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Abstract—The directional neighbor discovery problem, i.e.,
spatial rendezvous, is a fundamental problem in millimeter wave
(mmWave) networks, where directional transmissions are used
to overcome the high attenuation. The challenge is how to let
the transmitter and receiver beams meet in space under deafness
caused by directional transmission and reception, where no prior
information or coordination is available. In this paper, we present
a Hunting-based Directional Neighbor Discovery (HDND) scheme
for ad hoc mmWave networks, where a node follows a unique
sequence to determine its transmission or reception mode, and
continuously rotates its directional beam to scan the neighbor-
hood for neighbors. Through a rigorous analysis, we derive the
conditions for ensured neighbor discovery, as well as a bound
for the worst case discovery time. We validate the analysis with
extensive simulations, and demonstrate the superior performance
of the proposed scheme over two benchmark schemes.
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I. INTRODUCTION

With booming interest in wireless applications and services,
there has been a drastic increase in mobile data in recent
years, as observed in several industrial white papers (e.g.,
Cisco’s Visual Network Index Report and Qualcomm’s 1000×
Mobile Data Challenge), and the trend is expected to continue
into the next decade. The predicted 1000 times mobile data
increase poses unprecedented challenges to existing and future
wireless networks, and triggers huge interest in future 5G
wireless systems. To this end, millimeter wave (mmWave)
communications has been recognized as a key component of
5G wireless, as the huge amount of spectrum in the mmWave
bands can enable multi-Gigabit wireless networks and support
bandwidth-intensive applications [1]–[4].

There are many challenges on fully harvesting the high
potential of mmWave communications. Particularly, mmWave
signals experience much higher attenuation than that in lower
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frequencies in the first meter of propagation [5], thus requiring
directional antennas to overcome this physical phenomenon.
Such signals usually do not easily penetrate or diffract around
obstacles [3]. Smart antennas and beamforming are indis-
pensable for overcoming the high attenuation and achieving
high data rates [6], [7], [17]. Therefore, although studied in
the context of cellular and ad hoc networks, there has been
renewed interest in the design of directional networks [8]–[11].
A particular fundamental problem in such networks is how
to discover neighbors under deafness caused by directional
transmission and reception, and other problems include the
need to bootstrap directional beamsteering in a mmWave
network, and to maintain network connectivity when nodes
come and go and as propagation conditions and topology vary
over time. Fast algorithms without needing centralized control
and synchronized operations, yet with guaranteed neighbor
discovery, would be highly appealing and useful.

Neighbor discovery is an important component for dis-
tributed, autonomous wireless networks [26]. The employment
of directional antennas brings about many benefits, but causes
great challenges to neighbor discovery. Most existing neighbor
discovery schemes are based on certain channel models.
MmWave channels are known to be sparse due to limited
number of dominant propagation paths. Comprehensive data,
surveys and a tutorial of spatial channel models can be found
in [5], [24], [35]. In a recent work [17], compressed sens-
ing based low-complexity algorithms are proposed to exploit
channel sparsity for adaptively estimating multipath mmWave
channel parameters. In another recent work [18], the authors
propose a method for estimation of the receive-side spatial
covariance matrix of a channel from a sequence of power
measurements made at random angles.

The directional neighbor discovery problem is actually a
spatial rendezvous problem, where the directional beams of
a pair of nodes need to meet in space (i.e., pointing to each
other or both viewing a strong reflector), with one node in
the transmission mode and the other in the reception mode.
Existing neighbor discovery schemes for directional wireless
networks exploit several approaches to overcome the deafness
problem, which is much more severe in mmWave networks
due to the narrow beamwidths, such as using omni-directional
transmission/reception for neighbor discovery [10]–[14], syn-
chronized operation [12], [13], [15], adopting a centralized
control channel [15], and transmission at random directions
and exploiting reflected signals [16]–[19]. In the context of
cellular mmWave networks, directional neighbor discovery is
also called initial access, i.e., the procedure with which a
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mobile device establishes an initial link layer connection to
a base station [19]–[22]. For instance, in [19], the authors
present a directional cell discovery procedure where base sta-
tions periodically transmit synchronizations signals at random
directions, and the mobiles scan for such signals to detect
the base station. In [23], a deterministic approach is proposed
with bounded discovery time, by using the Chinese Remainder
Theorem on a sector based directional network [25].

A. Related Work

Existing directional neighbor discovery algorithms can be
roughly classified as follows.

a) Algorithms Using Other Spectrum Bands: In [15],
a multi-band directional neighbor discovery scheme is pre-
sented, which uses a common control channel on the 2.4
GHz WiFi band to identify all potential neighbors. This is a
centralized scheme that schedules neighbor discovery for the
60 WiFi GHz band. The use of WiFi bands greatly simplifies
the process, since all nodes are within one hop in the 2.4 GHz
WiFi band, although they do not see each other in the 60 GHz
WiFi band.

b) Algorithms Using Omni-directional Communications:
In [13], the authors present a synchronized slotted scheme
that uses a directional antenna at the transmitter to enhance
the gain, and an omni-directional antenna at the receiver
to increase the reception probability. A similar approach is
adopted in [30] for neighbor discovery in 60 GHz Wireless
Personal Area Networks. An angle of arrival (AOA) based
algorithm is used to determine the transmitter location. The
authors in [12] present a synchronized slotted algorithm that
uses the antenna without beamforming (N-BF), transmitter
beamforming only (T-BF), and transmitter and receiver beam-
forming (TR-BF) at different stages of neighbor discovery with
a pure randomized algorithm. In these works, the use of omni-
directional communications helps to mitigate the deafness
problem in directional wireless networks. In [31], the authors
present the Talk More Listen Less (TMLL) design principle
to reduce idle-listening in neighbor discovery protocols. This
work is more suitable for wireless sensor networks where
energy consumption is a major concern and transmissions are
broadcast based.

c) Algorithms with Synchronized Operation: The above
schemes requires synchronized slotted time [12], [13], [15],
[30]. Some other schemes have stronger assumptions on
synchronized operation [32], [33], such as that all transmitters
face a certain direction, all receivers face the opposite direction
simultaneously, and all nodes rotate at the same angular
velocity. The strongly synchronized operations may lead to
more collisions. In [32], a three-way handshake and a random
response scheme are used to reduce the collision probability.
In [33], a token based algorithm ensures that only one node
transmits beacon signals at a time.

d) Randomized Asynchronous Algorithms: Randomized
asynchronous algorithms have been developed in [13], [18],
[19], [34]. It is shown that asynchronous algorithms require
at least twice as much time than a synchronized algorithm for
a K-clique network [13], while the performance of the asyn-

chronous algorithm is worse than the synchronized algorithm
in general one-way handshake networks [34].

e) Deterministic Algorithms: In [33], the neighbor dis-
covery process is carried out by the nodes sequentially (i.e.,
serialized), and the scheme discovers all sector-to-sector links
between nodes with a systematic approach. In [23], all sector
directional pairs are examined with the Chinese Remainder
Theorem. A bounded time-distributed neighbor discovery is
achieved under the assumption of ideal beacons (i.e., it takes
zero time to transmit and receive).

B. Contributions and Organization

In this paper, we consider a mmWave ad hoc network
deployed on a 2D area, and develop an effective scheme for
neighboring nodes (or, users) to discover each other. Since
neighbor discovery is the first step to start a self-configuring
wireless network, it may not be easy to acquire prior in-
formation for centralized coordination, synchronization, or
acquiring a common control channel. On the other hand, while
making the receiver work in the omnidirectional mode (at a
lower rate) can help to mitigate the blindness problem, the
omnidirectional receiver may receive beacons from multiple
neighbors simultaneously and at smaller SNR per received
signal, leading to interference (i.e., more collisions) and re-
quiring more processing to decode the different beacons in a
dense network. Unlike prior approaches, here we develop an
effective directional neighbor discovery scheme without using
omni-directional transmissions, without needing a centralized
control channel, and without needing time synchronization and
synchronized operation, yet with guaranteed neighbor discov-
ery performance. In other words, we are interested in “blind”
neighbor discovery with only directional antennas. As shown
below, this approach offers promise for low power sensor
networks, and mobile or fixed mmWave networks that seek to
maximize SNR through narrowbeam antenna implementation
whenever possible.

In our proposed scheme, a node continuously rotates its
directional beam in either the clockwise or counterclockwise
direction in a 2D plane, to scan its neighborhood to discover
neighbors in a quasi-static mmWave network.1 While this work
focuses on 2D, it should be clear that the method described
here could be extended to 3D discovery, for use in networks
involving users that have a wide variation in relative elevation,
such as drones or for mobile networks for users in high
rise buildings. Each node operates either in the transmission
mode or the reception mode. In the transmission mode, the
node sends out a beacon signal, stops, and starts to listen for
acknowledgments (ACK) from neighbors. The node repeats
the beacon-listen patten when it scans the neighborhood. In
the reception mode, the node keeps listening for beacons. If
a beacon is received, it responds with an ACK immediately
on the same channel. Once a beacon-ACK handshake is
completed, the two nodes find each other.

We call this approach Hunting-based Directional Neighbor
Discovery (HDND), since each node continuously scans its

1We focus on the 2D network case in this paper, and will extend this
approach to 3D networks in our future work using 3D channel models [24].
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neighborhood to “hunt” for neighbors (during the neighbor
discovery period). Consider a pair of neighboring nodes, where
the node with a faster angular velocity for rotating its antenna
beam will chase and catch up with the slower node in bounded
time. Following the notation in [26], this is a “deterministic”
approach, as opposed to random or probabilistic schemes that
point to random directions to find neighboring nodes.

Specifically, with the proposed scheme, each node generates
its pseudo-slot sequence consisting of its ID, a sequence
of 0 bits, and a sequence of 1 bits. Each bit corresponds
to a pseudo-slot of time. In each pseudo-slot, each node
determines its state by the corresponding sequence bit value:
transmission mode if it is a 0, and reception mode if it is a 1.
A transmitter scans its neighborhood by rotating its beam with
angle velocity ωT . During the scanning process, the transmitter
sends a beacon and then starts to listen for ACKs. It repeats
the beacon-listen operation, until an ACK is received (i.e., a
neighbor is discovered). A receiver also rotates its beam with
angle velocity ωR, while continuously listening for beacons.
If a beacon is received, the receiver will reply immediately
with an ACK, which completes a successful handshake and
the nodes discover each other.

We first consider the basic case of a single transmitter-
receiver pair. We derive the condition for the transmitter and
receiver beams to meet in the 2D space, derive the distribution
of the overlap angle of the two beams, as well as the condition
for a successful beacon-ACK handshake (which indicates a
successful neighbor discovery). The analysis also sheds useful
insights on how to set the protocol parameters to ensure a
successful neighbor discovery. We then examine the case of a
distributed ad hoc network with randomly placed nodes. We
adopt a special sequence design presented in prior work [23],
[27], to coordinate the transmission/reception mode of every
node without centralized control. We show that when com-
bined with the basic case design of a single transmitter-receiver
pair, the proposed scheme can ensure neighbor discovery with
bounded discovery time. We derive the procedure for ensured
discovery, as well as a bound on the worst case discovery time,
and validate our analysis with extensive simulations. By com-
paring with two benchmark schemes, the proposed algorithm is
shown to achieve considerable reduction in neighbor discovery
time and substantial gains on network-wide throughput.

The remainder of this paper is organized as follows. Sec-
tion II presents the system model. Section III examines the
case of a transmitter-receiver pair. The proposed scheme is
presented in Section IV and validated in Section V. Section VI
concludes this paper and discusses future work.

II. SYSTEM MODEL

We consider a mmWave ad hoc network with a set of nodes
deployed within an area. We first present the system model and
our basic assumptions in the following.
Unique ID: Each node has a unique ID, which is assigned
and/or known before the node joins the network.
Steerable Smart Antenna: Each node is equipped with a
smart antenna [6], which can continuously steer its beam
towards a desired direction [7], [17], e.g., to scan its neigh-
borhood.
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Fig. 1. Example of the transmission and reception modes. The time slot in
the figure has a duration of a beacon duration τB (plus certain guard time
for propagation delay). The first beacon signal is not received since the two
beams are not pointing to each other. The second beacon signal is received, and
the receiver responds with an ACK, which completes the neighbor discovery
procedure.

Beamwidth: The beamwidth of a transmitter, denoted as θT ,
and that of a receiver, θR, are constants during the neighbor
discovery process, with 0 < θT < 2π and 0 < θR < 2π.
Antenna Pattern: The antenna pattern for all transceivers
is directional (i.e., directional transmitters and directional
receivers). The quasi-omnidirectional pattern is not considered
since it is inefficient from a link SNR perspective, and not
practical for reliable mmWave networks [2], [28]. The pattern
for a directional antenna usually consists of a main lobe
and several sidelobes. To simplify the model, we ignore the
sidelobes and assume that the antenna has an ideal gain as in
prior works [29].2 Letting φ be the pointing angle, which may
be within the deviation angle from the center (boresight) of
the beam, the antenna gain is modeled as

g(φ) =

{
G(θ), |φ| < θ/2
0, otherwise. (1)

Communication Mode: We assume the general case of half-
duplex nodes. Once turned on, each node operates in one of the
two modes, i.e., the transmission mode or the reception mode.
In the transmission mode, a node first sends a short discovery
beacon, and then listens for a short period of time for ACK
from a discovered neighbor. It repeats the send-listen operation
while scanning its neighborhood. In the reception mode, a
node continuously listens on the channel while scanning its
neighborhood. If a beacon is received, it immediately returns
an ACK to the sender of the beacon on the same channel. An
example of the communication modes is given in Fig. 1.
Steering Model: Each node can continuously rotate its beam
at a constant angular velocity ωT in the transmission mode
and at a different, constant angular velocity ωR in the re-
ception mode, with the constraint that ωT 6= ωR.3 The same
beamwidth, i.e., θT and θR, and the same antenna gain, i.e.,
G(θT ) and G(θR), are maintained for all the transmitters and
receivers, respectively. The angular velocities should satisfy
the following constraint:

ωR
ωT

=
p

q
, s.t. p, q ∈ Z+, p 6= q, and gcd(p, q) = 1, (2)

2Sidelobes may be helpful to neighbor discovery, but may also cause
more collisions of beacons and ACKs. Attenuated sidelobes will generally
be weaker than the main beam. The RX could keep track of relative signal
levels to determine the best beam.

3All the nodes use the same ωT in the transmission mode and the same ωR

in the reception mode. This is pre-configured in the protocol implementation,
and of course could be varied as a function of application or node or channel
variations.
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where gcd(·, ·) returns the greatest common divisor; p and q
are different, co-prime, positive integers. If the condition is
not satisfied, e.g., ωR = ωT , the two nodes may never find
each other.
Discovery Beacon: Each node in the transmission mode con-
tinuously sends discovery beacons, containing the transmitter’s
Unique ID. The transmission time of a discovery beacon, i.e.,
the beacon duration, is a short, constant duration τB . Without
loss of generality, we assume the ACK has a similar format as
a beacon, and the transmission time for an ACK is also τB .
Successful Discovery A successful neighbor discovery for a
pair of nodes i and j, is achieved if node i receives the ID of
node j in a beacon and then node i responds with an ACK
that carries its ID, or vice versa.

III. NEIGHBOR DISCOVERY FOR A SINGLE
TRANSMITTER-RECEIVER PAIR

For ease of exposition, we first examine the fundamental
case of a pair of mmWave nodes, one operating in the
transmission mode and the other in the reception mode. The
findings in this section will then be leveraged to address the
case of a mmWave ad hoc network in Section IV.

A. Conditions for a Successful Discovery

With the model described in Section II, a straightforward
approach is to let the transmitter and receiver point their
beams at random directions; they will discover each other
if their beams meet in space (i.e., spatial rendezvous with
partial overlap of the pair of beams). However, such a random
approach usually leads to a non-negligible probability of
missed detection [16]. To mitigate the worst case performance
of probabilistic approaches, a deterministic algorithm is con-
sidered in this paper.

As described in Section II, each node randomly picks a
direction (i.e., clockwise or counterclockwise) to rotate its
beam at a fixed angular velocity (i.e., ωT or ωR, respec-
tively). During rotation, the node in the transmission mode
continuously sends a beacon signal and then waits for ACKs,
while the node in the reception mode continuously listens for
beacons, until they meet in space and complete a beacon-ACK
handshake.

We have the following theorem for the proposed scheme.

Theorem 1. Consider the transmitter-receiver pair case:
the receiver has beamwidth θR and angular speed ωR, and
the transmitter has beamwidth θT and angular velocity ωT .
The angular velocities satisfy constraint (2). The receiver is
guaranteed to receive a signal from the transmitter within p
rounds (and the transmitter will rotate for q rounds), if and
only if the following constraint is satisfied, regardless of the
starting positions of the two beams.

pθT + qθR > 2π. (3)

Proof: Let us begin with a simple example of p = 4,
q = 3, and θT = θR = π

3 . It can be verified that both (2)
and (3) are satisfied. Without loss of generality, the receiver
(R) rotate clockwisely and the transmitter (T) rotate counter-
clockwisely, as shown in Fig. 2. Let ti’s be the specific time

instances during the scanning process. The initial positions of
the transmitter/receiver beams at t0 are shown in Fig. 2; the
transmitter beam is marked as a solid-lined sector, and the
receiver beam is marked in a shade of gray.

The two nodes can communicate with each other when their
beams meet in space, more specifically, when the transmitter’s
signal travels along the line connecting them, TR (i.e., line of
centers (LoC)), and the reception beam covers the LoC at the
same time, as the case at time t3 in Fig. 2.

In Fig. 2, snapshots of the transmitter/receiver antenna
beams at different time instances are shown to explain the
“hunting” process. Specifically, t1 and t2 are the time instances
that the transmitter beam starts to reach and leave the LoC,
respectively, during the first round of rotation. During interval
[t1, t2], the receiver radius RS rotates to a new position RS’.
The area it sweeps through during this period is marked as a
striped sector at time t2 in Fig. 2. After the transmitter beam
rotates for q = 3 rounds, while the receiver beam rotates for
p = 4 rounds, there will be three such striped sectors, as shown
at time t6 in Fig. 2.

The striped sectors are generated when the transmitter beam
sweeps through the LoC. It can be seen that t2− t1 = θT /ωT
and thus the central angle of a striped sector is θT ·ωR/ωT =
θT · p/q = 4π/9. Therefore, after the transmitter beam rotates
for q = 3 rounds, there will be 3 such striped sectors, each
with central angle 4π/9. Since the transmitter beam rotates at
a constant speed, the striped sectors are evenly distributed in
the disk, separated by 3 blank sectors, each with central angle
2π/9 (see time t6 in Fig. 2).

This simple example can be easily generalized. In the
general case, after the transmitter beam rotates for exactly q
rounds, there will be q striped sectors and q or zero blank
sectors. Each time the transmitter beam sweeps through the
LoC, the duration is θT /ωT and the central angle of each
striped sector is θT ·ωR/ωT = θT · p/q. The central angle for
each blank sector is (2π−pθT )/q, when pθT ≤ 2π; otherwise,
if pθT > 2π, the entire disk will be covered in stripes.

Therefore, the receiver is guaranteed to receive part of the
beacon after rotating for p rounds, if and only if the receiver
beam overlaps with any of the striped sectors. When there are
blank sectors, this fact translates to the following condition:

(2π − pθT )/q < θR ⇒ pθT + qθR > 2π. (4)

When there are no blank sectors (i.e., when pθT > 2π), the
receiver beam will completely overlap with the striped sector
(i.e., the entire disk). Combining these two conditions, we
have (3).

B. Performance Analysis

Theorem 1 provides the condition that the transmitter and
receiver beams meet in space. However, for a successful
neighbor discovery, the overlap of the two beams should be
sufficiently large for the beacon-ACK handshake to complete.
Define Θm as the maximum angle of the overlap of the
transmitter and receiver beams. In this section, we provide
an analysis of Θm to derive its distribution. The analysis also
leads to the condition for a successful neighbor discovery.
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Fig. 2. Relative beam directions of the transmitter and receiver during the neighbor discovery process, during which each beam rotates at a given direction
at a constant angular velocity (i.e., ωT or ωR). The beam positions of the transmitter and receiver at specific time instances (e.g., t1, t2, ...) are illustrated as
a blank sector and a shadow sector, respectively. Note that the time instances are not necessarily evenly spaced. For example, from t1 to t2, the transmitter
rotates 60◦ in the counterclockwise direction, while the receiver rotates 80◦ in the clockwise direction; from t2 to t3, the transmitter rotates 300◦ in the
counterclockwise direction, while the receiver rotates 400◦ in the clockwise direction. The ratio is ωT /ωr = 60/80 = 300/400 = 3/4.

(i) (ii) (iii)

Fig. 3. Three cases for the receiver beam to overlap with the striped sectors.
This is the result for the example shown in Fig. 2, after the transmitter beam
rotates for q = 3 rounds.

Without loss of generality, we assume pθT > qθR in this
section (the analysis for the case of pθT < qθR is similar). As
shown in the example in Fig. 2, the positions of the striped
areas at time t6 are only dependent on the initial position of
the transmitter beam. Then as shown in Fig. 3, if the condition
in Theorem 1 is satisfied, there are three possible cases for the
transmitter and receiver beams to meet in space:

1) The receiver beam is fully covered in a striped sector
(as in Fig. 3(i)), due to the assumption θR < θT · p/q;

2) The receiver beam partially overlaps with one striped
sector (as in Fig. 3(ii));

3) The receiver beam partially overlaps with two striped
sectors (as in Fig. 3(iii)), since θR > (2π− pθT )/q (see
Theorem 1).

In Case 1), we have Θm = θR and this happens with
probability (pθT /q − θR)/(2π/q) = (pθT − qθR)/(2π).

In Case 2), part of the receiver beam is covered by a striped
area and the other part is covered by a blank area with a central
angle of (2π − pθT )/q. We have Θm ∼ U [(pθT + qθR −
2π)/q, θR], i.e., Θm is uniformly distributed. This happens
with probability 2− pθT /π.

In Case 3), the receiver beam overlaps with two striped
sectors; the blank area between the two striped areas is com-
pletely covered by the receiver beam. We pick the larger one
of the two overlapping areas for Θm, which is also uniformly
distributed as U [(pθT +qθR−2π)/(2q), (pθT +qθR−2π)/q].
This case happens with probability (pθT + qθR)/(2π)− 1.

Therefore, Θm has the following distribution.

Θm∼


θR, w.p. pθT−qθR2π

U [pθT+qθR−2πq , θR], w.p. 2− pθT
π

U [pθT+qθR−2π2q , pθT+qθR−2πq ], w.p. pθT+qθR2π −1,

The probability density function (PDF) of Θm is

f(θm) =


pθT−qθR

2π · δ(θm − θR), if θm = θR
q
π , if

pθT+qθR−2π
q < θm < θR

q
π , if

pθT+qθR−2π
2q ≤ θm ≤ pθT+qθR−2π

q .

=

{
pθT−qθR

2π · δ(θm − θR), if θm = θR
q
π , if

pθT+qθR−2π
2q ≤ θm < θR,

(5)

where θm is the value that r.v. Θm takes, and δ(·) is the Dirac
delta function.

The complementary cumulative density function (Comple-
mentary CDF) of Θm is

F̄ (θm) =


0, if θm > θR
pθT+qθR−2qθm

2π , if pθT+qθR−2π
2q ≤ θm ≤ θR

1, if θm < pθT+qθR−2π
2q .

Define τ = 2τB as the handshake time, i.e., the time
required for a successful beacon-ACK handshake. Also let
D denote a successful neighbor discovery event. Letting r.v.
T denote the duration when the two beams overlap, the
probability for a successful handshake can be derived as

Pτ (D|T = t) =

 0, t ≤ τ
t/τ − 1, τ < t < 2τ
1, t ≥ 2τ.

(6)

Define threshold θth = τωR = 2τBωR. Then the successful
handshake probability can be written as

Pθth(D|Θm=θm)=

 0, θm ≤ θth
θm/θth−1, θth < θm < 2θth
1, θm ≥ 2θth.

(7)

Theorem 2. Consider the transmitter-receiver pair case. As-
suming pθT +qθR > 2π and pθT > qθR, then for θth = τωR,
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the probability for a successful handshake after the transmitter
beam rotates for q rounds has the following distribution.

Pθth(D) =



0, if θth > θR
qθ2th−qθRθth+pθT θR−pθT θth

2πθth
,

if θR
2 < θth ≤ θR

pθT+qθR−3qθth
2π ,

if pθT+qθR−2π
2q < θth ≤ θR

2
pθT+qθR−π−2qθth

2π − (pθT+qθR−2π)2
8qθthπ

,

if pθT+qθR−2π
4q < θth ≤ pθT+qθR−2π

2q

1, if θth ≤ pθT+qθR−2π
4q .

(8)

Proof: From (7), we have the probability of a successful
handshake conditioned on Θm. Combining with the distribu-
tion of Θm given in (5), the probability of having a successful
handshake can be derived as

Pθth(D) =

∫ ∞
0

Pθth(D|Θm = θm)f(θm)dθm

=

∫ θR

pθT+qθR−2π

2q

Pθth(D|Θm = θm)
q

π
dθm+

1

2π
(pθT − qθR)Pθth(D|θR). (9)

The second term in (9) is the integral of the Delta function
in (5). Substituting (7) into (9), then we have (8).

Theorem 2 indicates that the following corollary holds true,
which follows directly by using (8).

Corollary 2.1. If the chosen parameters satisfy

τ < (pθT + qθR − 2π)/(4qωR), (10)

a successful discovery will be guaranteed within q rounds of
the transmitter beam rotation.

C. Validation and Discussions

In Figs. 4 and 5, we present simulation results of the
transmitter-receiver pair case to validate Theorems 1 and 2.
We set both θT and θR to 30◦, and examine the impact of the
handshake time τ , rotation parameters p and q, and threshold
θth. The results are obtained from 100, 000 simulations with
different random seeds.

We find that the simulation results closely match the anal-
ysis summarized in Theorem 1 and Theorem 2. Therefore we
omit the analysis curves in both figures for clarity. In Fig. 4,
we plot the CDF of discovery for increased handshake time,
assuming θth = 2◦, to validate Theorem 1. It can be seen
that if p and q are small, there is no guarantee of successful
discovery over a certain amount of time, since Condition (3)
is not satisfied (e.g., when p = 5 and q = 4, and when p = 6
and q = 5). When p = 7 and q = 6, although Condition (3) is
satisfied, the overlap of the two beams (i.e., Θm) is still too
small to guarantee a successful handshake. When p and q are
sufficiently large, the CDF curves will reach 100%, as in the
case when p = 11 and q = 10, and when p = 16 and q = 15.

In Fig. 5, we set p = 8 and q = 7, which satisfies (3).
According to Theorem 2, if θth is larger than (pθT + qθR −
2π)/(4q) (which is 3.2143◦ in this case), the maximum
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Fig. 4. Cumulative discovery probability versus different p and q values.
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Fig. 5. Cumulative discovery probability versus different θth values.

probability of discovery should be smaller than 1. That is,
successful neighbor discovery may not be guaranteed. For
example, see the cases when θth = 4◦ and when θth = 5◦ in
Fig. 5, where neighbor discovery may not be ensured since the
condition in Theorem 2 is violated. In conclusion, the system
parameters θR, θT , p, q, ωR, and ωT must be carefully chosen
according to Theorems 1 and 2, to guarantee certain neighbor
discovery performance.

IV. HUNTING-BASED DIRECTIONAL NEIGHBOR
DISCOVERY

Now, we consider neighbor discovery in a distributed net-
work without centralized control. The key is to make one of the
two autonomous neighbors operate in the transmission mode,
and the other in the reception mode. We show that this can
be achieved with a specific sequence as in prior works [23],
[27]. Another issue is the asynchronized operations of the
two nodes. Additional discovery time is required when the
operations are not aligned. We then derive the worst case
bound for neighbor discovery time and present the general
neighbor discovery algorithm.
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Case 1 :

Case 2 :

Case 3 :

Case 4 :

Case 5 :

α 0 … 0 1 … 1

β 0 … 0 1 … 1
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β 0 … 0 1 … 1k

k

k

k

α = 101010, β = 010001, Sα =1010100000111, Sβ = 0100010000111

l0 l1      l2      

α 

Fig. 6. Example of sequences for mode matching: α = 101010, β =
010001, l1 = 4, and l2 = 3.

A. Mode Matching

Define a pseudo-slot as a time slot with a duration of
2πq/ωT (or, 2πp/ωR, which is the same due to (2)). That
is, the transmitter beam can rotate q rounds, and the receiver
beam can rotate p rounds within a pseudo-slot. If a pseudo-
slot is marked with “1,” the corresponding node operates in
the transmission mode; if the pseudo-slot is marked with “0,”
the corresponding node operates in the reception mode (see
the definitions of the transmission and reception modes in
Section II). Then we can assign a sequence of 0’s and 1’s
to each node, to control the node’s operation mode during
the neighbor discovery process without centralized control.
If we can guarantee that a node’s “1” pseudo-slot meets the
other node’s “0” pseudo-slot at least once within the sequence
duration, then according to Theorem 2, these two nodes are
guaranteed to find each other.

In [23], [27], a specific control sequence is used to ensure
pseudo-slots of different states meet in time for two neigh-
boring nodes. The sequence consists of the node’s unique ID,
followed by an l1-bit segment of 0’s and an l2-bit segment of
1’s. As in the example in Fig. 6, node 1 has ID α = 101010
with length l0 = 6, and node 2 has ID β = 010001 with
the same length. Then the sequences for these two nodes
are 1010100000111 and 0100010000111, respectively. Each
sequence has length L = l0+ l1+ l2 = 6+4+3 = 13. In [23],
[27], it is proven that the two sequences can guarantee at least
one bit location with different values, under all possible ways
of cyclic rotation within L continuous positions.

Consider different ways of relative cyclic rotations in the
general case, while the pseudo-slots of the two nodes are
aligned. Using the node 1 sequence as a reference, the node
2 sequence can have a rotation delay k, k ∈ [0, L − 1]. As
illustrated in Fig. 6, there are five cases for the relative rotation
delay k.
• Case 1: k = 0. α is aligned with β. Since both α and
β are unique IDs, there is at least one bit location in the
first l0-bit segment having different values.

• Case 2: k ∈ [1, l2]. The last bit of the 0-segment in the
node 2 sequence is aligned with a bit in the 1-segment
in the node 1 sequence.

• Case 3: k ∈ [l2 + 1, l1 + l2 − 1]. The first bit of the 0-
segment in the node 2 sequence is aligned with a bit in
the 1-segment of the node 1 sequence.

1 0 1 0 1 0 0 0 0 0 1 1 1

0 1 0 0 0 0 1 1 1 0 1 0 0

1 0 1 0 1 0 0 0 0 0 1 1 1

0 1 0 0 0 0 1 1 1 0 1 0 0

Sα = 1010100000111, Sβ = 0100010000111, r = 9

1 0 1 0 1 0 0 0 0 0 1 1 1

0 1 0 0 0 0 1 1 10 1 0 0

Node 1:

Node 2:

Node 1:

Node 2
(9)

:

Node 1:

Node 2
(9)

:

r = 9

r = 9

Fig. 7. Finding two pseudo-slots with different states when the pseudo-slots
of the two nodes are not aligned (the rotation delay of node β is 9).

• Case 4: k ∈ [l0 + 1, l + l1 − 1]. The last bit of the 1-
segment in the node 2 sequence is aligned with a bit in
the 1-segment in the node 1 sequence.

• Case 5: k ∈ [l0 + l1, l + l1 + l2 − 1]. The first bit of the
1-segment in the node 2 sequence is aligned with a bit
in the 1-segment in the node 1 sequence.

Therefore, the following fact is ensured according to [23], [27].

Fact 1. Using the two sequences, each consists of the node’s
unique ID, an l1-bit segment of 0’s, and an l2-bit segment of
1’s, guarantees that there is at least one pseudo-slot within
which the two nodes are in different states during a period of
L pseudo-slots, under the condition l1 + l2 ≥ l0 [23], [27].

Next, we consider the more general case when the pseudo-
slots of the two nodes are not aligned. In this case, let the
relative rotation of node 2 be between r and r+1, i.e., r slots
plus a drift, which is shorter than a pseudo-slot. Then, each slot
of node 1 will overlap with at least half of the corresponding
slot of node 2. For example, in Fig. 7, the relative rotation
of the node 2 sequence is 9 pseudo-slots (denote such a
node as node 2(9)). If the drift is smaller than 0.5 pseudo-
slot, the node 1 sequence has a different state from that of
node 2(9) at the first slot. Otherwise, the node 1 sequence
has a different state from that of node 2(9) at the fifth slot.
Thus, we redefine the duration of a pseudo-slot (given at the
beginning of Section IV-A) as the time for 2q rounds for the
transmission mode (which is also the time for 2p rounds for the
reception mode), i.e., 4πq/ωT (or 4πp/ωR). We can guarantee
successful neighbor discovery with the above design, when the
pseudo-slots of the two nodes are not aligned.

B. Neighbor Discovery Algorithm

Recall that a successful neighbor discovery requires that
(i) one node receives the other node’s ID in a beacon, and
(ii) it returns its ID in an ACK that is successfully received
by the beacon node. In Section IV-A, the sequences adopted
ensure that within L pseudo-slots, there will be at least one
pseudo-slot for which one node is in the transmission state
and the other is in the reception state. The transmitter will
repeat the process of sending a beacon and listening for ACK.
The receiver will keep listening for beacons and reply an
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ACK immediately when a beacon is received. Without loss of
generality, the handshake time is τ = 2τB . Therefore, neighbor
discovery is ensured, as summarized in the following theorem.

Theorem 3. If two nodes follow the distributed neighbor
discovery procedure given below, then a successful neighbor
discovery for the node pair is ensured within L pseudo-slots.

1) Each node generates a pseudo-slot sequence consisting
of its unique ID (length l0), a segment of

⌊
l0
2

⌋
+ 1 0’s,

and a segment of
⌈
l0
2

⌉
1’s.

2) In any pseudo-slot, if the state is 1, the node repeats the
process of sending a beacon (for τB) and waiting for
ACK (for another τB), and scans its neighborhood for
2q rounds. If the state is 0, the nodes keeps listening for
beacons, and scans its neighborhood for 2p rounds. If
a beacon is received, the node will decode the beacon
for the transmitter’s ID, and immediately return an ACK
that carries its ID.

3) Each beacon lasts for τB = (pθT + qθR− 2π)/(8qωR).

Proof: From part 1) of Theorem 3, we have
⌊
l0
2

⌋
+ 1 +⌈

l0
2

⌉
= l0 + 1 > l. Then following Fact 1 in Section IV-A,

the two nodes are guaranteed to meet in time with different
modes for at least half of a pseudo-slot within a period of
L = 2l0 + 1 pseudo-slots.

From part 2) of Theorem 3, we know that a half pseudo-
slot time is sufficient for the transmitter beam to rotate for q
rounds and for the receiver beam to rotate for p rounds.

From part 3) of Theorem 3, we have 2ωRτB = (pθT +
qθR−2π)/(4q). Following Theorem 2, a discovery is ensured
within q rounds of transmitter beam rotation.

The detailed neighbor discovery algorithm is presented in
Algorithm 1. Line 1 in Algorithm 1 generates the pseudo-slot
sequence to determine the operation mode of the node. Line
4 in Algorithm 1 reads the state of the current pseudo-slot
from the sequence. If the state is 1, the node will operate as
a transmitter, and execute Lines 5 – 10 to hunt for a neighbor
that is in the reception mode. Otherwise, the node operates
as a receiver. It keeps listening for beacons; when a beacon
is received, it returns an ACK to the sender (see Fig. 1).
Note that the algorithm is not terminated after discovering a
neighbor. The algorithm will continue to find other neighbors,
if any others can be found. From Theorem 3, any pair of
nodes should finish neighbor discovery within L pseudo-slots.
The algorithm terminates after L pseudo-slots, when all the
potential neighbors are found.

Algorithm 1 is focused on neighbor discovery only. Alter-
natively, we can leverage the neighbor discovery algorithm
for transmission scheduling: when a neighbor is discovered,
the transmitter can send a data packet if needed. The moti-
vations for integrating neighbor discovery with transmission
scheduling are: (i) after each node discovers its neighbors,
a scheduling algorithm will be executed anyway for packet
transmissions; (ii) the position and orientation of a node may
vary over time, and thus it is beneficial to immediately transmit
a backlogged packet when the target neighbor is discovered.

The detailed algorithm for combining neighbor discovery
and scheduling is given in Algorithm 2. Once a neighbor is

Algorithm 1: Hunting-based Directional Neighbor Dis-
covery Algorithm

1 Each node generates its pseudo-slot sequence S consisting of
its ID (l0 bits),

⌊
l0
2

⌋
+ 1 “0” bits and

⌈
l0
2

⌉
“1” bits;

2 i← 0;
3 if i < L then
4 if S(i) = 1 then
5 Continuously sends a beacon and listens for ACK

alternatively for 2q rounds with angle velocity ωT ;
6 if An ACK is received during 2q rounds then
7 A neighbor is discovered;
8 Continue sending and listening for other neighbors;
9 else

10 i++;
11 Go to Step 3;
12 end
13 else
14 Keep listening for 2p rounds with angle velocity ωR;
15 if A beacon is received during 2p rounds then
16 Reply an ACK immediately;
17 else
18 i++;
19 Go to Step 3;
20 end
21 end
22 else
23 Terminate;
24 end

discovered, a data packet is transmitted/exchanged between the
two nodes, assuming greedy sources (i.e., that there is always
data to be transmitted for any other node in the network). Such
an approach is particularly useful when the network topology
is dynamic (e.g., with mobility). We evaluate the throughput
performance of this algorithm in Section V.

C. Worst Case Neighbor Discovery Time

Theorem 3 shows that neighbor discovery can be finished in
bounded time, i.e., L pseudo-slots, which is an upper bound on
the neighbor discovery time. To further reveal the performance
of the proposed scheme, we derive the time needed to discover
all neighbors, termed worst case discovery time in number
of beacon durations (i.e., τB), and denoted as NB , based
on all possible initial beam directions, sequences rotations,
and sequence drifts. According to the procedure described in
Algorithm 1, the worst case discovery time can be written as

NB = 2Lp
2π

ωRτB
=

32pqLπ

pθT + qθR − 2π
. (11)

Theorem 4. The lower bound for worst case neighbor discov-
ery time is 64π2L/(θT θR), in number of beacon durations.

Proof: Consider the worst case neighbor discovery time,
which contains NB beacon durations as given in (11). Taking
partial derivative of NB with respect to p and q to solve for
the minimum, we have

∂NB
∂p

=
32qlπ(qθR − 2π)

(pθT + qθR − 2π)2
,
∂NB
∂q

=
32plπ(pθT − 2π)

(pθT + qθR − 2π)2
.

On one hand, the potential minimal value of NB , denoted
as N∗B , is at {p0 = 2π/θT , q0 = 2π/θR}, with N∗B =
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Algorithm 2: Hunting-based Directional Neighbor Dis-
covery Algorithm with Transmission Scheduling.

1 Each node generates its pseudo-slot sequence S consisting of
its ID (l0 bits),

⌊
l0
2

⌋
+ 1 “0” bits and

⌈
l0
2

⌉
“1” bits;

2 i← 0;
3 if i < L then
4 if S(i) = 1 then
5 Continuously sends a beacon and listens for ACK

alternatively for 2q rounds with angle velocity ωT ;
6 if An ACK is received during 2q rounds then
7 A neighbor is discovered;
8 Send a data packet to the discovered neighbor;
9 i← 0;

10 Go to Step 3;
11 else
12 i++;
13 Go to Step 3;
14 end
15 else
16 Keep listening for 2p rounds with angle velocity ωR;
17 if A beacon is received during 2p rounds then
18 Reply an ACK immediately;
19 Receive the data packet;
20 i← 0;
21 Go to Step 2;
22 else
23 i++;
24 Go to Step 3;
25 end
26 end
27 else
28 Reset i← 0; Go to Step 2;
29 end

(64π2L)/(θT θR). On the other hand, ∂2NB
∂2p |p=p0 > 0 and

the Hessian is greater than 0. Therefore, N∗B = 64π2L
θT θR

is a
lower bound for the worst case neighbor discovery time.

V. SIMULATION STUDY

In this section, we present our simulation study on validating
the proposed hunting-based directional neighbor discovery
algorithm (HDND). We implemented Algorithms 1 and 2 in
Matlab and conducted extensive simulations. The simulations
for the case of one pair of nodes are repeated 200,000 times
with different random seeds, random initial delay and drift
of sequences, and random original beam orientations. The
initial delay is uniformly distributed in [0, 100,000] beacon
durations. We choose the beamwidth for the reception mode
as 72◦, 360◦/11 = 32.73◦, and 360◦/23 = 15.65◦, and the
beamwidth for the transmission mode as 60◦, 30◦, and 15◦ as
in [13]. The other parameters are varied during simulations to
investigate algorithm performance. The Oblivious Directional
Neighbor Discovery Algorithm (ODND) presented in [23]
(where each node follows the directional sequence assigned
according to the Chinese Remainder Theorem, such that any
pair of nodes will face to any combination of directions)
and a random scheme (where each node randomly points its
beam to arbitrary directions) are used as benchmarks in these
simulations.

In Figs. 8, 9, and 10, the neighbor discovery times for
different parameter settings are presented. We find HDND

60 30 15
0

1

2

3

4
x 10

4

Transmitter Beamwidth (degree)

N
ei

g
h
b
o
r 

D
is

co
v
er

y
 T

im
e 

(B
ea

co
n
 T

im
e)

 

 

Worst Case, ODND

Worst Case, HDND

Average Case, ODND

Average Case, HDND

Average Case, Random

Fig. 8. Neighbor discovery time: receiver beamwidth θR = 72◦.
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Fig. 9. Neighbor discovery time: receiver beamwidth θR = 360◦/11 =
32.73◦.

outperforms ODND in all the simulations with respect to both
worst case and average case discovery times. For example, in
Fig. 8, when the transmitter antenna beamwidth is 15◦, the
worst case discovery time (in number of beacon durations) of
ODND is 39330, while that for HDND is 30547, a 22.3%
reduction. The average case discovery time of ODND is
4288.6, while that for HDND is 3034, a 29.3% reduction.
Although the average case discovery time of Random is the
lowest, its worst case discovery time is ∞ (i.e., in many
cases it fails to discover the other node), while both HDND
and ODND guarantee successful discovery of neighbors. The
discovery times (worst case and average case) of all the
schemes increase as the antenna beamwidths are reduced, due
to the more severe deafness effect caused by highly directional
antennas.

To make a fair comparison with ODND, we relax the ideal
beacon assumption made for ODND in [23] (i.e., a zero beacon
duration), and use real beacons with a non-zero transmission
time in the simulations. We set 10 beacons per slots, since the
positions of beacons in [23] are at the 10% and 20% positions
of a slot. Otherwise, there will be a collision even without
considering the drift effect. For Random, a pair of nodes may
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Fig. 10. Neighbor discovery time: receiver beamwidth θR = 360◦/23 =
15.65◦.

not discover each other within 200,000 beacon durations. We
also find that ODND may not always discover all neighbors,
when removing the ideal beacon assumption. From Figs. 8, 9,
and 10, the worst case delay and average delay values show
the proposed HDND algorithm has a speed-up ratio between
1.3 to 1.5 times than ODND in both worst case delay and
average delay in all tested scenarios.

Simulation results for a distributed mmWave network are
given in Figs. 11, 12, and 13, where 100 nodes are randomly
placed in a 20.0 × 20.0 m2 square region. The simulation
parameters are presented in Table I. The unit time is the beacon
duration τB . For example, in Fig. 11, a value 5000 means
5000τB s. The network topology is randomly generated for
each simulation configuration, and we plot 95% confidence
intervals for all the curves. From Figs. 11 and 12, we find
that Algorithm 1’s average and worst case total neighbor
discovery time are almost constant as the transmission range
is increased from 2.5 m to 12.5 m. ODND average discovery
time also remains constant, but the worst case discovery time
increases with increased transmissions range. Still, Algorithm
1 is about 1.4 times faster in discovery time than ODND. The
missed detection ratio is presented in Fig. 13 for the network
simulations. Algorithm 1 presented here can find almost all
neighbors following the setting in [23], as Fig. 13 shows that
the the missed detection rate is almost 0% for all simulated
cases. ODND has a 0.4% chance to miss neighbors due to
collision of beacons. Note that miss-detection of neighbors
in Algorihtm 1 is caused by collisions of beacons only. If
the same ideal beacon assumption is made (i.e., extremely
short beacons zero transmission time for beacons), the miss-
detection probability will be zero for HDND.

To evaluate the proposed Algorithm 1 under more realistic
scenarios, we next examine the impact of transmission errors
(i.e., loss of beacons or ACKs due to bit errors). Clearly,
loss of beacons and/or ACKs will reduce the success rate
of neighbor discovery, or increase the neighbor discovery
time. The impact of errors can be mitigated by adopting a
stronger error correction code for beacon transmissions and
ACKs sent by the receiving node. We conduct simulations with
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Fig. 11. Average case neighbor discovery time versus transmission range.
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Fig. 12. Worst case neighbor discovery time versus transmission range.
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Fig. 13. Miss detection rate versus transmission range.

different packet error rates for beacon/ACK transmissions. The
results are presented in Figs. 14 and 15. We find that, not
surprisingly, the average and worst neighbor discovery time
are both increased as the packet error rate is increased, for both
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TABLE I
SIMULATION PARAMETERS

Parameter Value

Network area 20 m × 20 m
Transmission range 2.5/5.0/7.5/10.0/12.5 m
Number of nodes 10, 20, 30, 40
Directional beamwidth 30◦

Control package length 1074 bytes
Data package length 10 Mbytes
Control data rate (mmWave band) 27.5 Mbps
Data transmission rate 2503 Mbps
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Fig. 14. Average case neighbor discovery time with transmission errors.
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Fig. 15. Worst case neighbor discovery time with transmission errors.

the benchmark scheme and the proposed scheme in Algorithm
1. However, it can be seen that the proposed scheme still
outperforms the benchmark scheme with considerable gains.
The worst case neighbor discovery time of Algorithm 1 is
rather robust to transmission errors. When the packet error
rate is increased from 0.01 to 0.04, the worst case neighbor
discovery time of HDND is only slightly increased from 40940
to 41063, while worst case neighbor discovery time of ODND
is increased from 48632 to 66298.

We also consider the impact of sidelobes. The sidelobe
pattern for this simulation consists of a main lobe with a
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Fig. 16. Average case neighbor discovery time with the sidelobe effect.
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Fig. 17. Worst case neighbor discovery time with the sidelobe effect.

beamwidth of 30◦, as well as 8 sidelobes on the remaining
directions, each with a beamwidth of 15◦. Each of the 8
sidelobes are 6.73 dB down from the main lobe. Similar to
the main lobe, a sidelobe can also send or receive beacon
signals as well as causing interference/collision to other signals
if and only if the sidelobe overlap with other beams [2]. The
simulation results are presented in Figs. 16 and 17.

From Figs. 16 and 17, we find that the average neighbor
discovery time does not change much with the sidelobe effect,
since the sidelobe effect is dependent on the distance between
the neighbors. If two nodes are in the transmission range such
that they can communicated with each other only with both
main lobes, the sidelobes do not affect the neighbor discovery
performance. If two nodes are close enough, the sidelobe
effect will bring more opportunity of neighbor discovery,
as well as collisions. Thus, the sidelobe effect brings about
more uncertainty especially when the network is dense. This
can be seen in Fig. 17: the worst case neighbor discovery
time increases slightly compared to Fig. 12 due to sidelobe
uncertainty.

Finally, we evaluate the performance of Algorithm 2. Since
HDND achieves significant reductions in neighbor discovery
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time than ODND as shown in Figs. 8–17, this would directly
translate to higher throughput gain in an actual network. In
addition, ODND does not include a transmission scheduling
component. Therefore, we consider the Multi-band Neighbor
Discovery (MBND) [15] as a benchmark for comparison to
Algorithm 2, where all nodes are within a one hop network
on the 2.4 GHz WiFi channel, and are coordinated by a
central controller.4 With MBND, the nodes are scheduled to
conduct directional neighbor discovery in the mmWave band,
one node pair at a time. The simulation parameters are listed in
Table I. Each simulation is repeated 30 times, each time with
a randomly generated topology, and 95% confidence intervals
are computed and plotted. We consider the greedy source case
where a node always has a full buffer of data to send to each
neighbor.

The throughput results are presented in Fig. 18 for increas-
ing transmission range. The values of p and q are set according
to Theorems 1 and 2, as p = 13 and q = 12. We find
the throughput of Algorithm 2 increases as the number of
nodes in the network is increased, as well as the transmission
range is increased, while the MBND curves only increase
slightly for increased network size and transmission range.
The result shows that with the proposed scheme in Algorithm
2, the network capacity can be enhanced as more neighbors are
discovered, which allows more concurrent transmissions. The
MBND throughput performance is limited by the CSMA/CA
mechanism on the 2.4GHz WiFi control channel, which be-
comes the bottleneck. There are significant gains on through-
put achieved by the proposed HDND scheme over MBND, and
the gain is greater for larger networks and longer transmission
ranges. For example, when the transmission range is 2.5 m
and there are 40 nodes in the network, the HDND throughput
is 14.31 Gbps and the MBND throughput is 1.96 Gbps, a 7.3
times gain. When the transmission range is 12.5 m for the
same network, the HDND throughput is 30.89 Gbps and the
MBND throughput is 1.9614 Gbps, a 15.75 times gain.

VI. CONCLUSIONS AND FUTURE WORK

In this paper, we developed a Hunting-based Directional
Neighbor Discovery (HDND) scheme for mmWave networks,
where nodes rotate their antenna beams to search for neigh-
bors. Based on a rigorous analysis using a deterministic
approach, we derived the conditions for guaranteed neighbor
discovery as well as a bound for the worst case discovery time.
The proposed HDND scheme does not require any control
channels, nor does it require any omni-directional transmis-
sions or any synchronized operation or time synchronization.
Its performance was validated with simulations. The results
indicate remarkable improvement in neighbor discovery time,
and striking increases in throughput over a wide range of
network topologies compared to prior work.

4We chose MBND as a benchmark since it is a recent related work on
the topic. Note that the comparison may not be a perfect one, since the
design, requirements, and architecture of these two schemes are quite different.
Unlike HDND, MBND uses 2.4 GHz WiFi for neighbor discovery and thus
the throughput of MBND can be low if the discovery time is considered
(or emphasized). However, MBND can provide low discovery time even in
mobile environments and dense environments since the discovery procedure
can be completed in one shot.
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Fig. 18. Network-wide throughput under different transmission ranges.

For future work, a 3D network model will be considered
with a more sophisticated directional antenna model. It is
also worth investigating how to incorporate a more realistic
directional channel model into the protocol design, e.g., the
NYUSIM model developed at NYU WIRELESS, while still
keeping the problem tractable. It will also be interesting to
study the impact of mobility or even the movement of a
nearby human (antenna shadowing) on the neighbor discovery
performance.
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