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Why BATS?

• Multi-hop is a longstanding problem in wireless 
communication

• Transmission can sustain no more than a few hops if 
data packets are treated as commodities

• The multi-hop curse 
• BATS can sustain tens or even hundreds of hops, 

without relying on link-by-link retransmission (very 
bad for video transmission)

• Recoding is employed at the intermediate nodes
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This book discusses an efficient random linear network coding scheme, called BATched Sparse code, 
or BATS code, which is proposed for communication through multi-hop networks with packet loss. 
Multi-hop wireless networks have applications in the Internet of Things (IoT), space, and underwater 
network communications, where the packet loss rate per network link is high, and feedbacks have long 
delays and are unreliable. Traditional schemes like retransmission and fountain codes are not sufficient 
to resolve the packet loss so that the existing communication solutions for multi-hop wireless networks 
have either long delay or low throughput when the network length is longer than a few hops. These 
issues can be resolved by employing network coding in the network, but the high computational and 
storage costs of such schemes prohibit their implementation in many devices, in particular, IoT devices 
that typically have low computational power and very limited storage.
 A BATS code consists of an outer code and an inner code. As a matrix generalization of a 
fountain code, the outer code generates a potentially unlimited number of batches, each of which 
consists of a certain number (called the batch size) of coded packets. The inner code comprises (random) 
linear network coding at the intermediate network nodes, which is applied on packets belonging to the 
same batch. When the batch size is 1, the outer code reduces to an LT code (or Raptor code if precode 
is applied), and network coding of the batches reduces to packet forwarding. BATS codes preserve 
the salient features of fountain codes, in particular, their rateless property and low encoding/decoding 
complexity. BATS codes also achieve the throughput gain of random linear network coding. This book 
focuses on the fundamental features and performance analysis of BATS codes, and includes some 
guidelines and examples on how to design a network protocol using BATS codes.
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About SYNTHESIS

This volume is a printed version of a work that appears in the Synthesis 
Digital Library of Engineering and Computer Science.  Synthesis 
books provide concise, original presentations of important research and 
development topics, published quickly, in digital and print formats.
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Hong Kong 
Smart Lamppost Project
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Smart Lamppost Connectivity

optical
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Pilot Project

• Successfully deployed BATS in 36 smart 
lampposts

• The general public has concern about the 
installation of video cameras on the lampposts 
due to possible infringement of privacy

• Hopefully can resume by end of 2021, with 
video cameras replaced by LiDARs
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Smart Lamppost Testbed
on CUHK Campus
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BATS + Fog Computing
• BATS is inherently a fog computing application 

because the computation must be done at the 
edge

• Installing 20 fog computing based smart 
lampposts on the CUHK campus, with BATS being 
provided as a service 

• Services to be provided
– WiFi access
– Lamppost-assisted autonomous driving
– Real-time traffic monitoring with AI applications
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Hong Kong Country Park 
Pilot Trial
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Addressable Markets

Satellite communications 

Underwater communications

Internet of Things

5G

V2X Safety & surveillance

Powerline communications

Rapid response 
network

Smart cities LI et al.: DOLPHINS FIRST: DOLPHIN-AWARE COMMUNICATIONS 2045

Fig. 1. System architecture of MUCANs.

II. NETWORK MODEL

A. Network Configuration

We consider a MUCAN consisting of a surface station (SS),
a group of cognitive acoustic modems (CAMs) and sev-
eral dolphins playing around. The CAMs are anchored to
the ocean floor for earthquake detection, pollution moni-
toring or oceanography data collection, and they are inter-
connected by wireless acoustic links as shown in Fig. 1.
The SS plays the role of collecting the sensed information
from CAMs and guiding the CAMs’ data transmission in a
multi-hop manner with joint consideration of power control
based dolphin-awareness, interference mitigation and flow
routing.

Intuitively, dolphin-aware transmission can be realized
by collaboratively sensing dolphins’ activities around the
CAMs [11]. However, to guide such dolphin-aware multi-hop
transmission from the source CAM to the destination CAM,
the broadcasting based guidance will be needed frequently,
which can cause too much overhead and is troublesome in
MUCANs. Therefore, instead of real-time collaborative sens-
ing of dolphins, we achieve the awareness of dolphins based
on the statistics of dolphins’ activities considering the fact
that their habit is closely related to the physical environment
with certain characteristics. Since the locations of CAMs
are relatively fixed (they are anchored to the ocean floor),
the statistics of surrounding dolphins’ activities will not have
a sudden change within a relatively short period (e.g., several
hours, or several days) [23]. So, the transmission guidance
is generally needed only once (i.e., for the first time of the
establishment of the transmission routes) in such a static
underwater sensor network. Furthermore, several promising
schemes developed for the reliable control message broadcast-
ing can be adopted to realize the centralized dolphin-aware
transmission scheme [26], [27].

B. Modeling of Underwater Acoustic Communications

In this subsection, we present some classical models
employed in this paper. For simplicity, we omitted the detailed
introduction of them, which can be found in many existing
research works [28], [29].

1) Transmission Loss: The transmission loss L (d, f ) fol-
lowing the Urick’s model in dB for a signal at fre-
quency f (kHz) over a transmission distance d (km) is

10 log L (d, f ) = k · 10 log
(

d × 103
)

+ d · α ( f ) + A (1)

where k is a spreading factor, α ( f ) is an absorption coeffi-
cient, and A is a constant in dB called transmission anomaly
representing other factors. For theoretical study, k can be
set to 1.5, the absorption coefficient α ( f ) (dB/km) can be
approximated by Thorp’s formula as

α ( f ) = 0.11 f 2

f 2 + 1
+ 44 f 2

f 2 + 4100
+ 2.75 × 10−4 f 2 + 0.003,

(2)

and the constant A is neglected in this paper for simplicity as
some other works [30], [31].

2) Transmission Range and Interference Range: Suppose
that there are M = {1, · · · , M} available OFDM sub-channels
in the MUCAN [32], [33], which are centered at { f1, · · · , fM }
with bandwidth {" f1, · · · ," fM }, respectively. Assume that
the transmission power at the i -th CAM on sub-channel
m is pm

i . Obviously, the transmission loss is monotonically
increasing with the distance and the remaining power after
a distance d from the i -th CAM can be expressed approxi-
matively as pm

i · L (d, fm)−1 due to the narrow bandwidth.
Based on a receiving power threshold PT

CAM, we define a
transmission range for each CAM i , ∀i ∈ N , when it transmits
on sub-channel m with the power pm

i as

RT
i,m = arg max

d

{
pm

i · L(d, fm)−1 ≥ PT
CAM

}
. (3)

Similarly, for the receiving interference, we also set a receiv-
ing power threshold as its negligible level, which is denoted
as PI

CAM. Then, for CAM i transmitting on sub-channel m,
the interference range can be denoted as

RI
i,m = arg min

d

{
pm

i · L(d, fm)−1 ≤ PI
CAM

}
. (4)

For CAM i ∈ N , RT
i,m < RI

i,m because PT
CAM > PI

CAM.
3) Link Capacity: The noise power spectral density (PSD)

is usually denoted as the sum of four contributions, i.e.,

N ( f ) = Nt ( f ) + Ns ( f ) + Nw ( f ) + Nth ( f ) , (5)

which includes turbulence, shipping, wind and thermal noise,
respectively. They can be modeled with frequency f (kHz)
in dB re µPa per Hz as follows [28]:

N̂t ( f ) = 17 − 30 log ( f )

N̂s ( f ) = 20s − 60 + 26 log ( f ) − 60 log ( f + 0.03)

N̂w ( f ) = 50 + 7.5w1/2 + 20 log ( f ) − 40 log ( f + 0.4)

N̂th ( f ) = −15 + 20 log ( f ) , (6)

where N̂x ( f ) = 10 log Nx ( f ), x ∈ {t, s, w, th}. In N̂s ( f ),
s indicates the shipping activities on the surface, whose
value ranges from 0 to 1 representing low and high activ-
ity, respectively, and in N̂w ( f ), w denotes the wind speed
in m/s.

Authorized licensed use limited to: Chinese University of Hong Kong. Downloaded on May 27,2020 at 12:35:05 UTC from IEEE Xplore.  Restrictions apply. 
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Main Contents of the Draft

• Basic data delivery procedures using a BATS 
code

• A baseline BATS code specification
• Related research issues (new)
– Coding design issues
– Protocol design issues
– Application related issues

• Security Considerations
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Thanks to

• NWCRG Chairs Marie-Jose and Vincent
– suggestion to add discussions on related research 

Issues
• Dave Oran
– pointer to Byers and Luby’s recent work on “Liquid 

Data Networking”

20



BATS IPs
• 3 US Patents

– US Patent No. 8693501
– US Patent Application No. US10425192
– US Patent No. US10237782

• 5 EU Patents
– DE validation of EP Patent No. 2644004
– FI validation of EP Patent No. 2644004
– FR validation of EP Patent No. 2644004
– GB validation of EP Patent No. 2644004
– SE validation of EP Patent No. 2644004

• 3 China Patents
– CN Patent No. ZL 201180055775.3
– CN Patent No. ZL 201610857698.8
– CN Patent No. ZL 201811256029.0

• 1 MO Application
– MO Patent Application No. J/004408
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