
THE JOURNAL OF NAVIGATION (2019), 72, 359–374. c© The Royal Institute of Navigation 2018
doi:10.1017/S0373463318000735

Adaptive Multi-beamforming for
Space-based ADS-B

Sunquan Yu, Lihu Chen, Songting Li and Xiang Zhang
(College of Aerospace Science and Engineering, National University of Defense

Technology, P.R. China)
(E-mail: 15574857554@163.com)

We investigate a strategy to address the problem of low aircraft detection probability of space-
based Automatic Dependent Surveillance-Broadcast (ADS-B). A nineteen-element hexagonal
array and adaptive multi-beamforming method is proposed. This method aims to adjust the
beam pattern dynamically to reduce signal collision and enlarge coverage. With the focus on
the mission requirement of global aircraft detection by 2020, the appropriate gain and direction
of beams are studied and designed in detail. Theoretical analysis and simulations show that
this adaptive multi-beam antenna can greatly improve flight detection probability at an average
reporting interval from 10 seconds to 5 seconds when compared with the traditional fixed multi-
beam antenna. The results of this work show that the design of a 19-element antenna along
with the adaptive multi-beamforming method can be considered as a building block of future
space-based ADS-B.
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1. INTRODUCTION. Automatic Dependent Surveillance-Broadcast (ADS-B) is an
important technology in Air Traffic Management (ATM), which automatically, periodically
and continuously broadcasts aircraft information such as speed, position, flight number and
direction (Radio Technical Commission for Aeronautics (RTCA), 2011). In recent years,
aviation losses, such as Malaysian Airways MH-370 and Air France AF-447, have entailed
massive search operations (Ashton et al., 2015). Increasingly, aircraft are required to be
equipped with ADS-B Out. The European ADS-B Implementing Rule (European Union,
2011) mandated that new aircraft heavier than 5,700 kg or faster than 250 knots be equipped
with ADS-B Out from 2015. Similar mandates exist for some Asian regions and the United
States (US) and in Australia, ADS-B Out was required from the end of 2012.

Terrestrial-based ADS-B services are currently deployed as an add-on to radar or as an
alternative in regions where radar stations are not cost-effective (Blomenhofer et al., 2012).
However, due to the limited coverage range of terrestrial ADS-B, in 2008 the German
Aerospace Center (DLR) started to investigate whether 1090ES ADS-B signals broadcast
by aircraft could be received on board a low earth orbiting satellite. The world’s first ADS-
B receiver was on the PROBA-V satellite launched on 7 May 2013, which demonstrated the
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feasibility of space-based ADS-B (Werner et al., 2014). Many institutions and countries
have been involved in the development of space-based ADS-B owing to its global, con-
tinuous, low-latency and high-performance surveillance. More than a dozen satellites with
ADS-B receivers have been launched, such as the GomX (GomX-1, GomX-2, GomX-3
and GomX-4 designed by the GomSpace Company) series satellites (Alminde et al., 2012;
Gerhardt et al., 2017), STU-2 (Shanghai Technology University) satellite (Wu et al., 2016),
TianTuo-3 (Li et al., 2017) and Iridium-NEXT satellites. Live data from ADS-B receivers
on the Iridium-NEXT constellation of 66 satellites with 100% global coverage, including
over the North Pole and every ocean, will offer a worldwide ADS-B service (Garcia et al.,
2017).

Though we can receive ADS-B messages from space, it must be pointed out that the
detection probability of the experimental system at hand does not fulfil the requirements
of an operational surveillance system (Delovski et al., 2014). Low detection probability
is mainly caused by signal collision. This is because the area covered by a space-based
ADS-B is much larger than that for a terrestrial system. For example, the swath width
of TianTuo-3 is 1,200 nautical miles compared to approximately 200 nautical miles for a
terrestrial receiver. Furthermore, ADS-B shares the Radio-Frequency (RF) channel with
all radar and Traffic Collision Avoidance System (TCAS) surveillance signals. The traffic
generated by surveillance signals in high density areas exceeds the ADS-B traffic by a
factor of five or more (Blomenhofer et al., 2012).

Aiming at alleviating the signal conflicts, many studies have been carried out and some
efficient methods have been proposed. The signal collisions over the North Atlantic for a
space-borne ADS-B receiver using the Aloha protocol has been simulated. The Aloha pro-
tocol is a computationally simple method of determining signal collisions and alleviating
the necessity of running the full ADS-B model to determine missed messages (Van der Pryt
and Vincent, 2015a; 2015b). Petrochilos and Piracci (2009) proposed an algorithm based
on a projection technique to separate multiple Secondary Surveillance Radar (SSR) signals
in multilateration systems, in which the signal structure is the same as that of ADS-B. Since
a projection algorithm needs signal phase differences caused by a large distance between
multiple antennae, this method is not suitable for alleviating the signal conflicts in space-
borne ADS-B. In fact, as the initial ADS-B system was not designed for space reception,
the signal quality received in space is poor and hard to separate (Kharchenko et al., 2013;
Delovski et al., 2016; Galati et al., 2015). Cheng et al. (2015) investigated a beam scan-
ning method to address the problem of low ship detection probability, which can form a
narrow beam to reduce signal collisions of Automatic Identification System (AIS) signals
compared with a traditional wide beam antenna. This strategy is also useful for alleviating
ADS-B signal collisions, but the control law for antenna scanning is not mature at present.
A feasible method to improve detection probability is to sectorise the footprint by using
a multi-beam antenna (Bettray et al., 2013). The Iridium-NEXT satellites, which will host
the ADS-B receiver payloads with a uniform seven-beam antenna designed by Aireon, can
greatly improve the performance of the space-based ADS-B (Garcia et al., 2017).

Considering the uneven distribution of aircraft, fixed beams still have the problem of sig-
nal collision in high density areas, while the beams oriented to the ocean and poles would
receive few messages, leading to wasted power and a low detection probability. The adap-
tive multi-beamforming method described in this paper, with each beam covering a part
of the footprint and the overlaps between beams being properly adjusted, as depicted in
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Figure 1. Scheme of adaptive multi-beamforming for space-based ADS-B.

Figure 1, can both enable a large coverage area and improve detection probability. Specif-
ically, we use several small beams to cover high density areas, and fewer large beams in
low density areas.

The design approach will define the number and arrangements of beams. Firstly,
the detection probability of space-based ADS-B is calculated based on theoretical anal-
ysis, especially for cases that use multi-beam antennae to receive signals. Then the
restrictions are numerically calculated, and the beam design problem is transformed into
a multivariate optimisation problem. Finally, a simulation based on the ADS-B data
obtained by the TianTuo-3 satellite is conducted to verify the effectiveness of the adaptive
multi-beamforming method.

2. GLOBAL AIRCRAFT DETECTION ANALYSIS.
2.1. Global aircraft distribution. The Micro and Nano Satellite Center of the Chinese

National University of Defense Technology launched the first Chinese ADS-B satellite,
TianTuo-3, to Sun-synchronous Low Earth Orbit (LEO) at a height of 496 km on 20
September 2015 (Li et al., 2017). The ADS-B payload on TianTuo-3 can receive four
million messages transmitted by aircraft over 24 hours. The data users, including the
civil aviation administration and some researchers, confirmed that the data can be used
to improve aviation safety and efficiency (Zhao and Yu, 2018).

Figure 2 shows global aircraft distribution observed by TianTuo-3 in May 2017 from
the recorded data. We can see that the numbers of aircraft in different areas differ greatly
from each other. North America, Europe and eastern Asia have much higher aircraft density
compared with other areas, and some fixed routes can be clearly seen.

Since the detection probability cannot reach 100%, we cannot obtain an instantaneous
global aircraft distribution. So, we obtained the global distribution by means of data accu-
mulation with time. In fact, the total number of aircraft worldwide is rather easier to
determine than their detailed distribution. We define the instantaneous global aircraft den-
sity function, ft(λ, ϕ), which is related to latitude and longitude. After giving the detection
probability PTT3 of TianTuo-3, we have the following relation between density distribution
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Figure 2. Aircraft distribution observed by the TianTuo-3 satellite in May 2017.

and the total number of aircraft: ∫∫∫
λ,ϕ,t

PTT3 · ft(λ, ϕ) = M (1)

where M is the accumulated number of aircraft in the area of interest within time t.
The number of large civil aircraft is 31,266 by using the historical data at

flightradar24.com in 2017 and proportions of flights which were flying is assumed to be
nearly equal in all areas. In this paper, only one message sent by the same aircraft was used
and re-duplicated messages were deleted according to their Identity (ID), allocated by the
International Civil Aircraft Organization (ICAO). If the accumulation time is adjusted to
14·95 hours from 00:00 on 1 May 2017, the position messages we received were exactly
equal to 31,266. We then used the points obtained during this time to represent the global
aircraft distribution.

2.2. Detection probability analysis. The Probability Of Detection (POD) is defined
here as the percentage ratio between the actual number of position messages received and
the expected number of position messages. The POD analysis is divided into two parts: the
detection probability of the entire system, and the detection probability of each beam.

2.2.1. The POD of the system. If we know the detection probability of each aircraft,
then we can define the POD for the entire system by the average detection probability of
each aircraft, which is given by:

Pd =
1

Na

Na∑
i=1

P(ai) (2)

where Na is the number of aircraft and P(ai) is the detection probability of aircraft ai.
It is obvious that the POD of an aircraft depends on whether the receiver can receive its

messages. Therefore, the antenna gain and decoding performance of the receiver are two
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key points to decide the POD. If the antenna gain is high enough to receive the signal, then
we can use the POD of the receiver to replace the POD of this aircraft. As shown in Figure 1,
we defined Pbj as the POD of beam bj . When aircraft ai is covered by only one beam, bj ,
then we can get P(ai) = Pbj ; if there is more than one channel that can receive the signal of

ai, the POD of ai should be the joint probability of these beams: P(ai) = P
(
∪n

j =1bj

)
, so the

relation between the POD of each aircraft and that of each beam can be given by:

P(ai) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0, n = 0
Pbj , n = 1∑n

j =1 Pbj −∑n
1≤j <k≤n Pbj Pbk

+
∑n

1≤j <k<l≤n Pbj Pbk Pbi + · · · + (−)n−1Pb1 Pb2 · · · Pbn , others

(3)

Since our goal is to achieve global surveillance, the detection probability and refresh
rate should be high. The theoretical minimum aggregate average Pd necessary to support a
detection probability PUI within time TUI can be computed as follows (Garcia et al., 2015):

(1 − PUI ) = (1 − Pd)(T∗
UI fpositiontx ) (4)

where fposition,tx = 2 Hz is the transmission rate of ADS-B position messages.
2.2.2. The POD of each beam. Because the coverage of a satellite is much larger than

that of a ground station, the ADS-B receiver on the satellite may be simultaneously visible
to a large number of aircraft and other transmitters using 1,090 MHz, such as an Air Traf-
fic Control Radar Beacon System (ATCRBS), Identification Friend or Foe (IFF) system,
and Mode S. In this paper, the objective of beam optimisation is to alleviate co-channel
interference. The system detection probability can be regarded as the product of receiver
detection probability and environment impact factor:

Pd = PRPenv (5)

where PR is mainly caused by False Replies Uncorrelated In Time (FRUIT). The FRUIT,
which is a specialised vocabulary used in the Air Traffic Control (ATC) industry, mainly
includes interferences of ATCRBS and IFF, Mode S and 1090ES (RTCA, 2008). As these
interferences are irrelevant, we can rewrite Penv by:

Penv = PATCRBSPESPModeS (6)

where Penv is the ‘penalty’ factor of co-channel interference caused by ATCRBS, 1090ES
and Mode S. This means that detection performance can deteriorate due to these combined
effects. The most commonly used approach when modelling FRUIT is to assume that its
effect corresponds to a Poisson Arrival Rate behaviour (Van der Pryt and Vincent, 2015a;
2015b). The assumption of a Poisson Arrival Rate system is that the messaging scheme
corresponds to that of a random-access channel. For the conservative case of a channel
with perfect reception of non-interfered messages and zero reception of overlapped mes-
sages, as the offered load, G, increases, the detection probability of a message decreases
exponentially, that is, Pmsg = e−G. The terms G are the offered load values for each respec-
tive link technology. For example, GES = MESτES , and MES is the Mode S arrival rate
(messages/sec) and τModeS = 64 + 120 µs is the duration of each Mode S message plus the
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Table 1. Aircraft transmitter categorisation assumptions.

Parameter Symbol Value

Fraction of Mode S that has ADS-B vADS−B 0·3
ADS-B msgs/s/aircraft ωADS−B 6·2
Mode S short msgs/s/aircraft ωModeS 6·2
ADS-B Fraction of Top transmit αADS−B 0·5
Position msgs/s/aircraft fposition,tx 1

duration of a 1090ES messages. The other duration values are given by τATCRBS = 141µs,
τModeS = 184µs, and τES = 240µs.

The transmission rate of ADS-B equates to an average of 6·2 messages per second. Suc-
cessive messages of each type are transmitted alternately from top to bottom antennae, so
an average of 3·1 messages per second are generated by the top antenna. Only ADS-B trans-
missions from the upper antenna were considered since reflected signals from the Earth’s
surface are too weak for detection by the ADS-B payload. Furthermore, the assumption in
Table 1 are consistent with results from Garcia et al. (2015). The four main types of ADS-B
message convey position, velocity, event and identification information. Position message
transmission rate equates to an average of one message per second.

The antenna was designed to receive signals whose power are above 125 W. As the
transmitted power of ATCRBS is lower than 125 W, it cannot be detected by the space-
based ADS-B payload. Therefore, the interference of ATCRBS is omitted, and the POD
for one beam can be reduced to:

Pd = e−GADS−B−GModeS (7)

Combining Equations (2)–(6) leads to the relation between the POD of the ADS-B sys-
tem and the number of aircraft. Putting all these assumptions together leads to the basis of
our model.

In Iridium-NEXT’s case, the service being advertised will be capable of supporting con-
tinuous global, near real-time surveillance at a 10 s Update Interval (UI) greater than or
equal to 95% of the time for oceanic and low-density aircraft environments. Notionally,
with proper navigation communication performance available, this 10 s UI performance
could support 10 NM or less separation services depending on the outcome of the ICAO
and regional Air Navigation Service Provider (ANSP) safety case assessments. Therefore,
for the sake of simplicity, our criterion for the evaluation of performance of core mission
is for the 10 s UI to be met greater than or equal to 95% for 125 W equipped aircraft with
a top-mounted or diversity antenna.

Figure 3 shows the aircraft detection probability as a function of the number of aircraft
within the observation area. For a 10 s UI to be met greater than or equal to 95% of the
time, the number of aircraft covered by one beam should be less than 510. Currently, Euro-
control’s GEN-SUR document (Eurocontrol, 2015) describes terrestrial En-Route (5 NM)
and Terminal (2-3 NM) surveillance applications requiring 8 s and 5 s UIs, respectively.
Hence, the number of aircraft in one beam should be less than 510, at least for ATM use.

3. THE ADS-B RECEIVER AND ANTENNA. A complete receiving system includes
the antenna and receiver. For practical purposes, the link budget is analysed in detail. The
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Figure 3. Detection probability for different number of visible aircraft.

Figure 4. Signal processing flow chart for adaptive multi-beamforming.

Multi-Beam Antenna (MBA) synthesising technology usually includes the antenna type
selection, design and distribution of elements, and design of the phasing network (Guenad
et al., 2005).

3.1. Receiver structure. The weighting of antenna elements can be realised in a digi-
tal beamforming system through digital signal processing. As Figure 4 shows, M receivers
are connected with M elements of antenna. After filtering and amplification, analogue
signals are converted to digital signals by an Analogue/Digital (A/D) converter. N beam-
formers produce N combined signals using these N-way signals. Then, these signals are
demodulated and decoded. Finally, the extracted messages are downloaded to the ground
station.

3.2. Link budget calculation. One of the key points of satellite communication sys-
tem is the link budget. We take a LEO satellite whose orbit height is 780 km as an example.
The transmission power of the transmitter (class A, basic) is 125 W. The transmission loss
and antenna gain as well as other factors can be calculated from the data in Table 2. In
order to receive the signal, which is 63◦ off nadir, the antenna gain should be above 21dB.

3.3. Hexagonal array antenna design. An antenna array is a set of multiple connected
antennae which work together as a single antenna, to transmit or receive radio waves. The
individual antennae (often called elements) are connected to a single receiver or transmitter
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Table 2. Link budget parameters for ADS-B satellite.

Technical Parameter Typical value Remark

Frequency (f ) 1,090 MHz
Aircraft transmitted

power (P)
≥125 W(51 dBm) Transmitter Class A1 (Basic)

Transmitter antenna
gain (Gpt)

0 dBi

Transmit cable &
miscellaneous losses
(Lt)

2 dB

Angle off-nadir 0◦ 30◦ 63◦

Slant range (d) 780 km 1363 km 3249 km
Free space path loss

(Ls)
151 dB 155·8 dB 163·4 dB Ls = 32·4 + 20lgf + 20 lgd

Satellite antenna gain
(Grp)

8 dBi 12·8 dBi 20·4 dBi

Atmospheric
attenuation (La)

0·114 dB Can be omitted

Satellite RF line/filter
losses (Lr)

1 dB

Received Level(dBm) −95 −95 −95 P + Gpt-Lt-Ls + Grp-Lr

by feedlines that feed the power to the elements in a specific phase relationship. When
individual antenna elements are aggregated into arrays, new response/radiation patterns
are created which depend upon both the element patterns and the geometry of the array.
These patterns are called beam patterns. More often, but not always, the array consists
of identical antennae. The identical antenna case is interesting because it lets us partition
the radiation pattern into two components: one component describes the element radiation
pattern and the second describes the array radiation pattern.

In this paper, we discuss arrays whose elements are located on a hexagonal (or equilat-
eral triangular) grid, as shown in Figure 4. We think that the hexagonal array would be an
efficient arrangement for space-based ADS-B. In fact, Sharp proved that if the main beam
is required to scan inside a cone whose axis is normal to the array, then the number of
elements can be reduced by 13·4% (Sharp, 1961).

To illustrate the notion, consider the standard 19-element Uniform Hexagonal Array
(UHA) shown in Figure 5. Array elements lie in the y-z-plane. Our discussion will focus
on triangular-grid arrays that have six equal sides with dx = λ/2, and dy =

√
3λ/4 where

λ is the wavelength corresponding to the operating frequency of ADS-B (1,090 MHz).
The total number of elements will be 19, and dimensions of this array will be 1,000 mm ×
1,000 mm × 50 mm. Table 3 shows the parameters of this ADS-B hexagonal array.

When evaluated at the reference distance, we start with a simple model of the radiation
field produced by a single antenna which is given by:

F(θ , ϕ) = wi · f (θ , ϕ), wi = Iiej αi (8)
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Table 3. The parameters of the ADS-B hexagonal array.

Parameters Value
Frequency 1,090 ± 4M Hz
Max. VSWR 2
Element gain ≥ 4·5 dB
Polar Mode Right Circle
Dimensions 1,000 × 1,000 × 50 mm

Figure 5. The uniform hexagonal array for space-based ADS-B.

where Ii and αi represent its excitation amplitude and phase, and f (θ , ϕ) is the normalised
element field pattern. Let (yi, zi) be the position of the i-th element, for an array of identical
elements, the output of the array is the weighted sum of the individual elements:

B(θ , ϕ) =
Ne∑
i=1

exp[jk sin θ (yi cos ϕ + zi sin ϕ)] · F(θ , ϕ), k =
2π

λ
(9)

where Ne is the number of the elements. Considering that an antenna forms Nb beams:
(	B1, 	B1, . . . , 	BNb), by Ne elements, the weight factor of the i-th element for the j -th beam is
wi,j , then the beam forming weight matrix for directions of arrival for receiving arrays has
the form:

WNb,Ne =

⎡
⎢⎢⎢⎣

w1,1 w1,2 · · · w1,Ne
w2,1 w2,2 · · · w2,Ne

...
...

. . .
...

wNb,1 wNb,2 · · · wNb,Ne

⎤
⎥⎥⎥⎦ (10)

For the conventional beamformer, the weights are chosen to maximise the response of
the array for an arrival direction; for space-based ADS-B, this strategy may not be optimal.
The detail will be discussed in Section 4.
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4. ADAPTIVE MULTI-BEAMFORMING DESIGN.
4.1. The idea of the adaptive multi-beamforming design. To maximise the probability

of detection by the array antenna, we should give a reasonable design of beam size and
direction. Considering that the aircraft density distribution is extremely uneven in different
regions, if we apply one beam in high density areas, the system still faces the elevated
risk of signal conflict, while an identical size beam oriented to a low-density area (such as
ocean and polar regions) may receive only a few messages. Therefore, an adaptive beam
adjustment algorithm is proposed in this paper, which uses a small number of large beams
to cover low-density regions and more narrow beams to cover high-density regions.

In antenna array problems, there are many commonly-used parameters that can be
applied to evaluate the characteristics, such as gain, side lobe level and directivity, but it is
hard to give a specific relationship between detection probability and antenna using these
parameters. We shall give an analytic relation between detection probability and design
of antenna first. It can then be transformed to a multi-variable optimal problem. Finally, a
genetic algorithm will be used to find the optimal solution.

4.2. Analysis of ground coverage. Since LEO satellites have large coverage angles,
the ‘marginal problem’ and ‘near-far effect’ are obvious, thus the attenuation difference
must be compensated by adjusting antenna gain.

In our model, every targets’ attenuation should be calculated, for the probability of sig-
nal conflict depends on the number of signals which can trigger the receiver’s sensitivity
level. Spherical coordinates are used to describe the antenna pattern. As Figure 5 shows,
the azimuth angle of a vector is the angle between the x-axis and the orthogonal projection
of the vector onto the x-y plane. The elevation angle is the angle between the vector and
its orthogonal projection onto the x-y-plane. The angle is positive when going toward the
positive z-axis from the x-y plane. These definitions assume the boresight direction is the
positive x-axis.

To describe the position of an aircraft in the antenna ontology coordinate system, the
coordinates described by longitude and latitude will be converted into elevation angles and
azimuth angles of the antenna. In geocentric inertial coordinates (see Figure 6) let A be the
position of an aircraft, S be the satellite position, and C be the sub-satellite point. Take R
as a reference point, which has the same longitude as C. Then the elevation angle can be
defined as the angle between vector

−→
SC and

−→
SA and the azimuth angle can be defined as the

angle between two planes: SAC and SCR.

el = arccos

( −→
SC · −→

SA

|−→SC||−→SA|

)
, az = arccos

( 	r1 · 	r2

| 	r1|| 	r2|
)

(11)

where 	r1 =
−→
SC × −→

SA, 	r2 =
−→
SC × −→

SR. It is easy to find that the line of sight distance between
the aircraft and the satellite is |−→SA|, then the free-space path loss can be computed from:

LFs(dB) = 32·4 + 20lgf + 20lg|−→SA| (12)

where LFS is the free-space path loss and f = 1,090 MHz.
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Figure 6. Position relations of different coordinate systems.

Also, we need to convert location from longitude and latitude to rectangular coordinates:

⎧⎪⎨
⎪⎩

x = (N + H ) cos B cos L
y = (N + H ) cos B cos L
z = [N (1 − e2) + H ] sin B

(13)

where B, L and H represent geodetic latitude, longitude and height, respectively, and
N = a√

1−e2 sin2 B
is the radius of curvature of the prime vertical ring. Furthermore, we can

calculate the antenna’s field strength on a flat Earth and display it on the map by the
algorithm mentioned above; an example is given in Section 5.

4.3. Adaptive multi-beamforming design using Genetic Algorithm (GA). The synthe-
sis of an antenna array with a specific radiation pattern, limited by several constraints, is a
nonlinear problem. It can be solved by many known analytical optimisation methods. How-
ever, in some complex synthesis cases such as a radiation pattern with various main beams,
the classical methods become inefficient, because they are vulnerable to local-minima-
related difficulties. In this paper, the genetic algorithm is developed to solve problems of
antenna-array synthesis.

A GA uses random search methods, which are robust and capable of solving compli-
cated and nonlinear search problems. In computer science and operations research, GA is a
metaheuristic inspired by the process of natural selection that belongs to the larger class of
Evolutionary Algorithms (EA). Genetic algorithms are commonly used to generate high-
quality solutions to optimisation and search problems by relying on bio-inspired operators
such as mutation, crossover and selection (Marcano and Duran, 2000).

In the planar-array case, the GA directly changes the phase and amplitude of each ele-
ment of the array until the desired radiation pattern is achieved. Considering a problem that
requires the optimisation of a specific fitness function which depends on multiple variables,
a collection or group of chromosomes is defined, where each chromosome is assigned a ran-
dom weight matrix as defined by Equation (10). The fitness function related to the system
detection probability can be recognised by Equation (4).

min Fn = 1 − PUI (14)
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The GA is then used to find the optimum group of weights to minimise the fitness
function. As shown in Figure 1, our main research was focused on the satellite-covered
area. Since the aircraft in this area should be detected, a penalty factor would be added in a
GA algorithm if there was any target that could not be covered.

In this paper, the GA is improved for better system performance. A fixed-seven-beam
weight with random disturbance is used in the algorithm in order to accelerate its con-
vergence speed. Once antenna weights are given, the beam pattern can be synthesised
according to Equation (9). Whether a signal can trigger the receiver’s sensitivity level or
not can be calculated from Table 2. Counting the number of signals which can be detected
by the payload on the satellite, detection probability can be calculated by Equation (2).
Combining Equations (4) and (14) will allow us to conclude whether these weights meet
the mission requirements. The following outlines how the adaptive multi-beamforming
procedure works using GA:

(1) Input the current time and the orbit parameters of the satellite. The footprint of the
satellite can then be computed based on these parameters.

(2) Read the ADS-B historical database and capture the aircraft position distribution
within the satellite’s footprint.

(3) Begin with a group of random patterns by generating initial coefficients. A group
of chromosomes are assigned with a random weights matrix as defined by Equation
(10).

(4) Use GA to find the minimum of this fitness function. The detection probability is cal-
culated at each point and then the algorithm creates a sequence of new populations.
At each step, the algorithm uses the individuals in the current generation to create the
next population. To do so, the algorithm performs the following steps:
a. Compute optimisation criterion: score each member of the current population by

computing its fitness value according to Equation (14).
b. Select members, called parents, based on their fitness.
c. Some of the individuals in the current population that have lower fitness are

chosen as the elite. These elite individuals are passed to the next population.
d. Produce children from the parents. Children are produced either by making

random changes to a single parent (mutation) or two parents (crossover).
e. Replace the current population with the children to form the next generation.

(5) The algorithm stops when one of the stopping criteria is met: generations limit, time
limit, fitness limit, function tolerance.

(6) Determine whether the designed antenna meets the requirements. If the answer is
no, then rearrange the antenna design and go to the third step, otherwise output the
results.

Adapting the weights of the antenna in real time can realise the maximum detection
probability, because the number and distribution of aircraft is changing all the time. Con-
sidering that the GA consumes significant resources and time, which is a heavy load for the
computer on a satellite, the update cycle should not be too short. Through analysis of 31
months ADS-B data obtained by the TianTuo-3 satellite, there were hardly any changes
of the number of aircraft and their distribution in the world over a month. Therefore,
the weights will be changed based on analysis of traffic every month. Figure 7 shows a
flowchart diagram of the main steps of the adaptive multi-beamforming design using GA.
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Figure 7. Flowchart of adaptive multi-beamforming design.

5. SIMULATION AND EVALUATION. As an example, we discuss the performance
of the adaptive multi-beamforming algorithm in eastern China. The height of the satellite
was set to the same as that of Iridium-NEXT, which announced that they will achieve the
first global ADS-B surveillance system.

In contrast, we first use the traditional uniform hexagonal array with seven fixed uni-
form beams: beams 1 to 6 point to a specific elevation direction within a specific azimuth
plane (az = 0◦, 60◦, 120◦, 180◦, 240◦, 300◦); beam 7 points to the nadir (el = 0◦). The beam
pattern in UV space is shown in Figure 8(a). Noting that the pattern function of each ele-
ment in the array is constant over each angle, that is, f (θ , ϕ) = 1, the gain of the antenna is
normalised for purposes of simplicity.

In our simulation of adaptive multi-beamforming methods using GA, the population size
is 20. By using an N-bit phase shifter to form a uniform seven-beam pattern, the algorithm
converged after 150 generations.

The link budget is calculated to judge whether a signal can trigger the Receiver’s sen-
sitivity level. If the received signal level is bigger than −95 dBm, it can be detected in
the ADS-B payload on the satellite, because the sensitivity of the ADS-B receiver on
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Figure 8. Simulation synthesis results for uniform seven-beam. (a) Normalised pattern of antenna.
(b) Contours projected on map of eastern China. The scatters are marked by different colour to represent
the aircraft covered by different beams.

Figure 9. Simulation synthesis results for adaptive multi-beam array. (a) Normalised pattern of antenna.
(b) Contours projected on map of eastern China.

TianTuo-3 satellite is −95 dBm. A message collision will occur if there are several sig-
nals whose levels are above the sensitivity level simultaneously flushed into the ADS-B
receiver, which leads to an exponential decline of detection probability.

Figure 8(b) shows the contours projected on the ground of eastern China. The off-nadir
beams form several irregular ovals, and this is caused by the tilt projection.

In Figure 9, we plot the magnitude as a function of longitude and latitude. It is easy to
see that the beams oriented to the sparse area are large, while the beams oriented to high
density areas are relatively small. For example, the beam pointing to Beijing is small, for
this city is a transport hub and many flights take-off and land here. In contrast, the beam that
points to the ocean is wide. The narrow beam can mitigate signal collisions and has stronger
detection capacity. The results we obtained generally fitted our theoretical analysis.

Figure 10 shows the relationship between missing probability and the number of flights
in the areas of interest. The number on the horizontal coordinate represents the number of
flights ranging from 500 to 3,500, since the maximum number of flights a LEO satellite
can cover simultaneously is less than 3,000. The probability of missing a detection sharply
increases with the increase of the number of flights. Specifically, the adaptive multi-beam

https://doi.org/10.1017/S0373463318000735 Published online by Cambridge University Press

https://doi.org/10.1017/S0373463318000735


NO. 2 ADAPTIVE MULTI-BEAMFORMING FOR SPACE-BASED ADS-B 373

Figure 10. The relationship between missing probability and the number of flights.

design can halve the miss probability compared to a uniform seven-beam antenna with the
same number of flights. The greater the number of flights covered, the more detection prob-
ability improved compared to traditional methods, and the POD improves by18% when the
number of aircraft reaches 3,500.

6. CONCLUSION. In this paper, we investigated a uniform hexagonal array. An adap-
tive multi-beamforming method based on this antenna is proposed to enhance aircraft
detection probability. The preliminary analysis of the results for an ADS-B satellite at an
altitude of 780 km shows these improvements are considerable. Firstly, the narrow beam
has a large gain that improves the strength of the ADS-B signal and suppress interfer-
ence, which improves detection capacity in high density regions. The higher the number of
flights covered, the more detection probability improved compared to traditional methods.
Secondly, by using this adaptive multi-beamforming method, the array antenna can cover a
larger area compared to fixed multi-beam antennae. Our algorithms can take full advantage
of the antenna capabilities.

Although all the above conclusions are drawn from the assumption that an ADS-B satel-
lite moves in a 780 km orbit, similar performance can be obtained at different orbit altitudes
in LEO. The difference may lie in satellite’s field of view, number and size of beams. In con-
clusion, the adaptive multi-beamforming method is a promising innovation in space-based
ADS-B detection and would be expected to apply in our space-based ADS-B system.

Future work may focus on the manufacturing and deployment of systems for verification
on a satellite platform.
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