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FastND: Accelerating Directional Neighbor
Discovery for 60-GHz Millimeter-Wave

Wireless Networks
Anfu Zhou , Teng Wei, Xinyu Zhang , and Huadong Ma

Abstract— Neighbor discovery (ND) is a critical primitive
for 60-GHz wireless networks with highly directional radios.
Prior work has attempted to improve the ND efficiency but
overlooks the unique properties of 60-GHz phased-array
antennas and spatial channel profile. In this paper, we first
conduct a systematic study of the ND problem using a
reconfigurable 60-GHz radio. Combined with an analytical
model, we find that environmental characteristics and client
mobility substantially affect 60-GHz ND latency, and due to
inherent spatial channel sparsity of 60-GHz channels, even
short-distance links can experience intolerable latency. To solve
these new challenges, we propose a mechanism called FastND
that accelerates ND by actively learning the spatial channel
profile. FastND leverages steerability of 60-GHz phased-array
antennas and accumulates channel information by overhearing
beacon preambles along different beam directions. Using a
compressive sensing framework, together with a strategical beam
selection mechanism, FastND can infer the strongest spatial
angle to listen to, thereby increasing the likelihood to quickly
decode beacons and achieve ND. Our testbed experiments and
ray-tracing tests demonstrate that FastND can reduce 802.11ad
ND latency to 1/10–1/2, with different levels of mobility, human
blockage, environmental sparsity, and non-line-of-sight links.

Index Terms— 60 GHz wireless networks, directional neighbor
discovery, beam steering.

I. INTRODUCTION

DRIVEN by the unprecedented growth of mobile devices
and bandwidth-hungry applications, mobile network traf-

fic will increase dramatically, by 1000× from 2012 to 2020 as
predicted by market research [1]. Millimeter-wave (mmWave)
communication is considered as the killer technology to tackle
the 1000× challenge [2], [3]. Two IEEE network standards,
802.11ad [4] and 802.15.3c [5], both targeting the 60 GHz
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unlicensed spectrum, have recently been ratified to deliver
multi-Gbps wireless bitrate, and thus to enable a new class
of device-to-device applications such as uncompressed video
streaming, wireless docking and instant file synchronization
among nodes without fixed infrastructure. Different from the
Independent Basic Service Set (IBSS infrastructure) in the
legacy low-frequency Wi-Fi networks such as 802.11n/ac, a
new network architecture referred to as Personal Basic Service
Set (PBSS) is adopted in the mmWave standards. In PBSS, one
of the stations is chosen to play the role of PBSS Central Point
(PCP), which coordinates channel access and perform network
management for multiple clients.

However, due to unique properties of the 60 GHz sig-
nals, realizing the mmWave vision entails a reinvestigation
of many protocol primitives, the first and foremost being
neighbor discovery (ND). ND is needed in both infrastructure
networks and device-to-device connections, where a server
node (e.g., PCP in PBSS) periodically broadcasts beacons so
as to be identified by clients requesting association. ND is a
straightforward procedure in legacy WiFi or cellular networks:
as long as a client falls in the server’s range, the client can
decode the beacon and discover the server within one beacon-
ing period. However, ND becomes far more challenging for
60 GHz mmWave networks, especially for the PBSS without
preinstalled infrastructure, due to the following characteristics.

(i) High directionality. To counteract inherently strong atten-
uation at high frequencies, 60 GHz radios use phased-array
antennas to concentrate signals within ultra-narrow beams—as
narrow as a few degrees [6]. A client can sense server’s beacon
only if their beams are properly aligned. This procedure
can incur high latency, considering the enormous number of
directions each node can point to, and the fact that the client
might be mobile and varying its beam direction. Existing work
proposed to leverage the omni-directional mode to speed up
ND. While the approach is effective in infrastructure Wi-Fi,
the effect is opposite in PBSS. Concurrent beacons from
nearby neighbors in PBSS may collide and prolong the ND
latency [7]. Moreover, the resulting neighbor set can be quite
different from that obtained via directional ND [8], due to
the disparate antenna gains and spatial coverage. (ii) Spatial
channel sparsity. Measurement studies [6] have shown that
the 60 GHz spatial channel response is dominated by a few
paths: even if a server is omni-directional, the client can
hear it only from a few angular directions. To identify one
of these few paths, a directional client needs to scan across
all spatial angles, which leads to formidable ND latency.
(iii) Vulnerability to blockage. Unlike in low frequencies,
mmWave signals can hardly diffract around human body and
other obstacles due to small wavelengths. The high directional-
ity exacerbates this limitation. Thus, a mmWave ND protocol
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often needs to leverage non-line-of-sight (NLOS) reflection
paths, which can be created owing to the phased-array’s ability
to electronically steer beam directions.

These challenges also distinguish 60 GHz ND from con-
ventional directional neighbor discovery problems. Most prior
work in directional ND [9]–[12] assumes a line-of-sight (LOS)
between PCP and client and tries to maximize the geometri-
cal overlapping between their beams. Moreover, it is often
assumed that the transmitter/receiver beam has a well-defined
conical shape. The assumption no longer holds for 60 GHz
phased-array radios, which rely on analog beamforming and
generate one or more main beams along with many sidelobes.
In addition, device motion and blockage is less of a problem
at low frequencies, because the beamwidths are much wider
(due to inherent antenna size constraint) and penetration loss
much smaller.

In this paper, we systematically investigate the 60 GHz
ND problem and propose a practical solution to address
the aforementioned challenges. We target the PBSS scenario,
where a PCP broadcasts identity information along several
quasi-omni directions in the beginning of each beacon period.
A client (i.e., any non-PCP node in the PBSS) chooses one of
its own listening beam directions within one beacon period.
The ND problem is to strategically steer the listening beam
direction, so as to quickly reach the first direction that can
decode any of the beacons from the PCP.

Using a reconfigurable 60 GHz testbed that we custom-
built, we first conduct a measurement study to thoroughly
understand the 60 GHz channel characteristics pertinent to
802.11ad ND. Our measurement testifies the high channel
sparsity: even at a distance of 2m, a client may only hear the
PCP along 2% of all angular directions.1 The sparsity worsens
as link distance increases. Based on the measurement, we build
a theoretical model to understand the ND latency. Our analysis
provides closed-form average delay results for static links
and, for the first time to our knowledge, models the average
ND delay for mobile 60 GHz clients under different degrees
of channel sparsity. Our analysis differs fundamentally from
previous theoretical/simulation studies [15], [16], in the sense
that we model the impact of environment/link dynamics on ND
performance following practical measurement observations.

With the measurement and analytical insights, we develop a
mechanism called FastND to uniquely address the directional
ND problem in 60 GHz networks. In contrast to existing
60 GHz ND protocols [4] that rely on passive trial-and-
error scanning, FastND adopts an active learning principle2:
it allows the client to continuously accumulate spatial channel
information from previous undecodeable beacons (whose
preambles can still be useful), and then strategically steer the
listening beam direction to the next most promising spatial
angle, so as to quickly reach the first effective direction that
can decode any of the beacons from the PCP.

To realize the principle, FastND incorporates two key tech-
niques. First, FastND harnesses the inherent channel sparsity,
and formulates a compressive sensing framework to predict
the most promising listening beam direction. Second, we find

1The observation is different from previous experiments using COTS phased
array, in which the beams are much wider due to limited number of antenna
elements and manufacture imperfection [13], [14].

2 Active learning is a general principle in statistical sampling. The idea is to
dynamically decide on next sampling operations based on observation from
previous operations, instead of following any prescribed deterministic or ran-
dom operation schedule [17].

TABLE I

KEY PARAMETERS

that traditional compressive sensing is prone to over-fitting
and often traps the client in the same locally-optimal beam
prediction. FastND overcomes this problem by designing a
maximum distance based beam prediction, which can choose
beams with the most orthogonal channel information, thus
circumventing the over-fitting issue.

We validate the performance of FastND using our 60 GHz
testbed along with ray-tracing simulation. We use the exhaus-
tive neighbor scanning (exND), as defined in the 802.11ad
beam training procedure [4], as a benchmark. We also com-
pare FastND against the state-of-the-art Hunting Based Neigh-
bor Discovery (HDND) proposed in [7]. Our experiments
show that FastND can significantly speed up the ND process
in practical scenarios, especially under crucial scenes when
existing neighbor discovery protocols lead to very large
delays, such as massive-element phased arrays, long link
distances, or reflector-scarce environment. Overall, FastND
reduces ND latency to as low as 1

2 to 1
10 of that by HDND

and exND.
To our knowledge, FastND marks a first step to address

practical ND challenges imposed by unique characteris-
tics of the 60 GHz channel. Different from theoretical
works [7], [15], [16], [18], [19], FastND also represents the
first 60 GHz ND protocol verified based on a real 60 GHz
platform. The specific contributions of FastND can be sum-
marized as follows:

(i) We use testbed experiments (Sec. III) combined with
rigorous analysis (Sec. IV) to thoroughly understand how the
unique characteristics of 60 GHz channel and client mobility
substantially affect 60 GHz ND latency.

(ii) We propose a novel scheme FastND, which adopts
an active learning principle to cumulatively approximate the
spatial channel profile, and identify the best listening beam
direction to minimize ND latency (Sec. V).

(iii) We experiment with FastND on a custom-built 60 GHz
software-radio platform, and demonstrate its ability to tame
ND latency under practical settings (Sec. VI).

II. SYSTEM MODEL

A. A Primer of Directional Neighbor Discovery
in 60 GHz Networks

60 GHz signals suffer from 28 dB worse attenuation than
2.4 GHz Wi-Fi signals, due to very short wavelength, Oxygen
absorption, etc. [20]. To remedy high path loss, the IEEE
802.11ad 60 GHz radios pack dozens of antennas into a phased
array, and generate highly directional beams with different
directions and beamwidths.

To support directional node discovery and data transmission,
an 802.11ad PCP divides time into Beacon Intervals (BIs),
as shown in Fig. 1. In this paper, each BI lasts 100ms, i.e.,
the default value in IEEE 802.11ad (Tab. I). An BI starts
with a Beacon Header Interval (BHI), a short period allocated
for PCP (node) discovery and association. In the beginning
period of BHI (i.e., BTI), an PCP sweeps a series of beacons
along different quasi-omni beams, in the hope that a client can
receive at least one. To decode a beacon, a client needs to steer
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Fig. 1. Beacon interval.

Fig. 2. Frame structure of a beacon.

itself to a listening beam direction, and it can decode a beacon
if the RSS (received signal strength) exceeds the receiver sen-
sitivity threshold (i.e., THdecoding = −78dBm) corresponding
to the lowest modulation level passes a threshold, given the
default noise level.3

However, due to the sparsity of 60 GHz channels [6], major-
ity of the listening beams’ RSS may fall below THdecoding.
To find a useful listening beam, an exhaustive beam scanning
procedure in the PBSS mode works as follows: within each
BI, the client needs to hold on to the same listening beam
direction, so as to traverse all transmitting directions from the
PCP. If none of the beacons is heard within an BI, the client
will wait until the next BI and switch to a new listening
beam direction. The procedure differs from the AP discovery
procedure in the infrastructure mode, in which a client listens
in omni-directional mode. As noted above, omni-directional
mode is not suitable for PBSS due to neighbor interference
and operational range difference [7], [8].

After a successful ND (i.e., being able to decode a beacon),
the client performs an association beamform training (within
the A-BFT field), and then exchanges management informa-
tion (within the ATI). Only afterwards can the client exchange
data frames with the PCP (within the Data Transmission
Interval, DTI).

B. PBSS Coordination
The PCP plays a key role in a PBSS and acts like the

AP in infrastructure networks. Only after a client establishes
association with the PCP, it can join the PBSS and start data
transmission thereafter. In practice, a PCP can be selected
using randomization, polling or more complex node synchro-
nization operations [8]. In this work, we assume that the PCP
has been chosen, and focus on the ND, i.e., how a client can
find the PCP with minimum latency.

III. MEASUREMENT

Measurement Platform
To understand the practical aspects of the 60 GHz

directional ND problem, we have custom-built a 60 GHz
software-radio testbed (Fig. 3). The testbed allows program-
mable waveform generation and received-signal processing
on a PC host. It comprises Mango WARP SDR board [23]
for baseband signal processing, and a high-speed ADC/DAC
module connected to a 60 GHz RF front-end [24]. The RF
module operates on 57–64 GHz with 10 dBm output power
and 245.76 Msps baseband sampling rate. For a prelimi-
nary measurement, we plug fixed-beam horn antennas and

3Strictly speaking, the sensitivity threshold is decided by SNR. We adopt a
methodology (developed and commonly used in [6], [21], and [22]) to map
the measured RSS to the sensitivity.

Fig. 3. Custom-built 60 GHz SDR testbed.

Fig. 4. Intuition behind channel sparsity.

omni-directional antennas, and steer antenna beams using an
automatic motion control system [25]. We emphasize that the
FastND design is applicable to real electronically steerable
phased-array antennas.

We deploy the testbed in a typical 7×8m2 office environ-
ment, where the Tx and Rx are mounted 1.5m above the floor.
Then we conduct a set of measurements to examine the spatial
channel sparsity of 60 GHz channel that are pertinent to ND
performance. Note that spatial sparsity has been discovered
and discussed adequately in previous studies, including mea-
surements on a variety of mmWave band such as 28 GHz,
38 GHz, 60 GHz and 73 GHz (see [6], [21], [26]–[30], and
references therein). In this work, we mainly focus on the
impacts of channel sparsity on ND performance.

A Showcase of 60 GHz Channel Sparsity
Recent measurements have shown that an exhaustive

search based ND leads to intolerable latency for 60 GHz
networks [6], [31]. Specifically, the spatial channel response
is dominated by a few paths from a few angular directions, due
to the fact that mmWave signal energy tends to concentrate
on the LOS path (if it exists) and a few NLOS paths with
strong reflections. Fig. 4 illustrates an example case with one
LOS path and a NLOS one from a strong reflector (e.g., a
metal object) on the wall. Fig. 5 testifies this problem in an
example testbed link setup. The Tx is omni-directional, and
client steers a 3.4◦ horn antenna across the azimuth plane
to measure the AoA. We observe that the AoA pattern is
extremely sparse: although it is omni-directional, the client
can only receive strong signals from two densely concentrated
directions. This implies that even for an optimistic setup with
omni-directional receiving mode, it may take a long time for
the client to encounter a direction with strong AoA.

2-D Angular RSS Distribution
We now set both the PCP and client to directional mode,

with 2m physical distance. We emulate an 802.11ad ND
procedure: within each BI, the PCP rotates across 120 beams
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Fig. 5. An AoA pattern example.

Fig. 6. RSS across direction pairs.

Fig. 7. Maximum RSS for each Rx direction.

(3◦ each) and sends beacons on each beam, while the client
chooses its own listening beam. After an BI, the client moves
to a new listening beam and the procedure repeats. The
heatmap in Fig. 6 plots the RSS on each pair of Tx/Rx beams
(120×120 in total). For 99.3% of the beam-pairs, the RSS is
lower than -78dBm, which means that the client cannot decode
the beacon most of the time. We reorganize the result and
plot the maximum RSS for each listening direction in Fig. 7.
We find that the client has a chance to decode a beacon for
only 19 out of 120 directions.

RSS Distribution V.s. Link Distance

Now we demonstrate that the problem exists pervasively
for 60 GHz radios. We increase the PCP-client distance
from 1m to 10m with steps of 1m, and sample 10 distinct
client locations for each distance. For simplicity, we use an
omni-direction antenna on the (optimistically emulating the
sweeping behavior of during an BI), and the client rotates for
120 distinct directions.

We characterize the ND latency indirectly using a metric
called ratio of effective directions, or η-factor, which is defined
as follows,

η =
Meff

M
(1)

where Meff is the number of directions with RSS larger
than the beacon decoding threshold THdecoding, and M is the

Fig. 8. Effective direction ratio v.s. link distance.

Fig. 9. Effective direction ratio variation for 2-m links.

number of all directions. A higher η implies a client has a
higher chance to quickly encounter one direction where ND
can succeed. From the results in Fig. 8, we make two observa-
tions: (i) The effective ratio, η factor, decreases exponentially
as the link distance increases. For example, the average η
drops from 40% to 5% as distance increases from 1m to 10m.
The reason lies in that the signal strengths of more paths fall
below the beacon decoding threshold, along with link distance.
This implies that ND will become much longer for longer
PCP-client distances. We note that the phenomenon does not
exist in omni-directional WiFi ND, or directional ND which
commonly assume fan-shaped beam patterns without consid-
ering channel sparsity [9]–[12]—in such cases, ND latency is
a constant as long as the client is within the PCP’s “range”.
(ii) η shows large variation, meaning that same-distance links
can have quite different ND latency. As an example, we depict
the η of all link at 2m distance in Fig. 9. We see that even
at a very short range of 2m, some links have a very low η
value of 2%, which indicates a long ND delay. On the other
hand, Fig. 9 plots the effective ratio of directions where the
client can sense the PCP (but not necessarily decode beacons).
This ratio is much higher than η and will be leveraged by our
FastND design to speed up the ND procedure.

IV. ANALYSIS

Now we establish an analytical framework to examine the
implication of the foregoing measurement study of ND latency.
The analysis is fundamentally different from [15] and [16],
in the sense that it is grounded on our testbed measurement
and takes into account the channel sparsity characteristics.
Moreover, ours is the first analysis to model the average ND
delay for 60 GHz mobile clients.

A. ND Delay for Static Links
Suppose a client has M listening beams, and the η-factor

is K/M . The ND delay equals the earliest time when the
client’s listening beam falls in one of the K effective directions
that support beacon decoding. Suppose ND succeeds some
time before the mth BI. For simplicity, we assume that the
distribution of effective beams is uniform over spatial angles
(The analysis can be extended to more complicated distribution
model, but it is out of the scope of this work). The probability
that the non of K effective direction appears before the mth
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Fig. 10. Average delays for static links.

BI is as follows,

G(m) =

{
Cm

M−K

Cm
M

if m ≤ M − K

0 otherwise
(2)

where Cb
a =

(
a
b

)
. In consequence, the probability that ND

succeeds within m BIs, denoted with F (m), is as follows

F (m) = 1 − G(m) (3)

Then we can derive the probability distribution function f(m)
(i.e., the probability that ND succeeds at exactly the mth as
follows) is:

f(m) = F (m) − F (m − 1) = G(m − 1) − G(m) (4)

Then the ND latency, denoted with m, is

m = E(m) =
M−K∑
m=1

mf(m)dm (5)

We connect the analysis with practical channels by feeding
the measured AoA patterns across 100 links (Fig. 8) into the
model, and compute the average latency. Fig. 10 plots the
average delay, and also the max and min delay. We make
two observations: (i) The average delay increases with the
link distance, due to the decreasing K shown in Fig. 8.
(ii) The delay has very large variance — Even for some
links with small distance (say 3m), the delay could exceed
100 BIs, implying intolerable worst-case experience for users
who need association. The reason lies in the high location
sensitivity of 60G channel. Due to short wavelength and high
directionality, a minor displacement may shift a client out of
the coverage of PCP’s beam.

B. ND Delay for Mobile Links
When a client moves, the spatial channel profile (i.e.,

AoA pattern) changes frequently, and the ND procedure
needs to keep starting over. Note that the channel coherence
time is determined by user’s mobility model. For simplicity,
we assume a continuously mobility model [32], in which a
client moves at a constant speed v following an arbitrary
direction.4 The channel coherence time c ≈ 1

v . i.e., the channel
condition remains roughly consistent for every c BIs.

Suppose an ND succeeds at the mth BI, we can divide this
event into two sub-events. The first is that the user visits u(m)
locations but has not succeeded in ND. Since the user spends
c BIs in each location, we have

u(m) = �m

c
� (6)

We denote the probability of this sub-event as P1(m). The
other sub-event is that ND succeeds at the u(m)+ 1 location,
and specifically at the s(m)th BI after the user enters the

4Here we set the time unit of v to be BI, i.e., v is measured as meters
per BI.

Fig. 11. Average delays for mobile client under homogeneous links.

location, where s(m) is computed as: s(m) = mod(m, c). We
denote the probability of this sub-event as P2(m). Clearly, the
probability that ND succeeds at the mth BI is

P (m) = P1(m)P2(m) (7)

We proceed to derive P1(m). For any location among the
u(m) unsuccessful locations, say the ith (i ∈ [1, u(m)])
location with �K(i) effective beams, we can re-write Eq. (2)
as follows,

Gi(m) =

⎧⎪⎨
⎪⎩

Cm
M− �K(i)

Cm
M

if m ≤ M − �K(i)

0 otherwise
(8)

Then probability for not having a successful ND in this
location is Gi(c), according to the analysis of static scenarios.
Then we have

P1(m) =
u(m)∏
i=1

Gi(c) (9)

Then for the second sub-event, we can compute the probability
that ND succeeds exactly in the s(m) BI slot at the u(m)+1
location as follows,

P2(m) = Fu(m)+1(s(m)) − Fu(m)+1(s(m) − 1) (10)

where the function Fu(m)+1 is defined like Eq. (3), i.e.,
Fu(m)+1 = 1 − Gu(m)+1. Putting Eq. (9) and Eq. (10) into
Eq. (7), we have the probability that a mobile user achieves
ND in the mth BI. Based on this, we compute the expectation
time for ND as follows,

m =
∑∞

m=1
mP (m) (11)

Using Eq. (11), we can compute the expected ND latency as
client’s velocity v changes under both homogeneous network
scenarios (i.e., different locations have the same degree of
channel sparsity, likely to happen in outdoor environment) and
heterogeneous scenarios (which may happen in complicated
indoor multipath environment with sporadic reflectors). Inter-
estingly, we find that the impact of mobility is opposite under
the two scenarios, as detailed below.

1) Homogeneous Environment: Fig. 11 plots the average
ND delay of a mobile client, which moves from a random
location to another. We observe that: (i) Mobility increases the
average ND latency in a homogeneous environment. Taking
the case K = 2 as an example, we can see that as velocity
decreases (the channel coherence time increases), the delay
drops steadily. When the velocity becomes 0, the delay is
40 BIs, which matches the static case computed from Eq. (5).
The reason can be understood intuitively: suppose a static
client fails ND in one BI. Conditioned on this event, the prob-
ability that it finds an effective direction becomes higher in the
next BI. However, a mobile user forfaits this higher probability
and starts over again in the new location, resulting in larger
ND latency. (ii) The impact of mobility weakens as the channel
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Fig. 12. Average delays for mobile client under heterogeneous links.

sparsity decreases. The latency gap between a static user and
a fastest-moving user becomes smaller as K increases. The
reason is that when K is larger, the ND ends faster, which
leaves less space for the mobility to cause much difference.

2) Heterogeneous Environment: We now analyze ND
latency in our lab environment which shows highly hetero-
geneous AoA patterns across locations (Fig. 9): The η-factor
of 10 AoAs collected from 10 spots vary from 0.02 to
0.33, and the number of effective directions (i.e., �K) varies
between 3 and 40. We feed this �K into Eq. (11) and get
the average latency under different moving speeds as shown
in Fig. 12. Contrary to the previous case, mobility decreases
the ND delay in such heterogeneous environment. We find the
underlying reason is as follows. In heterogeneous environment,
there exist certain good locations with many effective direc-
tions (e.g., the link with K = 40). A faster moving client can
meet one of such good locations more quickly. In the extreme
case, when a static user happens to be in a bad location where
no effective direction exists, it will experience an infinitely
long ND latency.

V. FASTND DESIGN

A. Design Overview
High-Level Idea: In contrast to the 802.11ad ND protocol

that passively tries each beam direction, FastND employs
an algorithm to accumulate spatial channel information,
and strategically steer the listening beam direction, so as
to quickly reach the first effective direction that can decode
any of the beacons from the PCP. Specifically, FastND
entails a closed-loop procedure: in each loop, the client
accumulates the channel state information, more specifically
the RSS, along its current listening direction. Such RSS
sensing is feasible even when it cannot decode the beacon.
Based on current and prior channel sensing results, the client
predicts the next most promising beam direction, and steers
its phased-array beamforming accordingly. ND succeeds if
the client can decode a beacon along this listening direction.
Otherwise, it repeats the procedure.

The key challenge in FastND lies in how to derive the next
most promising beam direction during each loop. We design
two complementary mechanisms to meet this challenge: the
Compressive Sensing based Beam Prediction (CSBP) module
and the Maximum Distance based Beam Prediction (MDBP)
module. CSBP takes advantage of the sparsity characteristic
of 60 GHz channel, and utilizes compressive sensing to recover
the spatial channel profile (i.e., the AoA pattern). Afterwards,
it steers to the listening beam whose direction is aligned with
the strongest spike of AoA.

Ideally, CSBP can generate an accurate channel profile
after accumulating sufficient channel measurements, which
is usually assumed in previous compressive sensing based
channel recovery works [33], [34]. However, For the ND
process, especially at the beginning phase, very few channel
measurements are available. We find that with these limited

measurements, compressive sensing is prone to over-fitting,
i.e., it results in very similar AoA peaks as in previous rounds,
which traps ND in a long loop.

The MDBP is designed to handle this problem. MDBP
incorporates a metric to guide the selection of next beam that
is likely to provide the most orthogonal channel information,
thus preventing compressive sensing from over-fitting. It is
noteworthy that the active learning principle plays a key
role in the entire procedure, i.e, helping to decide the most
promising beam direction in CSBP, and also to decide the
most complimentary direction in MDBP.

Workflow: FastND preserves the 802.11ad PHY layer and
MAC layer beaconing mechanism, except that it guides the
client to decide which beam to use in the next beacon period.
Fig. 13 illustrates the basic workflow of FastND.

(i): An unassociated client keeps listening with a selected
beam (at the very beginning, it picks a beam randomly) for
a whole beacon interval (BI). If it can decode any beacon,
the ND ends successfully; otherwise it proceeds to the next
step.

(ii): The client senses the RSS of undecodeable beacons,
and runs CSBP to compute the next listening beam direction
(Sec. V-C) with this sensing result and all previous informa-
tion.

(iii): Check the usability of the beam: if it is a new beam,
FastND jumps to step (v), else to step (iv).

(iv): The MDBP module generates a new beam that is
farthest to previously used beams, according to Sec. V-D.

(v): The client starts a new round of listening with the
generated beam direction.

Steps (i)-(v) are repeated for each beacon interval, until
one beacon is decoded by the client, which then starts the
user association procedure as defined in 802.11ad. In what
follows, we first conduct a feasibility analysis of accumulating
channel information from undecodable 802.11ad beacons, and
then proceed to detail the CSBP and MDBP.

B. Accumulating Spatial Channel Information
FastND builds on a key observation that the channel state

information (CSI) of undecodeable beacons can be utilized
to predict the most promising beam direction a client should
listen to. The reason why CSI can be extracted from unde-
codable beacons lies in 802.11ad’s high redundancy protection
over beacon preambles (Fig. 2). A beacon preamble comprises
40 Golay-128 sequences for short training field (STF), and
9 Golay-128 sequences for channel estimation field (CEF),
both modulated with a low-order but robust π

2 -BPSK. The STF
is used for detecting the presence of a beacon and performing
time/frequency synchronization; whereas the CEF is used to
estimate the CSI. Payload (i.e., header and data) is modulated
using higher-order constellation (up to 16-QAM), compounded
with either direct sequence spread spectrum (DSSS) or OFDM.
The DSSS modulated payload has a 32× spreading factor
protected by 1

2 -LDPC coding. It is more robust than OFDM,
and mainly used to carry low-rate control data.

A simple back-of-the-envelop analysis can verify that the
known preamble has much more redundancy than payload and
thus is more resilient under high noise or weak signal strength.
In particular, we have 9× 128 = 1152 symbols for estimating
CSI, in contrast to only 32 × 2 = 64 symbols for decoding
each bit of payload data. The SNR gap of resilience is about
10log10(1152

64 ) = 12.55dB. In other words, given that the RSS
threshold for decoding data bits is -78 dBm [4], the threshold
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for extracting RSS can be as low as THCSI = −78− 12.55 =
−90.55 dBm. Moreover, the 12.55 dB higher sensitivity of
preamble decoding translates into approximately 4.2× wider
CSI sensing range than data decoding range, assuming signals
attenuate following the free-space model (which is reasonable
for highly directional LOS links [6]).

The above analysis is also corroborated by our measure-
ment. We compare the ratio of directions with RSS larger
than THCSI against the ratio of directions with RSS larger than
THdecoding in Fig. 8, as the link distance increases. We can
observe that there is a large gap persisting irrespective of link
distance. On average, the number of directions supporting car-
rier sense is 350% of that supporting decoding. This demon-
strates that useful CSI can still be extracted from the preamble
even when the data bits in the beacon cannot be decoded.

We make three additional notes about beacon sensing: (i)
The client needs to distinguish the beacons from other packets.
This could be realized by sensing the beacon frame duration
and its unique periodicity pattern [35]. (ii) Just as in the orig-
inal 802.11ad, FastND focuses on discovering a single PCP,
which suits the 802.11ad’s anticipated short-range deploy-
ment/usage scenarios [4]. In case when multiple PCPs are
closely located, the PCPs need to avoid interference by using
different channels, or unique Golay code preambles. Detailed
exploration of such cases are beyond the scope of FastND.
(iii) One concern is that in mobile scenarios, the accumulated
beacons may become staled gradually. However, prior work
showed that consecutive locations exhibit much consistency on
AoA patterns [36], and thus the beacons are still useful under
quasi-static or slow-movement (e.g., user walking) scenarios
(which is the targeted scenarios of highly-directional 60 GHz
networks). We will further validate this in Sec. VI.

C. Compressive Sensing Based Beam Prediction

Suppose the client’s phased-array can generate U different
beam patterns. When the PCP is sending beacons, the spatial
channel response (i.e., AoA pattern between PCP and client)
can be recovered if the client can sequentially scan all the
U beams. The resulting AoA pattern can be represented by
a series of variables x = {x(1), x(2), . . . , x(N)}, and each
variable x(n) (a complex number) is the spatial channel
response on the nth direction. However, this straightforward
scanning is highly costly because the 802.11ad client can only
listen using one beam in each beacon interval (Sec. II-A).
The objective of CSBP is equivalent to estimating x, i.e.,
to recover the AoA pattern, by listening to only a few beams.
Below we detail CSBP. Note that a client can recover one
AoA pattern for each quasi-omni transmitting beam direction
from the PCP, but without loss of generality, we focus on
how to recover one of them.

When receiving signals, an 802.11ad client uses
phased-array antenna to perform a codebook based beam-
forming. The resulting signal along each spatial direction is
a multiplication between the spatial channel response and
antenna gain along that direction. To generate the uth beam
(u ∈ [1, U ], where U is the number of total beams), the
phased-array applies a series of beam weights to each of its
antenna elements. Consider a linear phase-array with NR

elements, and w(u, i) is the weight vector (one entry from
a predefined codebook) applied to the ith antenna element,
then the beamforming gain at an arbitrary spatial direction

Fig. 13. Workflow of FastND.

θ(n) is as follows:

A(u, n) =
∑NR

i=1
w(u, i)exp(j2πidcos(θ(n))/λ) (12)

where d is the distance between antenna elements, and λ is
the carrier wavelength. Then the beam’s CSI is:∑N

n=1
A(u, n)x(n) (13)

Meanwhile, the client can measure a channel coefficient
(i.e., CSI, denoted with hms(u)) when using the uth beam.
Then, we have a constraint equation as follows,∑N

n=1
A(u, n)x(n) = hms(u) (14)

After the client obtains a total of P CSI measurements
(denoted with a vector Hms = { hms(1), . . . , hms(P )})
along a set of beams denoted as Φ, we can concatenate the
measurement results as

AΦ,Nx = Hms (15)

Theoretically, this system of equations is highly underdeter-
mined, because x is the continuous spatial channel response
spanning all angles. However, due to the inherent sparsity of
practical 60 GHz channels, we can approximate x by recov-
ering a few dominating spatial angles from the measurement
matrix Hms and beamforming matrix AΦ,N . More specifically,
we can apply compressive sensing theory [37] and formulate
the recovery problem as an optimization problem:

min �x�1, subject to constraint (15) (16)

The objective is convex and constraint is affine, so the
problem can be easily solved using any convex optimization
algorithm. Resulting solution vector, denoted by x̃, provides
an estimation of the AoA pattern. Then the client can find the
index of the best beam to listen to, i.e., the beam that produces
the strongest channel when combining the antenna gain and
channel gain:

ũ = arg max
u=1,...,U

∑N

n=1
A(u, n)x̃(n) (17)

It is noteworthy that unlike prior work in directional ND
[9]–[12], CSBP does not assume a specific geometry for the
beams. It directly models the codebook-based beam generation
from a phased-arrays, which results in irregular-shaped beams.
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Fig. 14. A practical phased-array creates irregular beam patterns.

D. Maximum Distance Based Beam Prediction

The compressive sensing optimization may over-fit the
spatial channel profile x when the number of measurements
is insufficient. As a result, the best beam ũ predicted by
CSBP may fall in the set of beams Φ that the client already
tried. In such cases, FastND invokes its MDBP module, which
reselects a beam instead—a beam most orthogonal to those
in Φ. The intuition is that such beams add the richest informa-
tion about the channel. By accumulating such complementary
information, MDBP helps the CSBP to quickly converge to
an accurate channel profile estimation, and hence a small ND
delay.

To determine the “orthogonality” between beams, MDBP
needs to introduce a distance metric. Different from the ideal
homogeneous fan-shape beams assumed in previous works,
practical beams generated by a phased-array are heterogeneous
in terms of spanning-area and beam strength. A representative
example is shown in Fig. 14, which includes 8 beam patterns
(Each beam has a different color) from a simulated 60 GHz
phased array with 4 antenna elements (linearly spaced with
half wavelength) following the standard practice of codebook
design [4], [38]. As a result, we cannot define the distance
between two beams simply as index difference or angular
distance.

Instead, in MDBP, we define Δi,j , the distance between
beam i and beam j, as the l1 norm of the difference between
the corresponding beamforming gain vectors.5 Formally,

Δi,j = �A(i, :) − A(j, :)�1 (18)

Combined with Eq. (12), this definition takes into account
both the amplitude and angular discrepancy, and thus can accu-
rately reflect the difference between irregular-shaped beams.
Based on this pairwise distance definition, we further define
the distance between a beam u and the set of previously-used
beams Φ as,

Δi,Φ = min
j∈Φ

�A(i, :) − A(j, :)�1 (19)

Then, if a beam ũ has the largest distance with Φ,

ũ = arg max
u=1,...,U

Δ(u, Φ) (20)

we say that it is most orthogonal to already used beams in Φ.
So, MDBP will dictate the client to listen to ũ.

5We have also tried the l2 norm, but its performance (i.e., the final ND delay)
is worse. Intuitively, l1 grows at the same rate in all directions for a beam
pattern, but l2 amplifies the impact of directions with larger discrepancy. In the
beam distance computation, all directions should be of equal importance, thus
l1 shall be a more appropriate norm. A more rigorous and theoretical analysis
is interesting, but it is out the scope of the work.

Fig. 15. Cross correlation of beams.

Fig. 16. Comparison of estimated AoA with original AoA.

E. Summary and Showcase

Algorithm 1 summarizes FastND’s detailed operations
involving both CSBP and MDBP. As a case study to testify
the algorithm, we set up one 60 GHz link using our testbed
in an office environment. The PCP uses a 180◦ quasi-
omni antenna, and the client emulates a phased array with
64 antenna elements (Sec. VI details the emulation). We first
measure the AoA pattern (i.e., x) by rotating a ultra-narrow
3.4◦ antenna at client’s position. Then, the client runs FastND
using CSBP alone, and CSBP plus MDBP, respectively.
We make a few observations from the results (Fig. 16):
(i) FastND, powered with the active learning, can indeed
recover AoA shape with very few number of measurements,
i.e., 5 measurements in this case, while the passive error-
and-trail methods require 180

3.4 ≈ 53 measurements to scan all
directions. Although the recovered AoA shape differs from
the original one, the angular direction where the AoA peaks
is very close when using CSBP&MDBP—this is exactly
needed by FastND to guide the client to listen to the direction
with best signal strength. (ii) CSBP alone requires a large
number of measurement to recover the AoA, but the recovery
is still not as accurate as CSBP&MDBP, which verifies the
necessity to integrate both modules.

F. Computational Overhead

The computational overhead of FastND is negligible due
to the following reasons. (i) Although a plain convex opti-
mization problem may require O(N3) to solve, a compressive
sensing optimization convex problem like (16) inside CSBP
has a much lower computational complexity of O(Nlog(K)),
by leveraging the sparsity feature of compressive sensing
problems [37]. Here N is the dimension of variable vector x,
and K is the number of non-zero entries in the vector. (ii) The
most time consuming part within MDBP lies in the beam
distance computation (Eq. (18)), which has a complexity of
O(U2N) (U is the number of beams). But the computation
can be done offline, because the beam weights are fixed and
thus the beam distances won’t change at run time. The runtime
MDBP only involves basic arithmetic operations (19) and (20).
(iii): FastND runs once every Beacon Interval (BI), and an BI
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typically lasts 100ms, which provides sufficient time for the
computation.

G. Handling Practical Issues
Phase Non-Coherence: In CSBP, specifically in Eq. (15),

we assumed that perfect phase of the measured channel
coefficient Hms is available. However, the channel measure-
ments are incoherent and the phase gets corrupted due to
carrier frequency offset (CFO), on practical COTS mmWave
radios [39], [40]. To handle the problem, we adapt the original
FastND and design a non-coherent FastND, which uses only
amplitudes of the measured channels. In particular, we adapt
Eq. (16) as follows,

min �x�1 + �(|AΦ,Nx| − |Hms|)�2 (21)

We solve the non-linear optimization problem using the
Nelder-Mead Simplex method [41] to derive an optimal x̃.
Except such process of deriving x̃, non-coherent FastND
operates exactly the same with FastND following Alg. 1.

Algorithm 1 FastND Algorithm Running on a Client
1: INPUT: The set of all beams AU,N

2: OUTPUT: Decoded Beacon
3: Φ = [] /*The set of used beams*/
4: H = [] /*The set of channel measurements */
5: Select a random beam u from A
6: /* Iterative loop until a beacon is decoded*/
7: while TRUE
8: Perform receive beamforming with beam u
9: if can decode a beacon

10: return the beacon
11: endforif
12: Distill the resulting channel hms(u)
13: Φ = Φ ∪ {u} /*Update the used beam set*/
14: H = H ∪ {hms(u)} /*Update the channel set*/
15: /*Compute the next promising beam using CSBP */
16: ũ = CSBP(A, Φ, H)
17: if ũ ∈ Φ
18: /*Compute the next promising beam using MDBP */
19: ũ = MDBP(A, Φ)
20: endforif
21: u = ũ /*Loop with the new beam*/
22: endforwhile

We illustrate the impact of phase non-coherence by com-
paring the performance of FastND and its non-coherent ver-
sion using an experiment in Fig. 17. For the case, we use
a 32-element linear phased-array and each antenna element
is controlled by a 2-bit phase shifter. We plot the num-
ber of beams required by exhaustive ND (exND), FastND
and non-coherent FastND for 30 links (setup details in
Sec. VI-B.1). We have two observations: (i) The lack of phase
information indeed has an adverse effect on ND. In particu-
lar, FastND uses only 2.5 beams in average for successful
ND, while its non-coherent counterpart requires 4.5 beams.
(ii) Despite of the adverse effect, non-coherent FastND is still
much faster than exND. Specifically, non-coherent FastND
only costs 25.8% beams compared with exND. Moreover,
plenty of experiments under various scenarios in Sec. VI
validate that FastND, after taking into account the effect of

Fig. 17. Impact of phase non-coherence.

Fig. 18. Impact of random codebook.

phase non-coherence, still significantly outperforms the state-
of-the-aft.

Beam Pattern Randomness: FastND re-uses the existing
codebook, i.e., it samples the channel using pre-defined
beam patterns defined in the codebook. The beam pat-
ters are designed with specific objectives (e.g., high-
directionality, coverage maximization), rather than being
generated randomly [4], [38]. On the other hand, random
sampling is required before applying compressive sens-
ing, or restricted isometry property (RIP) should be satisfied,
i.e., the sampling matrices should be nearly orthonormal,
at least when operating on sparse vectors [42].

We find that the used codebook in FastND, though not fully
random, still satisfies the RIP to a certain extent. In particular,
the beam weight for the nth antenna element of the uth beam,
w(n, u), is defined as follows [38],

w(n, u) = j

⌊
(n−1)× mod ((u−1)+U/4,U)

U
4

�
(22)

where j �
√

(−1), U is the total number of beam patterns.
From Eq. (22), the legitimate choice for each w(n, u) are
limited to {1, j, -1, -j}, which can be realized by a 2-bit phase
shifter. Said differently, w(n, u) has been quantized by the
coarse-grained phase shifter, which introduces randomness.
Moreover, the generated beam patterns from Eq. (22) are
nearly orthogonal. For instance, we generate 8 beams for a
4-element phased array, and plot the cross-correlation of the
beams in Fig. 15. We can observe that the correlation matrix is
an approximated block-diagonal matrix, which indicates good
orthogonality.

We then compare the ND delays under our codebook with
that under a purely random codebook. To generate random
codebook, the beam weight of each antenna element are
chosen randomly from {1, j, -1, -j}. We plot the average and
std. of the number of used beams over 30 static links (setup
details in Sec. VI-B.1) in Fig. 18 and have two insights: (i) For
coherent FastND, random codebook doesn’t have substantial
effect, which implies that the predefined codebook already
suffices for coherent compressive sensing. (ii) In contrast,
random codebook saves about 44.4% beams in non-coherent
case, i.e., the impact of randomness becomes much more
significant when the phase information is missing. Note that
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Fig. 19. Example of simulated RSS pattern.

Fig. 20. Ray-tracing environment setup.

through random codebook helps to speed up ND, it’s wider
beam patters bear the disadvantages of low-directionality and
more interference [39]. In this work, we still use the predefined
codebook generated by Eq. (22), and leave the integration of
random codebook for future exploration.

VI. EVALUATION

A. Evaluation Methodology
We have implemented FastND on the baseband processing

unit of our 60 GHz software radio testbed. To evaluate FastND,
we would ideally need a reconfigurable phased-array antenna,
but COTS 60 GHz phased-arrays are usually built on chip and
do not allow access to low-level information. So we follow a
classical approach to emulate phased-array beamforming [43]
on the testbed. Specifically, we use linear phased-arrays with
six kinds of dimensions, i.e., the number of antenna elements
increases from 16 to 96 with steps of 16. Each antenna
element is controlled by a 2-bit phase shifter, i.e., the phase
shift values are {0, π/2, π, 3π/2} . We generate antenna gain
pattern of a linear phased-array using 802.11ad codebook, and
then convolve the antenna gain pattern of the phased-array
antenna, with the spatial channel response (i.e., AOA pattern)
between the Tx and Rx. The AoA pattern is measured by
sweeping a ultra-narrow horn antenna (3.4◦) at both side, using
a programmable motion control system.

Our 60 GHz platform plus the phased-array emulator can
directly run ND algorithms for static links. Yet, emulating
a mobile link requires us to collect the AoA trace at every
timestamp, which is infeasible for the motion control system.
Thus, for dynamic links, we develop a ray-tracing simulator
to generate the fine-grained AoA trace. Ray-tracing [44] has
shown to be an accurate way to simulate millimeter wave
propagation in both indoor and outdoor environment. In par-
ticular, Neekzad et al. [45] demonstrate that AoA patterns

Fig. 21. Static links: average delay.

from ray-tracing is reasonably close to real measurement in
both LOS and NLOS scenarios. We develop our 60 GHz
ray-tracing simulator following [46], which models the radio
propagation pathloss, reflection and refraction effects in a
2D plane using image-based methods. Fig. 20 depicts the
ray-tracing setup of a living room environment. It shows an
example of propagation paths from an PCP (located at the
origin) to a client (located at coordinate [4, -1.5]), which are
reflected from two plastic reflectors and wooden walls. The
corresponding RSS distribution is plotted in Fig. 19, and the
channel sparsity is similar as in our measurement.

We have also implemented the 802.11ad’s ND related
TDMA-based MAC components on the 60 GHz testbed,
including packetization with preambles, beacon sweeping,
inter-frame spacing, etc. We use a virtual clock to time all pro-
tocol actions, with 802.11ad’s default timing parameters. With
this setup, we investigate FastND’s performance under various
practical factors, including mobility, blockage, link distance
and surrounding environment. Almost all experiments run on
our 60 GHz platform plus the phased-array emulator, except
the mobility experiment that uses ray-tracing simulation.

We evaluate the performance of FastND against the exhaus-
tive ND in 802.11ad, and the state-of-the-art Hunting based
Directional Neighbor Discovery (HDND) proposed in [7].
In HDND, Tx and Rx node continuously sweep their direc-
tional beams towards opposite directions (e.g., clockwise for
Tx and counter-clockwise for Rx), until a beacon from the
Tx is received and decoded at the Rx side. Using specifically-
designed rotating strategy (under constraint of rotating speed
and beamwidth), HDND is proved to achieve successful ND
within a delay bound. It is noteworthy that HDND [7] requires
to differentiate the beam steering speed of Tx and Rx, which
incurs more protocol complexity and does not follow the
802.11ad standards. In addition, in spite of many alterna-
tive 60 GHz ND protocols in literature (see [15], [16], [18],
and references therein), they assume simplified beam pat-
terns that are inconsistent with those generated by phased-
arrays, or require major protocol modifications [7], [8] that are
incompatible with the 802.11ad standard. In contrast, FastND
operates in full compatibility with 802.11ad and takes into
account practical factors such as code-book beamforming of
phased-array and signal propagation characteristics derived
from testbed measurements.

B. Evaluation Results
1) Static Links: We first compare FastND against exND and

HDND using 30 static links randomly deployed in an 10×10m
office environment, as illustrated in Fig. 20. The average ND
latency results are plotted in Fig. 21

We have two major observations: (i) exND latency scales
dramatically with the number of antenna elements (i.e., NR)
on the phased-array. This poses significant challenge to the
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Fig. 22. Static links: worst delay.

Fig. 23. Average delay of mobile links.

practical use of 802.11ad, since hundreds of antenna elements
are expected to be packed in a small-sized phased array to
support multi-Gbps data rate [3]. In contrast, FastND’s delay
grows very slowly and keeps under 1 second on average, so
the latency gap with 802.11ad increases as NR grows. When
NR = 96, the mean latency under FastND is only about
1
10 of that under IEEE 802.11ad. The result clearly validates
the advantage of active learning of FastND, while accumu-
lating more information, FastND can predict and converge to
the optimal beam direction quickly, in contrast to the slow
"blind" trail-and-error exND. (ii) Both HDND and FastND
significantly reduce the ND latency. In particular, the average
delay of HDND is 37.42% of exND, while that of FastND is
only 15.02% of exND. Moreover, we find that HDND exhibits
much more variance than FastND. From the worst-case delay
given in Fig. 22, HDND’s delay can exceed exND and reaches
as high as 13.6s (e.g., when NR = 96), while that of FastND is
bounded within 3s. The result corroborates the findings in [7],
i.e., due to the deterministic nature of HDND and 60 GHz
spatial channel sparsity, it may take very long time for the
clockwise-rotating beams of Tx and the counter-clockwise-
rotating beams of Rx rendezvous at a path with RSS strong
enough.

The worst-case latency shows a similar trend, so we omit
the discussion here.

2) Mobile Links: We set up mobile links by allowing the
client to walk through 100 different trajectories within a
10m×10m office. It is expected that the highly directional
60 GHz links is meant to be used in quasi-static scenarios such
as hand movements or postural changes when a static person is
holding a client device, so here we mainly focus on speed from
0.18 to 1.44Km/h [6]. A user starts beam scanning at a random
orientation at each location along its moving trajectory.

We plot the average and standard deviation of mobile links’
delay in Fig. 23, from which we have two major observations.
(i) Different from static scenarios, mobile link delays are
much more dynamic, for all three methods. In particular,
there is not a monotonic increasing or decreasing relationship
between ND delay and moving speed. The reason, by analyz-
ing the mobility traces, is that mobile trajectories in practice
is usually consisted of both homogeneous and heterogeneous

Fig. 24. Ave. delay with human blockage.

Fig. 25. Delay distribution of 200 instances.

locations, as the reflecting environment keep evolving during
mobility [36]. Since moving speeds have opposite effect on
these two cases (as analyzed in Sec. IV), the mixed effect
shows non-monotonic trend. (ii) Despite of large fluctuation,
FastND is able to control the delay inside a small range,
compared with exND and HDND. On average, FastND’s delay
is about 1

2 of that of exND and HDND.
3) Human Blockage: Human blockage is a major hindrance

to the highly directional 60 GHz links, especially for indoor
deployments that often have heavy human activity like people
sitting or moving in the conference room. We model blockage
by assigning a blockage probability for each beam direction,
following [47]. Fig. 24 shows the ND delays under different
levels of blockage. We observe that human blockage pro-
longs the discovery latency for all the three methods, since
more effective directions are blocked and less CSI can be
collected to recover the channel profiles. Though FastND’s
gain becomes marginalized with increasing blockage severity,
it still outperforms exND and HDND in the common cases.

4) Link Distance: We next evaluate the impact of link
distance. 200 client locations are randomly generated within
the ray-tracing environment (Fig. 20), with link distance
distributed within [0, 6] meters. Fig. 25 plots the scatter
diagram over their ND delays. We observe that: (i) both
exND and HDND delay show a drastic variation beyond a
short distance of 2 meters. Half of the clients experience large
delays within [6, 13] seconds, implying very low quality of
experience. (ii) In contrast, the delays of most clients under
FastND are less than 5 seconds, except for a small number of
special locations where the channel condition is so bad that
no useful CSI can be collected.

5) Environment Sparsity: In practice, 60 GHz radios can
be deployed in scatter-rich environment like conference
rooms, or open space like corridors or even outdoor. We model
such diverse surrounding environment by varying the number
of reflectors in the ray-tracing setup, and then we derive the
ND delays of the three comparing methods. From Fig. 26,
we have two major observations: (i) all methods cost more
time in sparse environment (with few reflectors), since the
η-factor is very small there. For example, the delay of exND
decreases from 8.8s to 2.6s when the number of AoA clus-
ters increases from 1 to 7. (ii) Despite of the same trend,
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Fig. 26. Ave. delay under various multipaths.

FastND outperforms exND and HDND under each setting.
In particular, the advantage of FastND over HDND becomes
more significant under scatter-rich environment, since FastND
can quickly converge to one of many effective directions, while
HDND still requires many full rounds of clockwise/counter-
clockwise rotation to achieve effective Tx/Rx rendezvous.

To sum up, FastND outperforms exND and HDND across a
wide range of practical scenarios. More importantly, the advan-
tage of FastND is more significant under crucial scenes, such
as massive-element phased arrays, long link distances and
open environment with a limited number of reflectors. In these
scenarios, FastND achieves ND using only 1

10 to 1
2 of the time

compared with the other two methods on average.

VII. DISCUSSION AND FUTURE WORK

Effect of AP/PCP Deployment
In this work, we examine the ND delay under random

AP/PCP deployment. An in-depth research is to optimize the
AP/PCP’s position to facilitate ND. Our recent work [48]
shows that the performance of 60 GHz networks is highly
sensitive to environment structure and reflectivity, then it
places AP/PCP in an optimal way so as to maximize network
coverage and link robustness. Similarly, joint optimization of
AP/PCP deployment and adaptive beam steering shall further
speed up neighbor discovery, which is left for future work.

Element Gain
For simplicity, we ignore the element gain of phased array,

but assume each element to be omni-directional. From Fig. 14,
we can see that the beam patterns together cover a full circle
of 360◦. However, element gains exist on practical phased
arrays. For instance, front-to-back gain ratio is actually very
large on COTS phased arrays such as Qualcomm [49] and
Intel radios [50]. Fortunately, FastND can easily incorporate
the element gain. In particular, suppose the element gain is
e(i, θ) for the ith element on direction θ(n), we can modify
the original Eq. (12) to be

A(u, n) =
∑NR

i=1
w(u, i)e(i, θ(n))exp(j2πidcos(θ(n))/λ)

(23)

Despite such modification, other designs of FastND keep the
same, and in principle FastND will work with element gain.
However, the problem is that element gain values proprietary
to manufacturer are not open to researchers, as far as we know.
Element gain measurement/estimation should be an interesting
problem for future research.

ND in 3-D Space
In this work we focus on ND in 2-D space. ND shall

become much more complicated in 3-D space, because beam
scanning along elevation and azimuth dimensions are coupled
together, which leads to a high scanning overhead at O(N2)

order (here N is the total number of beam directions along
each dimension). However, a recent work [51] shows that the
two dimensions can be decoupled by exploiting a unique
interaction between 3-D spatial channel profile and beam
patterns. In consequence, the 3-D beam scanning can be
degraded as a limited number of 2-D beam scanning, which
is of O(N) scanning overhead. The work in [51] focuses on
fast beam tracking (i.e., after successful neighbor discovery)
for emerging mobile application including untethered virtual
Reality and miracst, in which 3-D movement or rotation are
heavily involved. The principle there can also be applied to
speed up neighbor discovery in 3-D space, which is left for
future exploration.

VIII. RELATED WORKS

60 GHz Networking
Amid the commercialization of 60 GHz devices [49], [50]

and maturity of protocol standardization [4], [5], 60 GHz
networking has been attracting more and more attention. Based
on prior theoretical works (see [29] and references therein),
recently much research effort has been devoted to solve practi-
cal challenges when implementing both outdoor [3], [21] and
indoor 60 GHz multi-Gbps wireless networks. In particular,
many solutions are proposed to combat adverse effect of block-
age or mobility [36], [48], [52]–[56]. In addition, 60 GHz
radios are widely considered as the enabling technology for
the emerging untethered VR [57], 4K/8K Miracast [58] and
wireless data centers [22]. Recent works [13], [22], [59]–[62]
start to design system-level solutions to guarantee application
performance. While these works focus on improving 60 GHz
performance after link establishment (i.e., after ND procedures
finishes), our work aims to speed up the initial ND process.

ND in 60 GHz Networks
Previous study [7], [8], [15], [16], [18] has analyzed or sim-

ulated ND performance in 60 GHz networks and has attempted
to improve the ND efficiency, but they assume simplified
antenna beams, and ignore unique properties of 60 GHz spatial
channel profile and practical phased-array antenna patterns.

It is possible to conduct ND via the 2.4 GHz band using
omni-directional antennas, while transmitting data through the
60 GHz directional phased-array [19], [53]. Besides requiring
extra radio hardware, a more serious concern is that channel
characteristic of 2.4 GHz and 60 GHz differ drastically: two
radios that see each other at 2.4 GHz may not be able to
establish connections at 60 GHz.

Compressive sensing has been used in 60 GHz beam
searching, or in a more general setting of multipath channel
recovery [14], [33], [34], [39]. While FastND is inspired
by these works, it differs in several aspects. First, previous
works focus on the compressive channel recovery problem
exclusively, and assume enough channel state information
has been aggregated at once, which is not feasible in
ND state [39]. Second, they do not address the practical
impacts of channel sparsity and mobility on the latency
of ND protocols. Third, performance of channel recovery
is evaluated theoretically [34] or in an 8 GHz anechoic
chamber [33], whose channel profiles differ significantly from
60 GHz multipath environment.

Hierarchical approach is typically used to speed up channel
training in 60 GHz networks, where sector-level sweeping is
firstly used to derive a coarse-grained beam-forming sector,
and then a fine-grained beam searching is used to refine the
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sector [4], [6]. Note that such hierarchical approach requires
Tx/Rx to exchange control messages so as to progressively
narrow down searching space, which is not feasible in ND
stage where Tx/Rx link has not been established yet. More-
over, hierarchical approach is of low efficiency as the popula-
tion of users grows [39].

Active Learning
As a general principle, active learning has been applied

in machine learning, statistical inference, mobile sensing,
and etc. (see [17], [63], [64]). FastND is inspired by these
works, but solves unique challenges proprietary to 60 GHz
mmWave radios. First, to bootstrap the learning process,
FastND exploits the coding/modulation redundancy in the
preamble of 802.11ad frames to distill hidden channel informa-
tion. Second, to derive next sampling operations, i.e., the next
most promising beam direction, FastND leverage both inherent
spatial channel sparsity and practical ir-regular beam shape
generated by phased array, to design two complimentary beam
prediction mechanisms, in order to converge to the effective
beam direction with limited information in ND stage.

ND in Omni-Directional Wireless Networks
In legacy Wi-Fi and cellular networks with persistently

active PCP (or BS), ND is a straightforward procedure. The
problem becomes complicated in self-organized wireless sen-
sor networks, where sensor nodes are activated intermittently
to save power. Two sensor nodes can discover each other only
when their wake up periods overlap. An ideal ND protocol
as such should make an optimal trade-off between energy
efficiency and rendezvous latency. To this end, many ND
protocols have been proposed (see a survey [65]). These
protocols can be considered as ways to intentionally sparsify
the temporal schedule to save energy. 60 GHz ND faces a
completely different challenge, i.e., spatial channel sparsity,
which depends on the radio environment and cannot be
manipulated by time-domain scheduling.

ND in Low-Frequency Directional Wireless Networks
In directional wireless networks, communicating parties

must agree on where and when to point their directional
beams. Extensive work has developed algorithmic solutions
to speed up ND for low-frequency directional WiFi and
cellular networks (see [9]–[12], and the references therein).
These algorithms typically assume a fan-shaped antenna beam
pattern, and design geometry-based beam switching methods
to allow the transmitter and receiver beam to fast rendezvous.
The underlying assumption are: the nodes fall in LOS, beam
patterns are regular, channel profile (AoA pattern) overlaps
exactly with beam pattern, etc. These assumptions are no
longer valid in 60 GHz networks (Sec. I), and hence a new
and principled design is needed.

IX. CONCLUSION

We have presented FastND, a practical mechanism that
enables fast neighbor discovery for 60 GHz wireless network-
ing. FastND is built on our insights from test-bed measure-
ments and theoretical analysis, which capture the impact of the
inherent sparsity characteristic of 60 GHz channels. FastND
incorporates a compressive channel recovery and an adaptive
beam selection technique to speed up the neighbor discovery
process. Experiment results show that FastND can achieve
delay as low as 1

2 to 1
10 of that by existing de-facto protocol

under adverse network scenarios.
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