of the product of the cumulant
and the signal amplitude of each station. This feature
will be used in the definition of the amplitude
symmetry decision function.

Vol. 12, No. 3, September 2023

5. AMPLITUDE SYMMETRY DECISION
FUNCTION

Deciding on the amplitude symmetry of time-
frequency interfering signals received in the non-
cooperative receiver can be done by using a
mathematical criterion. This decision criterion is
developed by assuming the same type of modulations
and the duration of symbols and uses the difference
in the amplitude of the received signals. Based on
Equation 3, the power ratio of the amplitude of the
received signals can be defined by

h? (13)
PT = h_%
If the amplitudes of the two signals are
approximately equal to each other, the defined
parameter will tend to be one. Therefore, it can be
concluded that the amplitudes of the two signals are
symmetrical.

lim B -1 (14)
1

hi-hj3

Also, if the difference between the amplitude of
the two signals is significant, so that h, can be
ignored compared to h,, for B. we will have

lim_ P. -0 (15)

h3>>h?

And if h, canbeignored comparedto h,, B. will
tend to infinity

lim_ P. > o (16)

h%>>h2

By defining B. and separating the cumulants of
received interfering signals in Equation 12, the
decision function can be established. The decision
function D with the parameter B. requires the
calculation of a ratio in terms of the even power of h,
and h,. Therefore, it is possible to use the ratio of
even cumulants C,,, C4, and Cg, of the interfering
signal y, and finally make the decision based on
thresholding.

According to Equation 12, even cumulants (C5,,
Caoy C41, Cop, Cg2) Cannot be used in the decision-
making functions, since these cumulants will be
complex and affected by phase and frequency offset
for the orders of p with g conjugate. Also, according
to Table 3, the theoretical values of cumulants C,,,
Cy1, Cgp, and Cq, for QPSK modulation are equal to
zero and cannot be used in the numerator or
denominator of ratios. But in cumulants C,,, C,,, and
Ce3, the effect of phase and frequency offset of
interfering signals is eliminated. Therefore, the
following cumulant ratios are considered as the
proposed decision functions.
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_|Caz (i) a7
PalPn) = C3 (i)

_ |Ces(yx) (18)
P2 = C31 ()

_ C3(yi) (19)
PP = e8

where |. | indicates absolute value.

By using Equation 12, the cumulants used in the
decision functions can be obtained without the effect
of phase and frequency offset, so that the product of
the amplitude and cumulants C,;, C,, and C4; of x;,
and x, @ signals are separated as follows

CZl = h%CZI(XR(I)) + h%ch(Xk(z)) (20)
= h3[ PrCar (™) + Co1 (1 @)]

C4_2 = h‘ll-C42 (XR(I)) + h‘zl'C‘l_z (Xk(z)) (21)
= h3[P}Car (™) + Caa (1)

Coz = R Ca3 (2 ™) + RS Co3 (2 P) (22)
= h3 [Pfcss (D) + Ce3 (xk(z))]

By placing Equations 20 into 22 inside Equations
17 into 19, the following theoretical results will be
obtained in terms of the parameter B, for the decision-
making functions:

Caz2(Yx) (23)

C3 (yi)
P2C45 (D) + Cyp (@)
(P, Caq (D) + Cpy (2, P))?

Dl(Pr) =

Co3(Yk)

6231( Vi)
P Co3 (™) + Co3 (2, ?)

(P, Coq (D) + Cp (2, @))?

(24)

DZ(Pr) =

CGZS(YR) (25)
Di(P,) =

2(Pr) szz()’k)
(P3C63 (D) + Cos (xk(z)))z

(P2c,, (xk(l)) + Cp (X, ())3

According to equations 23 to 25, the amplitude
symmetry will occur when PB. tends to one.
Therefore, the decision functions will tend to the
theoretical values of Table 4.
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Table 4. Theoretical values of decision-making
functions in the case of symmetric amplitude.
B.-1
Dy Cy (xk(l)) + Cy2 (xk(z))
(Co1 (™) + Co1 (1 @))?
D, Co3 (D) + Co3(x @)
(Co1 (™) + Gy (1 @))?
Ds (Ces (xk(l)) + Ce3 (Xk(z)))z
(C42(xk(1)) + C42(xk(2)))3

Also, amplitude asymmetry will occur when P.
tends to zero or infinity. Therefore, in this case, the
decision functions will tend to the theoretical values
of the Table 5.

Table 5. Theoretical values of decision-making
functions in the case of asymmetric amplitude.

P.-0 P. > o0
D, Caz (xk(z)) Caz (xk(l))
(Co1 (1 ®))? (Co1 (1 ))?
D, Co3 (@) Co3 (™)
(Co1 (1 ®))? (PHEAD)S
Dy (C63 (xk(z)))z (C63 (xk(l)))z
(Cp (6 @))? (Cp ()3

In practice, it is not possible to use the theoretical
values of the decision functions of interfering signals
to decide the amplitude symmetry, since PB. is
unknown due to interference. Therefore, the
calculation of the values of the decision functions is
done only by using a sufficiently long sequence of
time-frequency interfering signals samples received
in the non-cooperative receiver, and the values of
cumulants in these functions are calculated by the
following simple estimates [22]:

L (26)
Coo =5 ) ¥ (K)
20 = y
k=1
L& (27)
Con = ) Iy (0P
217y y
k=1
X 1 N o, . (28)
Ca2 :NZ|)’(k)|4_|C20| -2C3
k=1
(29)

N
A 1 6 ALA A3
Co3 = NZD’(’CN — 905,047 — 6(3;

k=1



Majlesi Journal of Telecommunication Devices

Yk

Vol. 12, No. 3, September 2023

Threshold

|

— Symmetric

—(54,C43 , C43 ——=| Dy, Dy, D3 +—|Comparsion

—— Asymmetric

Fig. 5. Block diagram of the proposed method for amplitude symmetry decision.

Therefore, according to the block diagram in
Figure 4, the proposed method begins with the
calculation and estimation of the desired cumulants
from the received time-frequency interfering signal
and after calculating the values of the decision
functions, it detects the symmetry or asymmetry from
the comparison with the determined threshold.

6. SIMULATION RESULTS

The Equations 17 to 19 of the decision functions
proposed are used in [16], [22], and [23] as feature-
based methods in the classification of digital
modulations. By comparing and evaluating the results
of simulated data, the appropriate decision function
can be selected.

6.1. Comparison of theoretical and simulation
results

In this part, theoretical and simulated values of
decision-making functions are investigated. The
theoretical values include the data results from the
mathematical expressions on the right side of the
decision functions of Equations 24 to 26. The
simulation values also include the data results from
the mathematical expressions on the left side of the
decision functions 24 to 26, for which the Equations
27 to 29 should be used for calculation.

The simulation data is generated from the time-
frequency combination of two signals with the same
modulations, both of BPSK or QPSK type. In
addition to having the same parameters, the two
signals also pass through the same shaping filters. The
difference between the two interfering signals is only
in the phase offsets, frequency offsets and amplitude,
so the power levels of the amplitudes differ from -
20dB to +20dB. P. shows the power level difference
of the amplitudes in Figures 6 to 8 with. In this
experiment, the effect of noise is ignored.

Figures 6 to 8 show that with the increase of
P.(the power level difference of the amplitudes),
from -20dB for both BPSK and QPSK interfering
signals, the values of decision functions decrease in
the theoretical and simulation values. The results of
these functions reach their minimum when the power
level difference of the amplitudes is zero and the two
interfering signals are completely symmetric. Again,

with the increase of B., the results of these functions
also increase. Figures clearly show that the values of
functions D;, D, and D5 using the theoretical values
and simulation have the same behavior for different
values of the power level difference, and the results
of the simulation values can be used instead of the
theoretical values. The results of these decision-
making functions in terms of B. show well that if the
amplitude of the time-frequency interfering signals is
completely symmetric, the values of these three
functions are at their minimum, and in this case, the
symmetry of the amplitudes can be concluded and
with increasing the amplitude level difference and
moving away from the minimum value, the amplitude
asymmetry of the interfering signals is concluded.

The results of the decision functions in the power
level difference of -20dB and +20dB are very close to
each other and confirm the results of Table 5.

D1(dB)

\
05k \ 5 i
\ \ »
Nk | K
Sk -
06 e BPSK-D1 Simulation Value
—%— BPSK-D1 Theoretical Value
QPSK-D1 Simulation Value
—©— QPSK-D1 Theoretical Value
07 I | I |
20 15 10 5 0 5 10 15 20

Pr(dB)

Fig. 6. The theoretical and simulated values of the
decision function D, according to the difference in
the power level of the amplitude of two time-
frequency interfering signals, BPSK and QPSK.
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Fig. 7. Theoretical and simulated values of the
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the power level of the amplitude of two time-
frequency interfering signals BPSK and QPSK.

~ 091
o

Oost

0.7

/|—— BPSK-D3 Simulation Value
—#— BPSK-D3 Theoretical Value

0.6 [
QPSK-D3 Simulation Value

‘ | \/ | -©— aPsk-D3 Theoretical Value
0.5 -
-20 -15 -10 5 0 5 10 15 20
Pr(dB)

Fig. 8. Theoretical and simulated values of the
decision function D5 according to the difference in
the power level of the amplitude of two time-
frequency interference signals BPSK and QPSK.

6.2. Comparison of decision functions in the
symmetric mode

In this part we examine and compare the ability of
decision functions to identify the amplitude
symmetry mode at different signal-to-noise-ratio
values. For this purpose, 100 time-frequency
interfering signals with symmetric amplitudes have
been used in each SNR value that ranges from -20dB
to +20dB. For all interfering signals, which are either
BPSK or QPSK, the values of the decision functions
have been calculated and shown as a blue dot in
Figure 9. The red line shows the average values of the
blue points at the same SNR.

In all Figures, the values of decision functions
have a large variance (blue dot) at the signal-to-noise-
ratio of less than zero. So, it is not possible to obtain
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a favorable result about the symmetry of amplitude.
But as the signal-to-noise increases from zero, the
accuracy of decisions about amplitude symmetry
increases and gets closer to the uniform line (red line).
therefore, it can be used for thresholding and the final
decision on the symmetry or asymmetry of the
amplitudes.

The variance of the function's value for the signal-
to-noise-ratio greater than zero is shown in Table 6.
This Table shows that the lowest variance value is
associated with D5. Therefore, it can be concluded
that this decision function is more stable compared to
the other two.

Table 6. Variance values of decision functions in the
case of symmetric amplitude.

Dy D, Ds
BPSK | 0.0263 [ 0.0637 | 0.0100
QPSK | 0.0252 [ 0.0457 | 0.0099

6.3. Probability of correct classification

In this part, decision functions based on the
probability of correct classification of time-frequency
interfering signals in terms of amplitude symmetry or
asymmetry are investigated and compared. For this
purpose, 5000 interfering signal samples have been
used in the form of Monte Carlo. The signal-to-noise-
ratio varies from 0dB to 25dB. The probability of
correct classification is defined as follows:

2 (30)
Pec = Z P(yclyt)Pk
k=1

where P, is the probability of the symmetric
amplitude and since the number of symmetric and

. . . . 1
asymmetric signals is considered equal, Py =

P(y.ly:) is the conditional probability of correct
classification of the received signal when the
amplitude of the transmitted signals is symmetric or
asymmetric. Figures 10 and 11 show the probability
of correct classification of each decision function for
BPSK and QPSK, respectively.

These Figures show that the probability of correct
classification of interfering signals increases with the
increase of the signal-to-noise-ratio. Comparing the
charts shows that among the decision functions, D5 is
more successful at all signal-to-noise-ratio values.
Also, in the signal-to-noise range of less than 5dB,
decision functions D, and D, have a low probability
of correct
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Fig. 9. Values of decision functions D;, D,and Dfor interference signals with amplitude symmetric at different
signal-to-noise levels (a) BPSK-D1 (b) BPSK- D2 (c) BPSK-D3 (d) QPSK-D1 (e) QPSK-D2 (f) QPSK-D3.

classification. Comparing the two charts in terms of
the type of modulations shows that the probability of
correct classification in time-frequency interfering
signals with QPSK modulation is higher than with

BPSK modulation.
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7. CONCLUSION

QPSK time-frequency interfering signal.

The separation of interfering time-frequency
signals of CNC satellite communications is one of the
complex issues. Researchers have proposed methods
to separate these signals. These methods are affected
by the symmetry or asymmetry of the amplitude of

time-frequency

interfering signals.

So far, no

approach is provided to detect symmetry in these
signals. For this reason, higher-order statistics, which
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are resistant to noise and rotation of the signal, have
been used in this article. After developing the
cumulant relations on the mathematical model of the
received signal in the non-cooperative receiver, the
cumulant ratios are used to define the decision
functions about the symmetry of the interfering signal
amplitude. The decision functions were compared in
terms of theoretical and simulation values. It was
found that simulation values can be used instead of
theoretical values. Also, these functions were
compared in terms of different signal-to-noise levels
and the probability of correct classification. The
comparison and evaluations show that the decision-
making function based on the sixth and fourth ratio
cumulants has more reliability. Simulation results
show that the probability of correct classification with
this function at higher than 25dB signal-to-noise-ratio
for BPSK modulation is more than 80%, and for
QPSK modulation is more than 90%.
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