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In recent years, directional antennas or phased array antennas are being widely used in communication systems due to the higher
antenna gains. However, without external time synchronization and angle synchronization, the unsynchronized node usually takes
a long time to synchronize with the existing nodes due to the narrow beams. Although the multibeam transmission or the digital
phased array antenna can reduce this problem, it is clear that the cost of the digital phased array antenna is currently too high.
Without external time synchronization and angle synchronization, a cooperative antenna selection method based on directional
antennas is proposed in this paper. Our method only uses the narrow beams to transmit and to receive and reduces the time for
self-synchronization. In this paper, we give the expression of the expected average time for the self-synchronization of multiple
nodes, transform the problem into the problem of finding the minimum value of the infinite norm of the sequence, and then
propose a cooperative antenna selection method which calculates the optimal transmission probability distribution of the node
in different directions through parameter sharing and relative geometric position relationship between nodes. Finally, we verify
the proposed method through simulation, and the number of beams is set between 6 and 10. In a typical scenario of five nodes,
our method reduces the maximum average self-synchronization time by 50% averagely, compared with the traditional method
which sends the different antenna beams at equal probability.

1. Introduction

With the rapid growth of users’ demand for big data services
[1], the network throughput required is getting higher and
higher. In order to improve spectrum utilization, many
scholars have focused on cognitive radio [2], NOMA [2, 3],
etc. A simpler and more effective method is to use a higher
frequency band, such as 5G. A higher frequency band brings
greater attenuation, so more communication systems use
directional antennas which can increase transmission dis-
tance, reduce power consumption, and increase network
capacity. However, the use of directional antennas brings
new challenges to the MAC layer protocol design; the most
critical one is how to coordinate and make full use of multiple
antenna beam resources to achieve self-synchronization and
dynamic neighbor discovery of the communication nodes.

Neighbor discovery is the precondition for communica-
tion in ad hoc networks, and the method can be divided into
random ones and deterministic ones according to whether
the signal is sent in a probabilistic manner. Neighbor discov-
ery methods also can be divided into synchronous methods
and asynchronous methods according to whether the prior
information for synchronizing joins.

In scenarios without external time synchronization and
angle synchronization, algorithms based on ALOHA are usu-
ally used; however, the existing papers usually assume that
each node has the same transmission probability in different
directions, and only the optimal transmission probability is
found. In the process of neighbor discovery of asynchronous
directional ad hoc networks, self-synchronization is usually
performed firstly and then neighbor discovery under syn-
chronous conditions secondly. The paper [4] shows that the

Hindawi
Wireless Communications and Mobile Computing
Volume 2021, Article ID 5583653, 15 pages
https://doi.org/10.1155/2021/5583653

https://orcid.org/0000-0002-8700-3401
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5583653


asynchronous neighbor discovery time is about twice the
synchronous neighbor discovery time, so how to minimize
the maximum average self-synchronization time is the key
point to reduce the time for new nodes of joining in the direc-
tional ad hoc network and network establishment time. In
this paper, we design a cooperative antenna selection method
for directional antenna ad hoc networks based on ALOHA,
which minimizes the maximum average time for self-
synchronization.

In this paper, we will show that with the different topolo-
gies composed of synchronized nodes, the unsynchronized
nodes have different probabilities of receiving data packets
from synchronized nodes in the network at different direc-
tions and locations. Based on the parameter sharing and
the relative position relationship within the synchronized
nodes, a cooperative antenna selection method for direc-
tional antenna ad hoc networks based on ALOHA is
designed to calculate the transmission probability of nodes
in different directions to minimize the maximum average
time for the self-synchronization. The main contributions
of this article include the following:

(1) We proved that with the different topologies com-
posed of different nodes, the probability of receiving
packets of new nodes in different directions and posi-
tions is different

(2) We designed the data exchange protocol of the nodes
by transforming the problem of minimizing the max-
imal average self-synchronization time into the prob-
lem of minimizing the infinite norm. By this, the
suboptimal transmitting probabilities at different
directions are obtained, and the maximum average
self-synchronization time is minimized

The rest of this paper is arranged as follows. Section 2
summarizes the related works in self-synchronization and
neighbor discovery. Our assumptions and network model
are described in Section 3. We firstly give the expressions
of self-synchronization time of new nodes and then
discuss the relationship between the self-synchronization
time and their locations in Section 4. Section 5 introduces
our proposed cooperative antenna selection method for
directional antenna ad hoc networks based on ALOHA.
Section 6 gives the experiments, parameter setup, and exper-
imental result analysis. Finally, we summarize this work in
Section 7.

2. Related Works

Neighbor discovery algorithms can be divided into random
methods and deterministic methods according to whether
the signal is sent in a probabilistic manner and also can be
divided into synchronous methods and asynchronous
methods according to whether the prior information for
synchronizing joins. The deterministic neighbor discovery
method is usually a synchronization method in which each
node transmits the signal in a predetermined deterministic

mechanism. The deterministic neighbor discovery method
can obtain all neighbors in a fixed time.

Deterministic neighbor discovery algorithms are mainly
divided into arbitration-based algorithms [5] and algo-
rithms based on prime numbers [6, 7]. Arbitration-based
algorithms divide time into a two-dimensional matrix. Each
node randomly selects one row and one column as active time
slots. Neighbor discovery occurs when at least two active time
slots overlap with each other in two-node pairs. The algorithm
based on prime numbers is mainly designed according to the
Chinese remainder theorem [8], in which Disco [6], U-
connect [7], and Searchlight [9] are typical. In Disco [6], each
node chooses a pair of prime numbers so that the sum of their
reciprocals is set as close as possible to the required duty cycle.
Then, the node will wake up with a multiple of a single prime
number. If one node chooses the prime number ðp1, p2Þ and
another node chooses the prime number ðp3, p4Þ, the worst
discovery delay between these two nodes will be min p1p3, p2
p4, p1p4, p2p4, on the condition that the two prime numbers
in a pair are not equal.

In the distributed scene, deterministic methods, which
usually require prior knowledge of node synchronization and
the number of neighbors (such as SMAC [10] and BMAC
[11]), usually run at the cost of increasing the running time.
These algorithms mainly use GPS or self-synchronization
methods to achieve synchronization between two nodes. The
working mechanism between nodes must be the same as each
other to realize the mutual discovery. However, these methods
require sending the additional data and extra power consump-
tion to maintain synchronization within the in-network
nodes. Therefore, this algorithm is not suitable for power-
constrained scenarios. In an asynchronous system, there is
no global clock, and the node may be initiated at different
times, so they maymiss each other’s transmissions. Asynchro-
nous methods usually use random neighbor discovery
methods, and each node transmits the data at a randomly
selected time and finds all its neighbors at a high probability
in a given time.

As for the omnidirectional antenna asynchronous neigh-
bor discovery, McGlynn and Borbash [12] separated the
neighbor discovery algorithm from the MAC protocol for
the first time and defined it as an independent protocol. They
proposed an asynchronous neighbor discovery protocol called
birthday protocol [12, 13]. In the paper [13], Borbash et al.
studied the optimal TDMA time slot length under asynchro-
nous conditions, under the condition that the TDMA time slot
length is T =WTm, where Tm represents the time of sending
data. For synchronous systems, W = 1. For asynchronous
systems, the paper proved that the optimal value of W is 2,
and the optimal value of Pt is the reciprocal of the number
of neighbors. Vasudevan et al. [4] mapped random neighbor
discovery to the coupon collector’s problem. With the absence
of the number of neighbor nodes and external synchroniza-
tion, by analyzing the efficiency of the random discovery strat-
egy, Vasudevan et al. assumed the following. (1) Each node has
a unique ID. (2) Each node is equipped with a set of trans-
ceivers that can send or receive, but not at the same time. (3)
When multiple nodes send, conflict occurs at the receiving
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node, and all packet loss is caused by the conflict. (4) The com-
munication is considered to be bilateral. The method based on
ALOHA is as follows: each node independently selects the
transceiver state in each time slot, transmits at the probability
of px, and receives at the probability of 1 − px. The papers [14,
15] proved that the optimal sending probability is 1/n, where n
is the number of nodes in the largest clique that contains this
node. In the largest clique formed by n nodes, the probability
of node i successfully transmitting data is

p = px 1 − pxð Þn−1 = 1
n

1 −
1
n

� �n−1
≈

1
ne

: ð1Þ

Weuse the random variableW to represent the time taken
for a node to discover all its neighbor nodes. The neighbor
discovery process can be regarded as a sequence. Each
sequence contains 1 or more time slots. Wm represents the
length of the sequence mð0 ≤m ≤ n − 1Þ, which represents
the discovering time between the m-th node and the m + 1
-th node. In the m-th sequence, there are still n −m nodes
undiscovered, so Wm follows the geometric distribution of
the parameter ðn −mÞp: Since W =W0 +W1 +⋯+Wn−1,
we have [4]

E W½ � = 〠
m=0

n − 1E Wm½ � = 〠
n−1

m=0

1
n −mð Þp =

1
p
〠
n

m=1

1
m

≈ neHn,

ð2Þ

where Hn is the n-term harmonic series, Hn =∑n
m=11/m = ln

n + γ + εn, where γ is the Euler-Mascheroni constant and εn
≈ 1/2n; therefore,

E W½ � = ne ln n + γ + εnð Þ ≈ ne ln n + γne +
e
2
: ð3Þ

The paper [4] proved that the random variable W is
sharply concentrated near its mean value, so the time of
neighbor discovery W takes the value Θðn ln nÞ at a high
probability, and it proposed a distributed neighbor discovery
algorithm, in which the upper limit of neighbor discovery time
is 4ne ln n, under the condition of synchronization and
unknowing the number of neighbors and knowing the asyn-
chronous neighbor nodes; in the worst case, when the number
of asynchronous neighbor nodes is unknown, the neighbor
discovery time is 8ne ln n, which is twice that under the
synchronous condition.

As for communication systems such as CDMA or
MIMO, which supports sending and receiving multiple
packets at the same time, the paper [16] studied the neighbor
discovery problem under this case. For a clique of n nodes, if
the number of each node sending and receiving simulta-
neously is up to k, the neighbor discovery time can be
expressed as

W =Θ
n ln n
k

� �
w:h:p: ð4Þ

Because the omnidirectional broadcast can be easily
achieved, neighbor discovery using omnidirectional antennas
is relatively simple. However, the difficulty of using direc-
tional antennas to realize neighbor discovery lies in the fol-
lowing points. (1) The beamwidth of directional antennas is
limited, covering only a part of the azimuth angle. It is
required to repeat the neighbor discovery scheme in different
directions to cover the entire 360°. (2) Neighboring nodes
must know what, when, and where to point their directional
beams to discover each other. (3) Because of the existence of
directional antenna sidelobes, two adjacent nodes may find
multiple links through different directional antennas.

The neighbor discovery algorithm for wireless ad hoc
networks based on directional antennas can be divided into
directional transmission omnidirectional reception algo-
rithms, omnidirectional transmission directional reception
algorithms, and directional transmission directional recep-
tion algorithms according to whether directional antennas
are used for transmission and reception.

The representative algorithms for directional transmission
omnidirectional reception are One-Way Random (1-R) [15]
and Wheeled-Iteration Neighbor Discovery. The One-Way
Random algorithm is described as follows: each node in each
time slot transmits at a probability of pt and receives at a
probability of 1 − pt . When the node transmits, a transmis-
sion beam is randomly selected, and the node uses omnidirec-
tional reception. The performance analysis of the One-Way
Random algorithm is described as follows: for a clique with
k nodes, the probability of node i finding node j in a time slot
is [15]

pi,j =
θ

2π
pt 1 −

θ

2π
pt

� �k−2
1 − ptð Þ, ð5Þ

where pt is the transmission probability and θ is the beam-
width. Within t time slots, the probability of node i finding
node j is [15]

Pi,j = 1 − 1 − pi,j
� �t

: ð6Þ

According to the above two expressions, the optimal
sending probability is [15]

pt =
2 + k − 1ð Þ θ/2πð Þð Þ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 + k − 1ð Þ θ/2πð Þð Þ2 − 4k θ/2πð Þ

q
kθ/π

:

ð7Þ

When the value of k is large, the above formula can be
simplified as pt ≈ 2π/kθ, and the neighbor discovery time is
expressed as [15]

W =
3 Δ + 1ð Þe ln n

2π/θ 1 − 2π/ Δ + 1ð Þθð Þð Þw:h:p:, ð8Þ

where Δ is the maximum degree of the node. For omnidirec-
tional transmission directional reception, the optimal
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transmission probability is pt ≈ 2π/kα, where α is the width of
the receiving beam. As for the case where both the transmis-
sion and reception are directional, the optimal transmission
probability is pt ≈ 4π2/kθα, where α is the width of the receiv-
ing beam and θ is the width of the sending beam.

For the directional transmission omnidirectional reception
algorithm, An and Hekmat [17] proposed a directional trans-
mission omnidirectional reception neighbor discovery proto-
col, which adjusts the frequency of neighbor discovery
attempts and the direction of neighbor discovery attempts
based on the dynamics of the network. [17]. Similar to the
paper [17], Ji et al. [18] proposed an integrated radar commu-
nication neighbor discovery algorithm, which makes full use of
the neighbor’s location information provided by radar detec-
tion, and the proposed scheme can avoid repetitive neighbor
discovery attempts in the direction of potential neighbors. Both
the directional transmission omnidirectional reception algo-
rithm and the omnidirectional transmission directional recep-
tion algorithm have the following problems. (1) If an ordinary
directional antenna is used, the gain of the omnidirectional
antenna is much lower than that of the directional antenna,
and the communication range is shorter than that of the direc-
tional transceiver mode under the same signal-to-interference-
plus-noise ratio (SINR) threshold. (2) For digital phased array
antennas, although the gain of the omnidirectional receiving
antenna can be the same as that of the directional receiving
antenna, the cost of the digital phased array antenna is too high,
and it is not suitable for scenarios where the size, weight, and
power consumption are limited. Therefore, this paper focuses
on how to design a scanning transmission mechanism based
on directional antennas without external time synchronization
and angle synchronization. This mechanism only uses narrow
beam transmission and reception and reduces the maximum
average self-synchronization time as much as possible.

For the neighbor discovery algorithms for directional
transmitting and directional receiving, they can also be
divided into synchronization-based methods [19–21] and
random-based methods [15, 22], according to different
strategies. The synchronization-based method assumes that
the time of the node has been synchronized and the directional
information is included. The synchronization-based method
[19–21] introduces a discovery strategy in which all nodes
are synchronized in the sending and receiving directions
selected, but the decision of sending or listening is at will. Park
et al. [23] proposed a mathematical model to analyze the
neighbor discovery strategy in ad hoc networks in which only
directional pattern antennas are used and proved that the fully
synchronized method under the condition that the sector size
equals the antenna beamwidth performed better than the ran-
dom strategy [23]. Zhang [24] proposed a synchronization-
based scanning algorithm based on external time synchroniza-
tion and angle synchronization to realize neighbor discovery.
Xiong et al. [21] considered the case of the existence of multi-
ple nodes in a directional beam and proposed a scan-based
algorithm (SBA) for neighbor discovery. The key idea of
SBA is scanning a series of directions, and each scanning
should cover each antenna direction andmust not be repeated.
At the beginning of each scanning, the node randomly enters
the transmission mode at some probability and enters the lis-

tening mode at some probability. The node should keep its
mode unchanged until finishing a scanning; when sending,
the node sends in each specified direction. The broadcast
packet is a predefined sequence in potential neighbor detec-
tion directions. When listening, the node also waits for broad-
cast packets in the specified direction. If a broadcast packet is
received, it will reply with a confirmation packet.

The synchronization-based neighbor discovery algo-
rithm requires time synchronization information and angle
synchronization, which is not difficult to obtain in practical
applications. In this situation, random methods are usually
used. Based on the random method, assuming that there is
no time synchronization and pointing information between
nodes, probabilistic scheduling of sending and receiving in
randomly selected directions is developed. The paper [22]
provided a detailed analysis of neighbor discovery protocols
with 2-way communication when using directional antennas.
Based on this analysis, a design of a random 2-way neighbor
discovery algorithm using selective feedback is proposed. The
results show that the node needsΘðn2/kÞ to discover n neigh-
bors at k antenna sectors, which is a significant performance
improvement over pure randomized algorithms. They also
extend this scheme to practical application, where the num-
ber of neighbors is unknown, and show that the performance
reduces by no more than 4/3.

Time synchronization algorithms can be divided into
direct methods and methods with messages exchanged. In
direct methods, an unsynchronized node updates its time
directly when packets for synchronized ones are received.
In methods with messages exchanged, the transmission delay
is calculated by the handshakes between nodes, in which
Round-Trip Synchronization [25], Network Time Protocol
(NTP) [26], Reference Broadcast Synchronization (RBS)
[25], Lightweight Time Synchronization (LTS) [27], Timing-
sync Protocol for Sensor Networks (TPSN) [28], and Flooding
Time Synchronization Protocol (FTSP) [29] are typical. No
matter which time synchronization algorithm is adopted, the
first step of self-synchronization for new nodes is to receive a
packet for synchronized ones. Without external time synchro-
nization and angle synchronization, the unsynchronized node
usually takes a long time to receive the first packet from
synchronized ones in directional ad hoc networks. Thus, the
key point of minimizing the synchronization time in direc-
tional ad hoc networks is to reduce the waiting time for an
unsynchronized node to receive the first data packet of
synchronized ones.

The existing random-based neighbor discovery algorithms
for directional ad hoc networks without external time syn-
chronization and angle synchronization can be improved in
two ways. (1) The existing neighbor discovery algorithms only
consider that each node makes decisions independently and
do not consider the interaction of cooperation information
within the nodes. (2) Whether One-Way Random or polling
iterative algorithm, the node scans the beam pointing at 360°

at equal probability. In the condition of no topological prior
information, this approach is optimal, but once topological
prior information is present, the equal probability scanning
may not be optimal. Based on the above two points, we
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propose a cooperative antenna selection method for direc-
tional antenna ad hoc networks based on ALOHA, without
external time synchronization and angle synchronization.

3. System Model

Before presenting the proposed cooperative antenna selec-
tion method for directional antenna ad hoc networks based
on ALOHA, we briefly describe our assumptions and
network model.

First of all, we have the following assumptions:

(1) Each node can generate K beams to achieve 360°

coverage, and the width of each beam is the same as
α = 2π/K

(2) Each node can only select one of the antenna beams
for transmission or reception at the same time

(3) TDMA is adopted

(4) The nodes have no external time synchronization

(5) The communication range of each node is R

(6) The nodes have no angle synchronization, and the
antenna placement direction of each node is random,
and each array is numbered clockwise

(7) We adopt such directional antenna interference
model that node A and node B send data to node C
at the same time; as shown in Figure 1, the conditions
for node A and node B not to interfere with each
other are

∠ACB > 1 + Δð Þα, ð9Þ

where Δ is the interference parameter, which is used to mea-
sure how far apart the two beams will not interfere with each
other, which depends on the size of the sidelobes of the
receiving and sending beams, SINR threshold, and anti-
interference ability of the physical layer.

The interference model is shown in Figure 1. It can be
seen that the physical meaning of Δ∙α is the minimal
angle shifting away from the edge of the receiving beam
(assumed that node C point to A) that the signals will
not interfere with each other. Then, we perform network
modeling.

We consider the similar network model in the paper [30]
on the Euclidean two-dimensional plane, using Φ = fXi, ei,
ωi, φi, Fi, Tig to represent the problem in ℝ2. The density
on the plane is the homogeneous Poisson point process of
λ, where

(1) Φ = fXig denotes the polar coordinates of the nodes

(2) feig is the MAC indicator of node i, and ei = 1 if node
i is allowed to transmit and 0 otherwise

(3) ωi ð0 ≤ ωi < 2πÞ denotes the angle of the first beam
pointing relative to north, and ωi obeys uniform
distribution ½0, 2πÞ

(4) φi ð0 ≤ φi < 2πÞ denotes the angle of node i beam
pointing relative to north

(5) fFi = ðFj
iÞg denotes the virtual power emitted by

node i, which means the product of the effective
power of transmitter i and of the random fading from
this node to the receiver. A special important case
consists in assuming constant emitted power and
Rayleigh fading which implies exponential F

(6) Ti denotes the SINR threshold of node i, and we
assume that the SINR thresholds are the same, ∀i
Ti = T

Omnidirectional path loss represents lð∙Þ:

l uð Þ = Auð Þ−β, A > 0, β > 2: ð10Þ

The condition for node y to receive node x is

SINRxy θ, φx, φy

� �
=

Fy
x · l x − yj jð Þ · AFx φxð Þ · AFy φy

� �
W + IΦ1 θ, φy

� � ≥ T:

ð11Þ

W represents additive Gaussian white noise, and IΦ1

ðθ, φyÞ denotes the interference signal received when the
node y beam points to φy .AFiðφiÞ denotes the antenna
gain of node i in the direction of φi.

IΦ1 θ, φy

� �
= 〠

j∈Φ∧1

Fy
j · l j − yj jð Þ · AFj φj

� �
·AFy φy

� �
: ð12Þ

Φ∧1 represents the set of nodes that are in the trans-
mitting state at the current moment. It can be seen from
formula (11) that the signal-to-noise ratio at the receiv-
ing nodes depends on the interference from other nodes

C

A

B

ACB
𝛼

𝛼

Δ•𝛼

Figure 1: Directional antenna interference model.
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and the product of the gains of the transmit and receive
antennas. The product of the gains of the transmit and
receive antennas at the same time depends on the angle
of the transmit and receive beams, namely,

AFx φxð Þ ·AFy φy

� �
= f φx − φy

� �
: ð13Þ

The same as formula (9), assume that the node uses
a uniform linear array (ULA) with 20 elements, and the
“Hanning” window is used. The normalized antenna
gains at 0° are shown in Figure 2.

Taking the antenna gains shown in Figure 2 as an exam-
ple, it can be seen that the 3 dB beamwidth is about 9°, and
the gain of the antenna offset 20° away from the main beam
is about -40 dB. If the physical layer works normally under
the interference-to-signal ratio (ISR) of -40 dB, the interfer-
ence parameter is about 3.4. It can be seen that the directional
antenna interference model in this paper (9) is in line with
the actual situation. The interference parameter depends on
the gain of the antenna beam sidelobe, the SINR threshold,
and the anti-interference ability of the physical layer.

4. The Maximal Average Synchronization
Time for Directional Ad Hoc Networks

Without external time synchronization and angle synchroni-
zation, the unsynchronized node usually takes a long time to
synchronize with the existing nodes due to the narrow beams
in directional ad hoc networks. In this section, firstly, we will
give the expressions of synchronization time; secondly, we will
show that with the different topologies composed of synchro-
nized nodes, the unsynchronized nodes have different proba-
bilities of receiving data packets from synchronized nodes in
the network at different directions and locations.

For the asynchronous directional TDMA ad hoc network
without external time synchronization and angle synchroni-
zation, if a phased array antenna is used, since the distance
measurement can be performed through the phased array
antenna, the receiving node only needs to receive one packet
from synchronized nodes; thus, the node can achieve time
synchronization. At this time, the self-synchronization time
is the waiting time for the unsynchronized node to receive
the first data packet of synchronized nodes. If a common
directional antenna is used, in which distance measurement
cannot be achieved through a single information transmis-
sion, the usual method is to use a three-way handshake
protocol similar to NTP to achieve network time synchroni-
zation, the first handshake to achieve coarse synchronization
and the second and third handshakes to achieve distance mea-
surement, achieve fine synchronization, and finally achieve
complete network time synchronization; the latter is usually
a fixed value (related to the specific protocol design). Based
on the above two points, the self-synchronization time in a
directional antenna ad hoc network can be expressed as

T τð Þ = τ + ξ: ð14Þ

In formula (14), τ represents the waiting time for the

unsynchronized node to receive the first data packet of syn-
chronized ones, that is, coarse synchronization time, and ξ
represents the fine synchronization time. When the node has
the ranging function through one signal transmission, for
example, a phased array antenna is used. At this time, the fine
synchronization time ξ is 0; otherwise, ξ is a fixed value related
to the protocol design and has nothing to do with τ. Therefore,
minimizing the maximum average self-synchronization time
of the unsynchronized node is a problem, which is equivalent
to minimizing the maximum τ.

In the following, we will prove that in a directional antenna
ad hoc network, for a network where multiple nodes have
completed neighbor discovery, depending on the topology,
the probability of receiving a data packet from synchronized
nodes is different according to geometric position relative to
the synchronized nodes. We first consider the simplest case,
when there is only one node that has been ynchronized; at this
time, because the unsynchronized nodes are subject to the
homogeneous Poisson point process with a density of λ, for
the nodes that have been synchronized, at each direction of
360°, the probability of the number of unconnected nodes is
the same. At this time, the optimal transmission strategy is
equal probability transmission in each direction.

When there are two connected nodes, the distance
between the connected nodes A and B is d < R. The position
of node A is the origin of the polar coordinate. The direction
from node A to node B can be the polar coordinate direction
to establish a polar coordinate system. The coordinate of
node A is ð0, 0Þ, the coordinate of node B is ðd, 0Þ, and we
use taðθÞ and tbðθÞ to represent the transmission probability
of node A and node B in the direction of θ ð0 ≤ θ < 2πÞ. Since
the unsynchronized node does not know the geographic loca-
tion and geometric distribution of the synchronized nodes,
the receiving probability of the unsynchronized node in the
360° direction is the same, that is, ∀θ ∈ ½0, 2πÞ rcðθÞ = α/2π
= 1/K . At this time, the probability that the unsynchronized
node Cðρ, θÞ will receive the data packets of node A and node
B is shown in the following expression:

p ρ, θð Þ =

ta θACð Þ
K

, C ∈Ω1,

ta θACð Þ 1 − tb θBCð Þð Þ + tb θBCð Þ 1 − ta θACð Þð Þð Þ
K

, C ∈Ω2,

ta θACð Þ + tb θBCð Þð Þ
K

, C ∈Ω3,

tb θBCð Þ
K

, C ∈Ω4,

0, C ∈Ω5:

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

ð15Þ

Among them, the real planeΩ is divided into five regions
according to the different geometric positions of the unsyn-
chronized node C and the synchronized nodes A and B, as
shown in expression (16), where R = 300, Δ = 2, and K = 30.
The regional distribution when the distance between two
synchronized nodes is set to be 100 and 200 is shown in
Figure 3.
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Figure 2: The normalized antenna gains of a uniform linear array (ULA) with 20 elements by the “Hanning” window.

100

200

300

400

30

210

60

240

90

270

120

300

150

330

180 0Ω1 Ω4Ω3Ω2

d = 100

A B

(a)

A

d = 200

100

200

300

400

500

30

210

60

240

90

270

120

300

150

330

180 0
B

Ω1 Ω4Ω3Ω2 Ω2

(b)

Figure 3: The probability distribution regions of the unsynchronized node successfully receiving the data packet of the two synchronized
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Nodes in regions Ω1 are in the communication range of
one node and cannot communicate with the other. If the
unsynchronized node is in the receive mode, the nearest
synchronized node is in the transmit mode, and the unsyn-
chronized node and the nearest synchronized node point to
each other, and the unsynchronized node can receive a data
packet of synchronized ones. So, the probability that the
unsynchronized nodes in regionsΩ1 will receive data packets
of synchronized ones is taðθACÞ/K . θAC denotes the direction
that node A points to node C. Similarly, the probability for
the unsynchronized nodes in regions Ω4 is tbðθBCÞ/K .

Nodes in regions Ω2 are in the communication range of
both nodes, and the angle between the unsynchronized nodes
and the two synchronized nodes is less than αð1 + ΔÞ, which
means the two synchronized nodes will interfere with each
other when they are all in the transmit mode and point to
the same unsynchronized nodes. If one of the synchronized
nodes is in the transmit mode and points to the unsynchro-
nized node and the other not, the unsynchronized node can
receive a data packet of synchronized ones. So, the probabil-
ity for the unsynchronized nodes in regions Ω2 is ðtaðθACÞ
ð1 − tbðθBCÞÞ + tbðθBCÞð1 − taðθACÞÞÞ/K .

Nodes in regions Ω3 are in the communication range of
both nodes, and the angle between the unsynchronized nodes
and the two synchronized nodes is not less than αð1 + ΔÞ,
which means the two synchronized will never interfere with
each other. So, the probability for the unsynchronized nodes
in regions Ω3 is ðtaðθACÞ + tbðθBCÞÞ/K .

From the above, we get the expressions of (15) and (16).
Then, we will analyze the situation with multiple nodes.

When there are N nodes in the network, the polar
coordinates of the synchronized node Ni are Niðρi, θiÞ, and
tiðθÞ denotes the transmit probability of node i in the direc-
tion of θ ð0 ≤ θ < 2πÞ. We use li to represent the distance
between the unsynchronized node and the synchronized
node Ni and use ϕij to represent the angle formed by node i
and node j and the unsynchronized node. Then, the proba-

bility that the unsynchronized node successfully received
packets from synchronized nodes is expressed as

p ρ, θð Þ = 1
K

〠
i=N

i=1,li<R
ti θð Þ

Y
j=1,j≠i,l j<R,j∈Ψi

1 − t j θð Þ� �0
@

1
A + 〠

j=N

j=1, j≠i,l j<R,j∈bΨ i

t j θð Þ

2
64

3
75:

ð17Þ

Ψ =Ψi + bΨ i denotes the set of all connected nodes, and
Ψi represents the set of all nodes whose angle between the
unsynchronized node and node i is less than αð1 + ΔÞ given
the position of the unsynchronized ðρ, θÞ, and Ψi and bΨ i
can be expressed as

Figure 4: The relationship between the geometric position of the
unsynchronized node relative to synchronized nodes and the
distribution of the waiting time of the first packet received; the
darker color represents the longer waiting time.
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Ψi = Nj ∣Ni,Nj ∈Ψ, ϕij ≥ α 1 + Δð Þ
n o

, ð18Þ

bΨ i = Nj ∣Ni,Nj ∈Ψ, ϕij ≥ α 1 + Δð Þ
n o

: ð19Þ

According to the paper [22], assuming that the probabil-
ity of a node successfully receiving a data packet in one time
slot is p, the waiting time for the node to receive the first data
packet obeys the exponential distribution of parameter p;
thus, the expectation of the waiting time for the unsynchro-
nized node receiving the first packet is

E Tð Þ = 1
p
: ð20Þ

We simulated the distribution of the expectation of the
waiting time. In our simulation, there are five synchronized
nodes, R = 300, Δ = 2, and K = 30, and the coordinates of
nodes are N1ð0, 0Þ, N2ð290, 0Þ, N3ð290, π/4Þ, N4ð250, π/2Þ,
and N5ð290, 3π/5Þ, respectively; each node uses the optimal
transmit probability, and the transmit probability of K
directions is the same. Figure 4 shows the relationship
between the geometric position of the unsynchronized node
relative to synchronized nodes and the distribution of the
waiting time of the first packet received; the darker color
represents the longer waiting time.

Figure 5 shows the probability density function (PDF)
curve and cumulative distribution function (CDF) curve of
the average waiting time of the unsynchronized node under
the geometric position distribution of the five nodes shown
in Figure 4. It can be seen in Figure 5(a) that the probability
density function (PDF) of the average waiting time of the
unsynchronized node is discrete. If the traditional method
with equal probability of different directions is adopted, the

expectation of the waiting time for the first packet reception
by unsynchronized nodes is discrete and finite, because the
probability of the first packet reception by unsynchronized
nodes is discrete and finite according to the regions divided
by the communication range of multiple nodes as shown in
expression (16) and Figure 3, and the probability of the first
packet reception by unsynchronized nodes in the same
region is the same, which is related to the area of each region.
Because the unsynchronized nodes are subject to the homo-
geneous Poisson point process with a density of λ, the larger
the area of the region is, the larger the PDF value of the
corresponding waiting time. It can be seen that according
to the difference between the geometrical positions of the
unsynchronized node and the synchronized node, the
waiting time gap of the first data packet reception from the
synchronized node is relatively large. When the unsynchro-
nized node is at the edge of the coverage of the networked
node, the waiting time is relatively large, and when it is rela-
tively central, the waiting time is relatively small.

5. Proposed Cooperative Antenna Selection
Method for Directional Antenna Ad Hoc
Networks Based on ALOHA

From the previous section, we know that the traditional
method with equal transmit probability is not the optimal
choice in ad hoc networks based on directional antennas. In
this section, we will propose a cooperative antenna selection
method for directional antenna ad hoc networks based on
ALOHA, which minimizes the maximum synchronizing
time in the network. According to expressions (17) and
(20), we know that given the coordinates of synchronized
and unsynchronized nodes, the expectation of synchronizing
time is
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Figure 5: The probability density function and cumulative distribution function curves of the average waiting time of unsynchronized nodes.
(a) The probability density function curve of the average waiting time of unsynchronized nodes. (b) The cumulative distribution function
curve of the average waiting time of unsynchronized nodes.
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E T ρ, θð Þð Þ = K 〠
i=N

i=1,li<R
ti θð Þ

Y
j=1,j≠i,l j<R,j∈Ψi

1 − t j θð Þ� �0
@

1
A + 〠

j=N

j=1,j≠i,l j<R,j∈Ψ∧i

t j θð Þ
2
4

3
5−1

:

ð21Þ

Therefore, the problem of minimizing the maximum
synchronizing time in the network can be expressed as the
problem of minimizing the infinite norm of the
sequence EðTðρ, θÞÞ, which can be expressed by the optimi-
zation problem of the following formula:

minimize
ti θð Þ

E T ρ, θð Þð Þk k∞

subject to

ð2π
0
ti θð Þdθ ≤ 1

Uij j
∀θ, 0 ≤ θ < 2π, 0 ≤ t θð Þ ≤ 1

0 < ρ ≤ R:

ð22Þ

Ui represents the ordered set of all neighbors including
node i itself, and formula (22) can be solved by convex opti-
mization methods. Note that when the unsynchronized node
is in the geometric center of the synchronized node, the wait-
ing delay is small, and when it is at the edge, the waiting delay
is large. Therefore, we propose a cooperative antenna selec-
tion method for directional antenna ad hoc networks based
on ALOHA, as shown in Algorithm 1, where U denotes the
collection of all synchronized nodes that have joined the net-
work. For unsynchronized nodes, the receiving probability is
1, and the sending probability is 0; for the synchronized
nodes, if there is a point in the communication coverage of
itself but not in the communication range of other synchro-
nized nodes, then follow the node number from small to large
and calculate the transmit probability of different beams of
the corresponding node according to formula (22), until the
transmit probabilities of different beams of the node are
obtained; otherwise, the node transmits with equal probabil-
ity, that is, tðkÞ = 1/KjUij, 1 ≤ k ≤ K .

For node i, formula (22) requires the polar coordinates
Njðρj, θjÞ and the transmission probability t jðθÞ of each

Input: Network ID i, the number of beams K
Output: The probability of the K beams
1 if node i is synchronized then
2 if ∃ðρ, θÞ, 0 < ρ ≤ R, 0 ≤ θ < 2π, ∀j ∈U , j ≠ i, l j > R then
3 for each j ∈Ui, j ≤ i do
4 t jðkÞ← calculate the probabilities of the K beams according to (22)
5 end
6 else
7 ∀k, 1 ≤ k ≤ K , tðkÞ = 1/KjUij
8 end if
9 else
10 ∀k, 1 ≤ k ≤ K , tðkÞ = 0
11 end if

Algorithm 1: The proposed cooperative antenna selection algorithm.
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Unsynchronized
node
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Idle Reserved

Data

Sending node Receiving node
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Figure 6: TDMA scheme.
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neighbor node j inUi. This is usually not difficult to obtain in
the ad hoc network protocol. For example, we can design a
TDMA scheme as shown in Figure 6, in which nodes send
HELLO packets with a certain probability in idle time slots,
and the selection of the transmission and reception probabil-
ity can refer to the existing literature (such as [22]). If a node
that has not been synchronized receives a HELLO packet, it
immediately sends a REPLY packet to the receiving direction;
data services can be sent or received in the reserved time slot.
The time slot length T0, the HELLO packet and REPLY
packet length T1, and the data packet length T2 satisfy the
following relationship:

T0 = T2 +
R
c
+ ϵ = 2T1 + 2

R
c
+ 2ϵ: ð23Þ

R is the maximum communication distance, c is the
speed of light, and ϵ is the guard time used for receiving
and transmitting switching.

Through the two handshakes of HELLO and REPLY,
time synchronization and distance measurement can be
carried out through time synchronization algorithms such
as NTP. If a phased array antenna is equipped, the DOA
of the neighbors can be estimated through the two hand-
shakes; otherwise, the number of the directional beams of
the neighbors can be obtained. Let the origin of the polar
coordinate be the location of the node itself, and let the polar
coordinate direction be the direction of the first beam. The
polar coordinates of neighbors are obtained. The HELLO
and REPLY packets include the sending probabilities of dif-
ferent directions arranged from a specific node. Thus, the
input requirements of the algorithm proposed in this paper
can be met.

6. Experiment and Results

The cooperative antenna selection method for directional
antenna ad hoc networks based on ALOHA proposed in this
paper is simulated in the situation shown in Figure 4. In our
simulations, there are five synchronized nodes, R = 300, Δ = 2
, and K = 30, and the coordinates of nodes are N1ð0, 0Þ, N2
ð290, 0Þ, N3ð290, π/4Þ, N4ð250, π/2Þ, and N5ð290, 3π/5Þ,
respectively. The problem of formula (22) is solved by the
open-source GEKKO library [31, 32] and the IPOPT tool.
Figure 7 shows the relationship between the waiting time to
be synchronized and the geometric distribution of the
synchronized nodes. Figure 8 is a comparison diagram of
PDF and CDF of the proposed methods and the traditional
method in which equal transmit probability is adopted.

The transmit probabilities at different beams of node 1
are shown in Figure 9. It can be seen from Figure 7 that using
the method proposed in this paper, the coarse synchroniza-
tion time of new nodes at the edge of the network is reduced.
By adopting the proposed method, the transmit probabilities
of different directions are different, so the average waiting
time of the unsynchronized node in the same region is differ-
ent. So, it can be seen from Figure 8(b) that the PDF curve of
the proposed method is no longer discrete, and the average
waiting time of the unsynchronized node is continuous
because the probability of the first packet reception by unsyn-
chronized nodes varies according to their geographic loca-
tion. It can be seen from Figure 8 that under the traditional
method using equal transmit probability, the maximum wait-
ing delay of nodes to be synchronized is 500 time slots. After
adopting the method proposed in this paper, the maximum
waiting delay is 197 time slots; thus, the maximum average
time for the new nodes to be synchronized is reduced by
60%. It can be seen from the CDF curve that using the
method proposed in this paper, the waiting time of the

(a) (b)

Figure 7: The relationship between the average waiting time to be synchronized and the geometric distribution of the synchronized node. (a)
The result of the traditional method with equal transmit probability. (b) The result of the method proposed in this paper.
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central unsynchronized node has increased slightly com-
pared to the traditional method. It can be seen from
Figure 9 that the transmission probability of node 1 is mainly
distributed from beam 4 to beam 9, which corresponds to the
upper left direction of Figure 7, and the transmit probability
of other beams is nearly zero. This is because there are
already other synchronized nodes in the beam directions.
Therefore, from the perspective of reducing interference
and increasing the transmission success rate in other direc-
tions, the transmit probability in this direction is reduced.

The simulation is carried out under the same conditions
with different numbers of beams. When the number of
beams is set to be 10, 8, and 6, respectively, the CDF curve
comparison of the waiting time of the two methods for new
nodes is shown in Figure 10. When the number of beams is
set to be 10, 8, and 6, respectively, the synchronization wait-
ing delays of the traditional method with equal transmit
probability are 500, 320, and 180, respectively. After adopting
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Figure 8: PDF and CDF comparison of the two methods. (a) The PDF of average waiting time slots of the traditional method with equal
transmit probability. (b) The PDF of average waiting time slots of the method proposed in this paper. (c) Comparison of CDF curves of
the two methods.
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the method proposed in this paper, the synchronization wait-
ing delays are 197, 118, and 81, respectively. Compared with
the traditional method, they are reduced by 303, 202, and 99,
respectively, and the reduction ratio is 60.6%, 63.1%, and
55%. It can be seen from Figure 10 that compared with the
traditional method, the more the beams, the narrower the
beam angle; the method proposed in this paper shortens
the waiting time of a new node with a larger absolute value.
This is because the narrower the beam angle, the smaller
the probability of the two-node beams facing each other.

Under the condition of the number of beams K = 10,
when the interference parameters Δ are set to be 1, 2, and
3, respectively, the method proposed in this paper is adopted,
and the synchronization waiting delays are shown in
Figure 11. When the interference parameters Δ are set to be
1, 2, and 3, respectively, under the traditional method with
equal transmit probability, the synchronization waiting delay
is 500, and under the proposed method, the synchronization
waiting delays are 182, 197 and 206, respectively. Compared
with the traditional method, the synchronization waiting
delays of the proposed method are reduced by 318, 303,
and 294, respectively, and the reduction ratio is 63.6%,
60.6%, and 58.8%. Figure 11 shows that under the condition
of different interference parameters Δ, the largest waiting
delay of the traditional method is the same. This is because
interference is not the main factor leading to increasing the
maximal average self-synchronization time of the unsyn-
chronized node. The main reason for increasing the maximal
average self-synchronization time is the unsynchronized
node located at the edge of the network, and only one of
the synchronized nodes can reach it. At the same time, as
shown in Figure 11, as the interference parameter is smaller,
the maximum average self-synchronization time of the

method proposed in this paper is smaller. This is because
the interference of multiple nodes becomes the main factor
restricting the maximal average self-synchronization time
after rescheduling the transmit probabilities of different
beams using the method proposed in this paper. Therefore,
the smaller the interference area, the smaller the maximal
average self-synchronization time.

7. Conclusions

In this paper, we propose a cooperative antenna selection
method for directional antenna ad hoc networks based on
ALOHA, which minimizes the maximum average time of
self-synchronization of new nodes without external time syn-
chronization and angle synchronization. Firstly, we performed
a quantitative analysis of the average self-synchronization time
for new nodes in the case of a two-node network, and then we
gave the expression for the expected average time of self-
synchronization of new nodes in the case of a multiple-node
network. The problem of minimizing the maximum self-
synchronization average time of new nodes is transformed
into the problem of finding the minimum value of the infinite
norm of the sequence. Based on this, an improved method for
cooperating antenna selection of directional antenna ad hoc
networks based on ALOHA is proposed. It minimizes the
maximum average time of self-synchronization through
parameter sharing and relative geometric position relationship
and calculates the optimal transmit probability distribution of
this node in different directions. Finally, we verify the effec-
tiveness of the method proposed through simulation. In our
simulation, the number of beams is set to 10 and the
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Figure 10: Comparison of the CDF curves of the average
synchronization waiting delays of the proposed method and
traditional method with equal probability of the K beams when
the number of beams is set to be 10, 8, and 6, respectively.
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interference parameter is set to 2; in the typical scenario of five
nodes, the maximum average time of self-synchronization of
new nodes is reduced by 60%.
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