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Abstract

Low-power Wide-Area Networks (LP-WANSs) are seen
as a leading candidate to network the Internet-of-Things
at city-scale. Yet, the battery life and performance of LP-
WAN devices varies greatly based on their operating fre-
quency. In multipath-rich urban environments, received sig-
nal power varies rapidly with a low-power transmitter’s fre-
quency, impacting its transmission time, data rate and battery
life. However, the low bandwidth of LP-WANSs means that
there are hundreds of operating frequencies to choose from.
Among them, we show how choosing a select few of these
frequencies(<3.55%) effectively triples the battery life when
compared to the rest for LP-WAN devices.

This paper presents Chime, a system enabling LP-WAN
base stations to identify an optimal frequency of operation
after the client sends one packet at one frequency. Chime
achieves this by analyzing the wireless channels of this packet
across many base stations to disentangle multipath and as-
certain an optimal frequency that maximizes client battery
life and minimizes interference. We implement Chime on
a campus-scale test-bed and achieve a median gain of 3.4
dB in SINR leading to a median increase in battery life of
230% (~1.4-5.7 years), data rate by 3.3 and reduction in
interference of 2.8 x over commodity LP-WANSs.

1 Introduction

Recent years have seen the emergence of Low-Power Wide-
Area Networks (LP-WANSs) as a promising technology to con-
nect the Internet of Things. LP-WAN technologies ( like Lo-
RaWAN [2], SIGFOX [61], 3GPP’s NB-IoT [35], LTE-M [5])
allow devices to send data at low data rate (few kbps) to base
stations several miles away powered by batteries with targeted
lifetimes of 5-10 years. However, recent studies [17, 19,28]
show a contrasting reality in dense urban deployments where
LP-WAN clients deep inside buildings experience signifi-
cantly lower battery lives (~1-2 yrs) owing to heavy signal
attenuation. They further show that over 97% of the energy

consumption in an LP-WAN client can be directly attributed
to its radio front-end.

While many parameters influence the battery-drain from
a client’s radio front-end, the main parameter that it can con-
trol is its operating frequency. With the opening up of the
TV whitespaces, narrowband LP-WAN clients have several
hundreds of operating frequencies to choose from [16]. While
there is rich work on spectrum sensing, particularly to avoid
interference, in Wi-Fi [24] and LTE [38], LP-WANS differ in
an important way: base stations span asymmetrically higher
bandwidth compared to clients. This means that base stations
can directly monitor multiple frequency bands and advise
clients on frequencies with minimal interference. Yet, base
stations are unaware of the precise signal power at which an
LP-WAN client’s signal will be received across frequencies.
Our extensive experiments (Sec. 3) over a wide-area cam-
pus testbed show a promising opportunity in this respect: We
show how, when set to a select few frequencies (< 3.55% of
all available frequencies), signals from an LP-WAN client
are received at much higher signal power (~3-4 dB) at base
stations. This increases client data-rate (~2-8 x) and reduces
their transmission time, effectively tripling their battery life'
relative to the median frequency. Unfortunately, finding these
optimal frequencies is challenging because they correlate
poorly by interpolating measurements along space, time or
frequency of operation. Further, simply sifting through even
a few frequencies (e.g. as with Wi-Fi [11]) in the hope of
finding the optimal ones would itself drain the battery inordi-
nately.

This paper presents Chime, a solution that explores the
feasibility of offloading the LP-WAN client frequency con-
figuration problem to the more well-equipped LP-WAN base
stations. Chime considers static clients (e.g. sensors) in urban
environments whose multipath characteristics, while complex,
change relatively slowly over time. Chime uses the fact that
while a single base station cannot ascertain the complex mul-
tipath, multiple spatially-distributed LP-WAN base stations

IBattery Life estimates derived from prior energy models (see Sec.3)



can collaboratively identify an optimal operating frequency
for a client based on a single association packet it transmits
when it wakes up, regardless of its initial operating frequency.
Such an association packet is a standard feature of many LP-
WAN protocols [51] posing minimal power overhead for the
LP-WAN client. Chime achieves this by building a novel sys-
tem that uses the wireless channel-state information of this
packet at one frequency received across multiple base stations
to disentangle the multipath and predict the long-term battery
drain for the different operating frequencies. Further, Chime
also predicts the extent of unwanted interference the client
produces at base stations across different frequencies. Thus,
Chime passively infers an optimal client operating frequency,
without prior calibration of the environment or known client
location.

Chime exploits the recent trend of massive and unplanned
deployment of LP-WAN base stations [32]. For instance, Lo-
RaWAN base stations are proposed to be deployed in Comcast
MachineQ set-top boxes [32, 36], meaning that many LP-
WAN base stations will likely be single-antenna and often de-
ployed indoors. Chime proposes a novel algorithm (see Sec. 5)
to synchronize these multiple single or multi-antenna LP-
WAN base stations to emulate a large city-scale distributed
antenna array. In particular, Chime builds on past work in the
cellular context (e.g. R2-F2 [50]) that separates signal paths
using multi-antenna arrays while dealing with new challenges
pertaining to distributed, irregular arrays of antennas and low-
power user devices. Chime first models the received signals
from a client across synchronized base stations to disentangle
the different paths that the signals may traverse as they re-
flect off different objects. These signals combine to reinforce
or cancel each other leading to varying signal power across
the operating frequencies of the client. Chime then estimates
how these separated signal components recombine at different
client frequencies to find the one maximizing battery-life and
throughput, while minimizing interference.

A key challenge in estimating the multipath in urban en-
vironments is receiving time-synchronized phase measure-
ments across multiple LP-WAN base stations to emulate a
distributed MIMO array. While recent work has successfully
demonstrated distributed MIMO for WiFi [22] and cellular
networks [40], LP-WAN packets last over 10x longer and
therefore require much more accurate and long-lasting phase
synchronization. Further, low-power devices experience large
hardware imperfections meaning that the phase of the wire-
less channel varies drastically even within one packet. Hence,
any phase measurements made over time across base stations
would simply appear unsynchronized and random. Chime
overcomes this challenge by never measuring the phase of
a low-power client in isolation, instead always measuring it
relative to a high-power master base station whose signal
propagation characteristics we know a priori. We design this
master base station’s signal so that it can be measured at ex-
actly the same time and frequency as the low-power client,

without significantly interfering with it. Sec. 5 describes this
novel algorithm that directly compensates for phase drifts
over time of the low-power client relative to a reference signal
due to hardware imperfections.

Next, Chime must use the synchronized phase measure-

ments of a client’s association packet to infer how the signal
propagates through environment. However, inferring all paths
of the signals using measurements from a few single-antenna
base stations [53] that are geographically separated is chal-
lenging. Chime exploits the fact that though wireless signals
in urban wide-area networks traverse diverse paths to base
stations at different locations, they often share a very small
number of common large reflectors (e.g. buildings, trees, big
vehicles, etc.). Our approach aims to discover these dominant
reflectors in the environment using the small number of wire-
less channel measurements and model the signal propagation
(Sec. 6), while accounting for variations in the size, shape and
orientation of these reflectors. Chime recombines signals in
these dominant paths across frequencies to accurately predict
an optimal frequency of operation for improved throughput
and lower interference ( Sec. 7).
Limitations and Scope: We emphasize that Chime: (1) Con-
siders static LP-WAN clients (e.g. sensors, metering devices);
(2) Models macroscopic environmental changes but neglects
fleeting reflectors (trade-offs discussed in Sec. 6.2) (3) As-
sumes LP-WAN clients send an association packet to base
station upon waking up. Yet, Chime remains broadly applica-
ble to most sensor networking deployments.

Evaluation and Results: We deploy Chime using LoRa as
the low power technology and Semtech SX1276 chips as the
client RF transceivers. Our base-stations are USRP N210s de-
ployed on six buildings in a 0.7 km x 0.5 km area surrounding
CMU campus. Our results show that:

Chime provides a net increase in battery-life of 1.4-5.7 years
(230%) achieving at an average 79% of the optimum.
Chime can increase network throughput by 3.3 x compared
to commodity LoRa.

Chime can reduce interference from LP-WAN clients at base
stations by 2.1 dB, by predicting the weakest frequency.

Contributions: Our specific contributions include:

A wide-area motivation study that demonstrates the inability
of spectral, temporal and spatial interpolation for identifying
an optimal operating frequency of an LP-WAN client.

A novel solution for collaboratively identifying an optimal
operating frequency of an LP-WAN client at the base stations
using only one transmitted packet from the client.

A system that demonstrates significant increase in battery
life and throughput by identifying an optimal frequency of
operation for LP-WAN radios while accounting for multipath,
interference and noise.

A wide-area deployment across a university campus showing
1.4-5.7 years of increased battery-life for LP-WAN clients.



2 Related Work analyzing multipath across distributed single-antenna base
stations for frequency con guration in the LP-WAN context
Related work can be broadly categorized as follows: is its key contribution.
Low-Power Wide-Area Networks: Recent years have wit-
nessed much interest in LP-WANs on both cellular (LTE-
M [5] and NB-1oT [35]) and unlicensed spectrum (Semtech's
LoRa [2,27,44] and SigFox [39,61]), with some proposals ex-
tending to the TV whitespaces [20]. Recent work on LP-WAN
has explored interference management [19, 23], developing
battery-free solutions [30, 45] and system deployments on the
whitespaces [48] to name a few. Chime complements this pas
work by considering rapid frequency con guration, a problem
crucial for tackling with rapidly changing channel quality in
urban spaces and improving battery-life.
Spectrum sensing:Cognitive radio and spectrum sensing
solutions are primarily aimed at identifying vacant frequency
bands to minimize interference with other users [56]. Many
of these solutions rely on long-term statistics of channel oc-
cupancy and signal power using temporal [9, 15, 29, 60] and
spatial correlation [12,14,46,59] to make predictions. More re-
cent work attempts to minimize feedback by relying on sparse
recovery techniques such as compressed sensing [34,43, 55f

or eigen-value basﬁd melthods [8, 57]'. ¢ d noi Estimating battery life: Prior studies have shown that the RF
For LP_'WAN_S' channel occupancy, interference and noise .t ang js responsible for most of the battery consumption

can be directly inferred by the base stations because they SPaly¢ 2 | oRaWAN device [17]. We use these prior LORAWAN
much larger bandwidth [10] compared to clients. Furthe_r, past battery models [17] to estimate the energy consumed per
wqu gn _spe(I:trum sener:g t()joes not'foc;,ls on prlgdlctlng re'packet at different datarates. We then use operational charac-
;:elve signa ﬁpvyer at t, el asr? St"’,‘t'on Ir?)m adc Ient acrosSye istics for the Semtech SX1276 transceiver [4] to map the
requencies. -I; IS 1S premfse yC |me|s g<|>_a asg_ On MeaSUresignal-to-interference plus noise ratio (SINR) to the appropri-
mer_1ts at one frequency rom a singie ¢ lent ra 10. ate datarates. They show that improving signal strength from
Optimal radio con 9‘_”3“0”1 Perhaps the ,SOIUt'OnS, most a LoRaWAN client can reduce the transmission time, thus
closely related to this paper are systems in the Wi-Fi [41] jreaging battery-life. The reason the battery life increases
and cellular context [S0]. CSpy [41] exploits the properties g ,ch with a few dB improvement in SINR is that, unlike

of'OI.:DM wide-band transmissions from Wi-Fi client on one WIFi, every better data rate in LP-WANSs halves the packet
Wi-Fi frequency band to accurately model wireless channels o\ mission time [4]. Thus, across the SINR thresholds of

at other Wi-Fi frequency bands. R2-F2 [S0] predicts both eqe gata rates, your client battery life doubles, quadruples
channel magnitude and phase of LTE cellular signals based,, 5 on. our results show high variation in the RSSI of a
on measurements in one frequency, exploiting the properties, 44 client at base stations across time, frequency and space.
of OFDM and large multi-antenna ba_se stations. . Correlation across time: Upon investigating the data across

In contrast the LP-WAN context brings three unique chal- ¢jients to the base station, we discover that most frequencies
lenges to the problem of nding an optimal operating fré- .panqe in signal strength even across a few minutes (Fig. 2).
quency. F|_rst, there are too many frequgnues to choose fromOur results (Fig. 3) show that using historical measurements
across Wh|tespaces B00MHz of bgndmdth). For example, oy er gifferent time spans on a set of frequencies to predict the
just running through all of them will consume about 6% of - o nima one (via polynomial interpolation) achieves 38.27%

the client's battery lifé. Second, these radio con gurations 4t yhe gptimum at best. Our detailed study of urban multipath
demonstrate extremely poor correlation across frequency, time;, sec. 10.2 shows that this stems from gradual aggregate

and space, ruling out statistical techniques to estimate the 0Pgpange in re ectors in the environment at these timescales.
timal frequency of operation (see large-scale study in Sec. 3).crrelation across Frequency: Our results reveal that the
Finally, the vast majority of LP'W’/,'\N base sta}t|ons are single- optimal frequency-of-operation is extremely dif cult to stum-
antenna [36] and often deployed indoors, ruling out past work e ynon with a random guess or even predict using a modest
that exploits bulky and expgnswe_mulﬂ-a_ntenna array infras- 5\ ount of frequency hopping. As shown in Fig. 1, 50% of all
tructure [7,50]. Indeed, while Chime builds on R2-F2 [S0], oerating frequencies provide just 27.58% of optimum bat-
2pavailable Battery Energy: 2900mAh; 125kHz channels in 800MHz: tery life while 90% of them still provide On_ly 67.09% Of the
6400; Energy of a typical LoRa packet: 100 mAs ; Battery spent = 6.13%  optimum. Indeed, only 1.58% of the operating frequencies are

3 Motivation - Empirical Study

To motivate the battery-saving opportunities in nding an
optimal frequency con guration and the core-challenges in
nding it, we present our ndings from a detailed empiri-
cal study. We focus on a simple question: “Can an optimal
tfrequency of operation of an LP-WAN client be found by
exploiting prior measurements made over time, frequency or
space?”. We deploy 20 LoRaWAN clients at multiple loca-
tions periodically sending packets across a month iterating
over 160 frequency con gurations in an outdoor campus-scale
testbed (see Sec. 9 for a detailed description of our testbed).
Each client was static and placed in a weather-proof case
in indoor and outdoor locations with signal power measured
from a single base station. While we do not consider mobile
clients, we consider varying outdoor environments over time
measure channel quality and estimated battery life for each
equency.




_ , _ Figure 2:Channel Variance Chan-Figure 3:Interpolation: percentile
Figure 1:Percentile of battery life: few frequen-,q quality varies dynamically acrog¥ battery life of the optimum fre-

cies have good SINRs providing battery lives CIQfgys and even minutes guency from interpolation
to the optimum

at 90% of the optimum while only 3.55% triple the median

battery life. Further, sampling several frequencies in hope of

nding the top 3.55% would itself incur battery-drain, zeroing

out the bene ts. We observe that even adjacent transmission

frequencies perceive a difference of about 20 dB of signal

strength which, in outdoor environments, is enough to make ) .

a LoRa device undetectable. We further evaluate whether Figure 4:Chime: Frequency con guration for LP-WANs
polynomial interpolation from sampling a limited number

of frequencies suf ciently improves battery life and observe ) ) ) ) ) )
(Fig. 3) that it achieves at best 70.07% of the optimum. Assumptions:While Chime does not consider mobile clients,

Correlation across Space: We evaluate whether measure- W€ do consider dynamic outdoor environments. While Chime
ments from neighboring clients can be leveraged to nd an d0€s not model eeting re ectors in environment, it models
optimal frequency of operation for a client. We consider var- 10Nd-term changes in multipath as it re-analyzes the current
ious number of clients placed in a linear array spaced at 15Multipath based on transmissions from the client beacon and

cm and predict an optimal frequency of the client in the mid- the master base station.
dle via polynomial interpolation. As shown in Fig. 3, this

achieves at best 39.90% of the optimum battery life. The rest of this paper describes three challenges in achiev-

ing the above design: (1pynchronizing Distributed Base
Stations:Chime rst develops a synchronization system that
4 Overview of Chime allows multiple base stations to coordinate. In doing so, it
eliminates the time-varying and long-lasting phase errors due
This section provides an overview of Chime's approach and to hardware impediments, such as frequency, timing and phase
challenges. Chime's primary goal is to accurately measure anoffsets of low-cost and low-power wireless hardware (see
optimal operating frequency for an LP-WAN client by making Sec. 5). (2)Disentangling Signal Paths:Next, Chime ana-
it transmit only one packet on one frequency band. It primarily lyzes the root cause of why signal power from the client would
aims to predict the received signal power of the client acrossvary across frequencies in the rst place — wireless multipath.
all frequencies at base stations. Since base stations span 8peci cally, signals from the client traverse multiple paths as
wide bandwidth, they can readily measure channel occupancythey re ect off buildings, trees and other objects before reach-
and noise levels across frequencies, leaving received signaing the base stations. Signals along these paths can reinforce
power from a client as the primary unknown. each other or cancel each other, depending on the frequency
Chime's system architecture is designed as follows: Upon of operation. At the cloud, Chime combines measurements
waking up and for signal association, each LP-WAN device from the distributed array of base stations to decouple the
transmits a beacon packet on its arbitrarily chosen initial fre- different paths the signal traversed from the client, even if the
quency of operation (a standard feature of common LP-WAN geometry of these base stations is arbitrary and the environ-
protocols). Chime then processes the received signals fromment is multipath-rich (see Sec. 6). B3timating Optimal
this packet across the base stations at the cloud via a wiredrrequency:Chime then recombines the signal components at
backhaul to infer an optimal frequency of operation. Note all possible operating frequencies to determine their expected
that since the powered base stations and the cloud perfornsignal power across base stations. Chime can then use this
all computation, this does not impact client battery life. The information, along with the known interference and ambi-
nearest base station then reports the estimated frequency tent noise at these frequencies perceived at base stations to
the client in its acknowledgment of the beacon. determine the best frequency-of-operation (see Sec. 7).
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