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                    Abstract
Automatic Dependent Surveillance-Broadcast (ADS-B) is an air traffic surveillance system in which aircraft broadcast GPS position, velocity and status on 1090 MHz. Nowadays, as a valid alternative to SSR, ADS-B is the main technology for Air Traffic Management (ATM). With the rapid growth of airspace traffic and disappearance of MH370, satellite-based ADS-B is proposed to realize aerial surveillance globally. The satellite-based ADS-B has a series of new features that Terrestrial based does not have including wider coverage, lower SNR. These new features make ADS-B signal collisions at the receiver more severe. This paper is to analyze the collision probability of satellite-based ADS-B messages based on homogeneous Poisson process. According to the theoretical derivation and simulation analysis, a conclusion can be drawn that the collisions of two and three messages dominate in all cases. It helps in guiding the design of the hardware and software of satellite-based ADS-B receiver to focus on the separation of two and/or three collision messages only, which will dramatically reduce the complexity of the system and the load of satellite.
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Appendix
Appendix
1.1 Probability Density Function of \( Z_{1} \)

Substituting Eq. (12) into Eq. (13) yields
$$ \begin{aligned} f_{{Z_{1} }} (z_{1} ) &= \int_{ - \infty }^{ + \infty } {\int_{ - \infty }^{ + \infty } {f_{0} (z_{2} ) \times f_{1} (z_{3} ) \times f_{2} (z_{1} - z_{2} + z_{3} )} {\text{d}}z_{2} {\text{d}}} z_{3} \\ &= \int_{ - \infty }^{ + \infty } {\int_{ - \infty }^{ + \infty } {f_{0} (z_{1} + z_{3} - z_{2} )} } \times f_{1} (z_{3} ) \times f_{2} (z_{2} ){\text{d}}z_{2} {\text{d}}z_{3}. \\ \end{aligned} $$

                    (32)
                

According to the non-zero areas of the PDF \( f_{0} (z_{1} + z_{3} - z_{2} ) \), \( f_{1} (z_{3} ) \) and \( f_{2} (z_{2} ) \), there is
$$ D_{0} :\quad \left\{ {\begin{array}{*{20}l} {z_{1} { + }z_{3} - z_{2} \ge 0} \hfill \\ {a \le z_{2} \le b} \hfill \\ {a \le z_{3} \le b} \hfill \\ \end{array} } \right.. $$

                    (33)
                

To solve the integral of Eq. (32), we first need to determine the range of values for variables \( z_{1} \), \( z_{2} \) and \( z_{3} \).
When \( a \le z_{1} + z_{3} \le b \), According to the first two inequalities in Eq. (33), there is
$$ a \le z_{2} \le z_{1} + z_{3} . $$

                    (34)
                

Then, Eq. (33) can be modified as follows
$$ D_{1} :\quad \left\{ {\begin{array}{*{20}l} {a \le z_{1} + z_{3} \le b} \hfill \\ {a \le z_{2} \le z_{1} + z_{3} } \hfill \\ {a \le z_{3} \le b} \hfill \\ \end{array} } \right.. $$

                    (35)
                

The first inequality of Eq. (35) can be rewritten as
$$ a - z_{1} \le z_{3} \le b - z_{1} . $$

                    (36)
                

At this moment, if \( a \le a - z_{1} \le b \), then there is
$$ - d = - (b - a) \le z_{1} \le 0, $$

                    (37)
                

and
$$ a - z_{1} \le z_{3} \le b. $$

                    (38)
                

According to Eq. (37) and (38), Eq. (35) can be rewritten as
$$ D_{11} :\quad \left\{ {\begin{array}{*{20}l} { - d \le z_{1} \le 0} \hfill \\ {a \le z_{2} \le z_{1} + z_{3} } \hfill \\ {a - z_{1} \le z_{3} \le b} \hfill \\ \end{array} } \right.. $$

                    (39)
                

That is, when \( a \le z_{1} + z_{3} \le b \) and \( a \le a - z_{1} \le b \) , the integral domain of Eq. (32) is \( D_{11} \)
When \( a \le z_{1} + z_{3} \le b \) and \( a \le b - z_{1} \le b \) , there is
$$ 0 \le z_{1} \le d. $$

                    (40)
                

And combined with the third inequality of Eq. (35), the following is derived
$$ a \le z_{3} \le b - z_{1} . $$

                    (41)
                

Therefore, the integral domain of Eq. (32) in this situation can be obtained
$$ D_{12} :\quad \left\{ {\begin{array}{*{20}l} {0 \le z_{1} \le d} \hfill \\ {a \le z_{2} \le z_{1} + z_{3} } \hfill \\ {a \le z_{3} \le b - z_{1} } \hfill \\ \end{array} } \right.. $$

                    (42)
                

When \( z_{1} + z_{3} > b \), if \( a \le b - z_{1} \le b \), then
$$ 0 \le z_{1} \le d. $$

                    (43)
                

Hence, Eq. (33) can be rewritten as
$$ D_{21} :\quad \left\{ {\begin{array}{*{20}l} {0 \le z_{1} \le d} \hfill \\ {a \le z_{2} \le b} \hfill \\ {b - z_{1} \le z_{3} \le b} \hfill \\ \end{array} } \right.. $$

                    (44)
                

When \( z_{1} + z_{3} > b \) , if \( b - z_{1} < a \), Eq. (33) can be rewritten as
$$ D_{22} :\quad \left\{ {\begin{array}{*{20}l} {z_{1} \ge d} \hfill \\ {a \le z_{2} \le b} \hfill \\ {a \le z_{3} \le b} \hfill \\ \end{array} } \right. $$

                    (45)
                

When \( z_{1} + z_{3} < a \), according to the first inequality of Eq. (33), there is
$$ z_{2} \le z_{1} + z_{3} < a. $$

                    (46)
                

This contradicts the second inequality of Eq. (33); therefore, when \( z_{1} + z_{3} < a \), the integral field of Eq. (32) is empty.
In summary, the integral domain of Eq. (32) is determined by \( D_{11} \), \( D_{12} \), \( D_{21} \) and \( D_{22} \). When \( - d \le z_{1} \le 0 \), according to \( D_{11} \), the upper and lower limits of Eq. (32) are modified, and there is
$$ \begin{aligned} f_{{Z_{1} }} (z_{1} ) = \int_{{a - z_{1} }}^{b} {\int_{a}^{{z_{1} + z_{3} }} {\lambda e^{{ - \lambda (z_{1} + z_{3} - z_{2} )}} \times \frac{1}{d} \times \frac{1}{d}} {\text{d}}z_{2} {\text{d}}} z_{3} \\ = \frac{1}{{d^{2} }}\left[ {d + z_{1} + \frac{1}{\lambda }\left( {e^{ - \lambda d} \times e^{{ - \lambda z_{1} }} - 1} \right)} \right]. \\ \end{aligned} $$

                    (47)
                

When \( 0 \le z_{1} \le d \), according to \( D_{12} \) and \( D_{21} \), the upper and lower limits of Eq. (32) are modified, and there is
$$ \begin{aligned} f_{{Z_{1} }} (z_{1} ) = \int_{a}^{{b - z_{1} }} {\int_{a}^{{z_{1} + z_{3} }} {\lambda e^{{ - \lambda (z_{1} + z_{3} - z_{2} )}} \times \frac{1}{{d^{2} }}{\text{d}}z_{2} {\text{d}}z_{3} } } \\ + \int_{{b - z_{1} }}^{b} {\int_{a}^{b} {\lambda e^{{ - \lambda (z_{1} + z_{3} - z_{2} )}} \times \frac{1}{{d^{2} }}{\text{d}}z_{2} } {\text{d}}z_{3} } \\ = \frac{1}{{d^{2} }}\left[ {d - z_{1} + \frac{1}{\lambda }\left( {1 + e^{{ - \lambda z_{1} }} \left( {e^{ - \lambda d} - 2} \right)} \right)} \right]. \\ \end{aligned} $$

                    (48)
                

When \( z_{1} \ge d \), according to \( D_{22} \), the upper and lower limits of Eq. (32) are modified, and there is
$$ \begin{aligned} f_{{Z_{1} }} (z_{1} ) & = \int_{a}^{b} {\int_{a}^{b} {\lambda e^{{ - \lambda (z_{1} + z_{3} - z_{2} )}} \times \frac{1}{{d^{2} }}} {\text{d}}z_{2} {\text{d}}z_{3} } \\ & = \frac{{e^{{ - \lambda z_{1} }} }}{{\lambda d^{2} }}\left[ {e^{\lambda d} + e^{ - \lambda d} - 2} \right]. \\ \end{aligned} $$

                    (49)
                

Synthesize Eq. (47) to Eq. (49), the following is derived
$$ f_{{Z_{1} }} (z_{1} ) = \left\{ {\begin{array}{*{20}l} 0 \hfill & {z_{1} \le - d} \hfill \\ {\frac{1}{{d^{2} }}\left[ {d + z_{1} + \frac{1}{\lambda }(e^{ - \lambda d} \times e^{{ - \lambda z_{1} }} - 1)} \right]} \hfill & { - d < z_{1} \le 0} \hfill \\ {\frac{1}{{d^{2} }}\left[ {d - z_{1} + \frac{1}{\lambda }(e^{ - \lambda d} \times e^{{ - \lambda z_{1} }} - 2e^{{ - \lambda z_{1} }} + 1)} \right]} \hfill & {0 < z_{1} \le d} \hfill \\ {\frac{{e^{{ - \lambda z_{1} }} }}{{\lambda d^{2} }}\left[ {e^{\lambda d} + e^{ - \lambda d} - 2} \right]} \hfill & {z_{1} > d} \hfill \\ \end{array} } \right.. $$

                    (50)
                

1.2 Joint Probability Density Function of \( Z_{1} \) and \( Z_{2} \)

The joint probability density function of random variable \( Z_{1} \) and \( Z_{2} \) can be considered as the marginal probability density function of \( f_{{\mathbf{Z}}} (z_{1} ,z_{2} ,z_{3} ) \), then
$$ f_{{Z_{1} Z_{2} }} (z_{1} ,z_{2} ) = \int_{ - \infty }^{ + \infty } {f_{0} (z_{2} ) \times f_{1} (z_{3} ) \times f_{2} (z_{1} - z_{2} + z_{3} )} {\text{d}}z_{3}. $$

                    (51)
                

According to the non-zero areas of the PDF \( f_{0} (z_{2} ) \), \( f_{1} (z_{3} ) \) and \( f_{2} (z_{1} - z_{2} + z_{3} ) \), there is
$$ D_{3} :\quad \left\{ {\begin{array}{*{20}l} {z_{2} \ge 0} \hfill \\ {a \le z_{3} \le b} \hfill \\ {a + z_{2} - z_{1} \le z_{3} \le b + z_{2} - z_{1} } \hfill \\ \end{array} } \right.. $$

                    (52)
                

When \( a \le b + z_{2} - z_{1} \le b \), according to the last two inequalities of Eq. (52), there is
$$ a \le z_{3} \le b + z_{2} - z_{1} . $$

                    (53)
                

Meanwhile, \( a \le b + z_{2} - z_{1} \le b \) can be converted to
$$ 0 \le z_{2} \le z_{1} \le z_{2} + d. $$

                    (54)
                

According to Eqs. (53) and (54), Eq. (52) can be rewritten as
$$ D_{31} :\quad \left\{ {\begin{array}{*{20}l} {0 \le z_{2} \le z_{1} \le z_{2} + d} \hfill \\ {a \le z_{3} \le b + z_{2} - z_{1} } \hfill \\ \end{array} } \right., $$

                    (55)
                

when \( a < a + z_{2} - z_{1} \le b \), the following is derived from the last two inequalities of Eq. (52)
$$ a + z_{2} - z_{1} \le z_{3} \le b. $$

                    (56)
                

Meanwhile, \( a < a + z_{2} - z_{1} \le b \) can be converted to
$$ z_{2} - d \le z_{1} < z_{2} . $$

                    (57)
                

According to Eqs. (56) and (57), Eq. (52) can be rewritten as
$$ D_{32} :\quad \left\{ {\begin{array}{*{20}l} {z_{2} \ge 0} \hfill \\ {z_{2} - d \le z_{1} < z_{2} } \hfill \\ {a + z_{2} - z_{1} \le z_{3} \le b} \hfill \\ \end{array} } \right.. $$

                    (58)
                

Use the integral field \( D_{31} \) and \( D_{32} \) to yield
$$ f_{{Z_{1} Z_{2} }} (z_{1} ,z_{2} ) = \left\{ {\begin{array}{*{20}l} {\frac{{\lambda e^{{ - \lambda z_{2} }} }}{{d^{2} }}(d + z_{1} - z_{2} )} \hfill & \begin{aligned} z_{2} - d \le z_{1} < z_{2} , \hfill \\ \quad {\kern 1pt} \quad z_{2} \ge 0 \hfill \\ \end{aligned} \hfill \\ {\frac{{\lambda e^{{ - \lambda z_{2} }} }}{{d^{2} }}(d - z_{1} + z_{2} )} \hfill & {0 \le z_{2} \le z_{1} \le d + z_{2} } \hfill \\ 0 \hfill & {\text{otherwise}} \hfill \\ \end{array} } \right.. $$

                    (59)
                

1.3 Collision Probability of Messages B and D \( P(|Z_{1} | \le T_{\text{A}} ) \)

The probability of \( |Z_{1} | \le T_{\text{A}} \) can be expressed as
$$ P(|Z_{1} | \le T_{\text{A}} ) = \int_{{ - T_{\text{A}} }}^{0} {f_{{Z_{1} }} (z_{1} )} {\text{d}}z_{1} + \int_{0}^{{T_{\text{A}} }} {f_{{Z_{1} }} (z_{1} )} {\text{d}}z_{1} . $$

                    (60)
                

Due to \( 0 < T_{A} \ll d \), substituting Eq. (50) into Eq. (60) yields
$$ \begin{aligned} & \int_{{ - T_{\text{A}} }}^{0} {f_{{Z_{1} }} (z_{1} )} {\text{d}}z_{1} \\ &\quad= \int_{{ - T_{\text{A}} }}^{0} {\frac{1}{{d^{2} }}\left[ {d + z_{1} + \frac{1}{\lambda }(e^{ - \lambda d} \times e^{{ - \lambda z_{1} }} - 1)} \right]} {\text{d}}z_{1} \\ &\quad= \frac{1}{{d^{2} }}\left[ {\left( {d - \frac{1}{\lambda }} \right)T_{\text{A}} - \frac{1}{2}T_{\text{A}}^{2} + \frac{{e^{ - \lambda d} }}{{\lambda^{2} }}(e^{{\lambda T_{\text{A}} }} - 1)} \right], \\ \end{aligned} $$

                    (61)
                

and
$$ \begin{aligned} & \int_{0}^{{T_{\text{A}} }} {f(z_{1} ){\text{d}}z_{1} } \\ & \quad= \int_{0}^{{T_{A} }} {\frac{1}{{d^{2} }}\left[ {d - z_{1} + \frac{1}{\lambda }(e^{ - \lambda d} \times e^{{ - \lambda z_{1} }} - 2e^{{ - \lambda z_{1} }} + 1)} \right]{\text{d}}z_{1} } \\&\quad = \frac{1}{{d^{2} }}\left[ {\left( {d + \frac{1}{\lambda }} \right)T_{\text{A}} - \frac{1}{2}T_{\text{A}}^{2} - \frac{{e^{ - \lambda d} - 2}}{{\lambda^{2} }}(e^{{ - \lambda T_{\text{A}} }} - 1)} \right]. \\ \end{aligned} $$

                    (62)
                

Therefore, using Eq. (61) and Eq. (62), Eq. (60) can be rewritten as
$$ \begin{aligned} &  P(|Z_{1} | \le T_{\text{A}} ) \hfill \\ &\quad = \frac{1}{{d^{2} }}\left[ {2{\text{d}}T_{A} - T_{\text{A}}^{2} + \frac{{e^{ - \lambda d} }}{{\lambda^{2} }}(e^{{\lambda T_{\text{A}} }} - e^{{ - \lambda T_{\text{A}} }} ) + \frac{2}{{\lambda^{2} }}(e^{{ - \lambda T_{\text{A}} }} - 1)} \right]. \hfill \\ \end{aligned} $$

                    (63)
                

1.4 Derivation of \( P(|Z_{1} | \le T_{\text{A}} ,Z_{2} \le T_{\text{A}} ) \)

When \( |Z_{1} | \le T_{\text{A}} \) and \( Z_{2} \le T_{\text{A}} \), the corresponding probability can be expressed as
$$ P(|Z_{1} | \le T_{\text{A}} ,Z_{2} \le T_{\text{A}} ) = \int_{0}^{{T_{A} }} {\int_{{ - T_{A} }}^{{T_{A} }} {f_{{Z_{1} Z_{2} }} (z_{1} ,z_{2} ){\text{d}}z_{1} {\text{d}}z_{2} } } . $$

                    (64)
                

Meanwhile
$$ \begin{aligned} & \int_{{ - T_{\text{A}} }}^{{T_{\text{A}} }} {f_{{Z_{1} Z_{2} }} (z_{1} ,z_{2} ){\text{d}}z_{1} } \hfill \\ &\quad= \int_{{ - T_{\text{A}} }}^{{z_{2} }} {f_{{Z_{1} Z_{2} }} (z_{1} ,z_{2} ){\text{d}}z_{1} } + \int_{{z_{2} }}^{{T_{A} }} {f_{{Z_{1} Z_{2} }} (z_{1} ,z_{2} ){\text{d}}z_{1} } . \hfill \\ \end{aligned} $$

                    (65)
                

Using Eq. (59), the two right items of Eq. (65) can be derived
$$ \begin{aligned} & \int_{{ - T_{\text{A}} }}^{{z_{2} }} {f_{{Z_{1} Z_{2} }} (z_{1} ,z_{2} ){\text{d}}z_{1} } \hfill \\&\quad = \frac{{\lambda e^{{ - \lambda z_{2} }} }}{{d^{2} }}\left[ {(T_{\text{A}} + z_{2} )\left( {d - \frac{1}{2}z_{2} - \frac{1}{2}T_{\text{A}} } \right)} \right], \hfill \\ \end{aligned} $$

                    (66)
                

and
$$ \begin{aligned} & \int_{{z_{2} }}^{{T_{\text{A}} }} {f_{{Z_{1} Z_{2} }} (z_{1} ,z_{2} ){\text{d}}z_{1} } \hfill \\ &\quad= \frac{{\lambda e^{{ - \lambda z_{2} }} }}{{d^{2} }}\left[ {(T_{A} - z_{2} )\left( {d + \frac{1}{2}z_{2} - \frac{1}{2}T_{\text{A}} } \right)} \right]. \hfill \\ \end{aligned} $$

                    (67)
                

Utilizing Eq. (66) and Eq. (67), Eq. (65) can be expressed as
$$ \int_{{ - T_{\text{A}} }}^{{T_{\text{A}} }} {f_{{Z_{1} Z_{2} }} (z_{1} ,z_{2} ){\text{d}}z_{1} } = \frac{{\lambda e^{{ - \lambda z_{2} }} }}{{d^{2} }}\left[ {2{\text{d}}T_{\text{A}} - z_{2}^{2} - T_{\text{A}}^{2} } \right]. $$

                    (68)
                

Equation (68) is integrated with respect to \( z_{2} \), and then
$$ \begin{aligned} &P(|Z_{1} | \le T_{\text{A}} ,Z_{2} \le T_{\text{A}} ) \hfill \\ &\quad= \frac{1}{{d^{2} }}\left[ {(1 - e^{{ - \lambda T_{\text{A}} }} )(2{\text{d}}T_{\text{A}} - T_{\text{A}}^{2} ) - \frac{2}{{\lambda^{2} }} + (\frac{{2T_{\text{A}} }}{\lambda } + T_{\text{A}}^{2} )e^{{ - \lambda T_{\text{A}} }} } \right]. \hfill \\ \end{aligned} $$

                    (69)
                

1.5 Probability of at Least One Sequential Collision of \( k \) Consecutive Messages in \( N \) ADS-B Messages, \( p_{{{k \mathord{\left/ {\vphantom {k N}} \right. \kern-0pt} N}}} \)

According to the definition of the sequential collision probability of \( k \) consecutive messages in Eq. (23), at least \( k + 1 \) messages are required to study the sequential collision of \( k \) consecutive messages. To facilitate subsequent derivation, \( q_{{{m \mathord{\left/ {\vphantom {m N}} \right. \kern-0pt} N}}} \) is defined as the probability that the \( m,\,m + 1,\, \ldots ,\;m + k \) pulses in the \( N \) ADS-B messages constitute the first sequential collision of \( k \) consecutive messages.
When \( 1 \le m \le k \), if the number of messages in front of the \( m \)-th message is less than \( k + 1 \) messages, the sequential collision of \( k \) consecutive messages is impossible. However, the messages following \( k \) consecutive messages which have the sequential collision may have messages collisions in various situations, but only the first interval after the sequential collision of messages needs to be constrained by \( T_{m + k} > T_{A} \), so
$$ q_{{{m \mathord{\left/ {\vphantom {m N}} \right. \kern-0pt} N}}} = p_{k} e^{{ - \lambda T_{A} }} , $$

                    (70)
                

When \( k + 1 \le m \le N - k - 1 \), if the number of messages in front of the \( m{\text{ - th}} \) message is more than \( k + 1 \) messages, the sequential collision of \( k \) consecutive messages may occur, and the sequential collision probability of \( k \) consecutive messages occurring within this scope needs to be removed. However, the messages following the \( k \) consecutive messages which have the sequential collision may have messages collisions in various situations, but only the first interval after the sequential collision of messages needs to be constrained by \( T_{m + k} > T_{\text{A}} \), hence
$$ q_{{{m \mathord{\left/ {\vphantom {m N}} \right. \kern-0pt} N}}} = (1 - p_{{{k \mathord{\left/ {\vphantom {k m}} \right. \kern-0pt} m}}} )p_{k} e^{{ - \lambda T_{\text{A}} }} . $$

                    (71)
                

When \( m = N - k \), the \( k \) consecutive messages which collide are located at the end of the \( N \) messages, thus no sequential collisions of \( k \) consecutive messages occur in the messages in front of \( m{\text{ - th}} \) message, hence
$$ q_{{{m \mathord{\left/ {\vphantom {m N}} \right. \kern-0pt} N}}} = (1 - p_{{{k \mathord{\left/ {\vphantom {k m}} \right. \kern-0pt} m}}} )p_{k} . $$

                    (72)
                

The probability of at least one sequential collision of \( k \) consecutive messages in \( N \) ADS-B messages is derived as
$$ p_{{{k \mathord{\left/ {\vphantom {k N}} \right. \kern-0pt} N}}} = \sum\limits_{m = 1}^{N - k} {q_{{{m \mathord{\left/ {\vphantom {m N}} \right. \kern-0pt} N}}} }. $$

                    (73)
                

Substituting Eqs. (70), (71) and (72) into Eq. (73)
$$ \begin{aligned} p_{{{k \mathord{\left/ {\vphantom {k N}} \right. \kern-0pt} N}}} & = kp_{k} e^{{ - \lambda T_{\text{A}} }} + p_{k} e^{{ - \lambda T_{\text{A}} }} \sum\limits_{n = k + 1}^{N - k - 1} {(1 - p_{{{k \mathord{\left/ {\vphantom {k n}} \right. \kern-0pt} n}}} )} \\ & \quad + p_{k} (1 - p_{{{k \mathord{\left/ {\vphantom {k {N - k}}} \right. \kern-0pt} {N - k}}}} ),\quad \quad \quad \quad k \ge 2. \\ \end{aligned} $$

                    (74)
                

1.6 Probability of at Least One Simultaneous Collision of \( k \) Messages in \( N \) ADS-B Messages, \( p_{{{{ks} \mathord{\left/ {\vphantom {{ks} N}} \right. \kern-0pt} N}}} \)

Define \( q_{{{{ms} \mathord{\left/ {\vphantom {{ms} N}} \right. \kern-0pt} N}}} \) as the probability that \( m,\,m + 1,\, \ldots ,\;m + k \) pulses in \( N \) ADS-B messages constitute the first simultaneous collision of \( k \) messages.
Same as Appendix E, we can obtain the following equations:
$$ q_{{{{ms} \mathord{\left/ {\vphantom {{ms} N}} \right. \kern-0pt} N}}} = \left\{ {\begin{array}{*{20}l} {p_{ks} e^{{ - \lambda T_{A} }} ,} \hfill & {1 \le m \le k} \hfill \\ {(1 - p_{{{{ks} \mathord{\left/ {\vphantom {{ks} m}} \right. \kern-0pt} m}}} )p_{ks} e^{{ - \lambda T_{A} }} } \hfill & {k + 1 \le m \le N - k - 1} \hfill \\ {(1 - p_{{{k \mathord{\left/ {\vphantom {k m}} \right. \kern-0pt} m}}} )p_{k} } \hfill & {m = N - k} \hfill \\ \end{array} } \right.. $$

                    (75)
                

Therefore, the probability of at least one simultaneous collision of \( k \) messages in \( N \) ADS-B messages is represent as following
$$ \begin{aligned} p_{{{{ks} \mathord{\left/ {\vphantom {{ks} N}} \right. \kern-0pt} N}}} & = \sum\limits_{m = 1}^{N - k} {q_{{{{ms} \mathord{\left/ {\vphantom {{ms} N}} \right. \kern-0pt} N}}} } \\ & = kp_{ks} e^{{ - \lambda T_{A} }} + p_{ks} e^{{ - \lambda T_{A} }} \sum\limits_{n = k + 1}^{N - k - 1} {(1 - p_{{{{ks} \mathord{\left/ {\vphantom {{ks} n}} \right. \kern-0pt} n}}} )} \\ & + p_{ks} (1 - p_{{{{ks} \mathord{\left/ {\vphantom {{ks} {N - k}}} \right. \kern-0pt} {N - k}}}} ),\quad \quad \quad \quad k \ge 2. \\ \end{aligned} $$

                    (76)
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