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Abstract—Directional antennas are a promising solution for
improving the range of client devices and capacity of wireless
networks. Unfortunately, in LP-WAN systems directional anten-
nas tend to be both large and expensive due to operating at sub-
GHz frequencies. However, if a client device is willing to forgo
improvements in antenna gain, it is possible to realize compact
and low-cost antennas that provide spatial diversity control. In
this paper, we show that by increasing spatial diversity in LP-
WAN clients with limited (or no) client gain, we can dramatically
increase overall network capacity and improve client battery life
by avoiding re-transmissions. This type of directional control can
also be used for hot-spot management by more effectively load
balancing clients across gateways.

We performed a sensitivity analysis using a combination of real
hardware and simulation to explore the impact of various switch-
able antenna geometries on network capacity under a variety
of deployment configurations. We then designed and evaluated
three prototype multi-sector array clients: (1) a switchable patch
antenna configuration, (2) a digital phase-shift nulling configura-
tion, and (3) a low-cost switched PCB element phase-shift system.
Each design explores a different hardware cost vs antenna beam
performance operating point. We experimentally see that our
real antenna beam patterns, captured in an anechoic chamber,
perform in a similar manner to our simulated prediction models
in terms of beam pattern and in simulation improve network
capacity by up to 28% from interference isolation alone and up
to 95% when offloading hot spots between four gateways. We
also perform a small measurement study of how often our final
design changes its configuration when deployed over multiple
days on a campus testbed.

I. INTRODUCTION

Low-Power Wide-Area Networks (LP-WANs) are a promis-
ing solution for low data-rate Internet of Things (IoT) applica-
tions where base stations cover several kilometers supporting
clients with multiple-year battery lives. As these systems are
adopted in utility sensing, traffic monitoring, and other urban
infrastructure applications, they will face significant challenges
in terms of client density and the total number of nodes.
One common approach for increasing network capacity is
using directional antennas to improve spatial reuse. Directional
antennas focus radio frequency (RF) signals, allowing clients
to transmit farther, at lower power, and with more stable links.
Unfortunately, at the sub-GHz frequencies used in most LP-
WAN technologies, for client devices to adopt directionality, it
would require large (tens of cm) and expensive antenna arrays.

One often overlooked attribute of directional antennas is
that, by focusing the RF energy, the client is naturally reducing
interference imparted on other nearby nodes and base stations.

In this paper, we explore the impact of increased spatial
diversity on client devices in LP-WANs in terms of overall
network capacity as opposed to just client gains. Given the
nature of LP-WAN networks, where there are thousands of
clients per gateway and long transmission distances, we see
that reducing interference among neighbors not only has a
significant impact on overall system capacity, but also reduces
message retries that are costly in terms of battery life. Our key
insight is that it is possible to create low-cost and compact
directional designs at the expense of gain. Normally, this is a
counter intuitive operating point in antenna design for a client,
since it requires adding complexity with no increase in range
or transmit power. However, in an altruistic LP-WAN context,
this capability has a significant impact on overall network
performance. We demonstrate that it is possible to create a
variety of directional antenna designs that have similar cov-
erage to an omnidirectional antenna while remaining simple
and compact. By reducing off-axis interference alone, we can
improve overall LP-WAN capacity by as much as 28%. We
see that at overloaded (i.e., hotspot) base stations, directional
antennas can be used to more effectively shed load to alleviate
congestion.

We explore the potential of client-side spatial diversity
in LP-WAN systems by creating and profiling real antenna
hardware and then simulating its performance at city-scale. As
part of this effort, we design and evaluate three generations
of antenna beam steering hardware with a software scheme
that is protocol compatible with LoRaWAN networks: (1)
a (rather expensive) switchable patch antenna array, (2) a
digitally controllable phased array for dual antenna nulling,
and (3) a compact and low-cost switchable PCB trace delay
phase array. Each design trades beam steering accuracy for
cost and simplicity.

For our switchable patch array (1), called DoRa, we used a
miniature (undersized) ground plane to reduce the mechanical
size. Normally, the ground plane would need to be larger
than 10 cm to operate efficiently, so by using smaller ground
planes we trade-off size for antenna gain. Second, we design
and evaluate a digitally controllable phase offset front-end
(2) as a proof-of-concept, called NulLoRa v1, that provides
fine-grained control of phase but the hardware is expensive
and power-hungry. Finally, we brought all of our design
lessons together and built a discrete (as opposed to digitally
controllable) phase delay system with RF switches and PCB
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delay traces called NulLoRa v2. This final approach only adds
$1.79 (priced at 1000 units) worth of additional cost over a
standard LoRaWAN radio package which often totals around
$15 with CPU, radio, antenna, and battery.
In summary, our main contributions are as follows:

1) We design and evaluate compact and low-cost LoRa an-
tenna front-ends that offer the gain of an omnidirectional
antenna, with the ability to dramatically reduce neighbor
interference and boost network capacity;

2) We provide open-source extensions to an NS3 Lo-
RaWAN simulator to support high-fidelity antenna sim-
ulations. We use the simulator to provide a sensitivity
analysis of the impact of antenna geometry (i.e. number
of switchable sectors) on overall network capacity;

3) Finally, we provide an initial proof-of-concept that direc-
tional antennas can aid in hotspot offloading even with-
out increased gain; the proposed algorithm is evaluated
in ns-3.

II. DIRECTIONALITY IN LORAWAN

Different LP-WAN implementations have unique architec-
tural trade-offs that impact hardware and deployment costs.
The cellular industry uses a licensed spectrum for LP-WAN,
thus minimizing interference and ensuring QoS. Other stan-
dards such as LoRaWAN and SigFox, operate in an unli-
censed ISM spectrum that is often easier to deploy, but its
shared nature can lead to performance concerns, especially
in densely populated areas. We have already seen problems
in systems using other shared ISM bands such as WiFi, but
the lower frequency and scale of LP-WAN exacerbate these
challenges. Throughout this work, we use LoRaWAN because
it is available as an open-source platform that works on the
unlicensed spectrum. But the same techniques can be applied
independently or in combination with other device-centric
networks on the market. A more detailed overview of LoRa
and LoRaWAN can be found here [1].

LoRaWAN networks consist of a set of well-provisioned
gateways that are usually powered endpoints on a broadband
network. These gateways often listen on multiple channels
simultaneously and can benefit from high-performance (po-
tentially directional) antennas. Each gateway can support
thousands of low-cost battery-operated clients. Clients are
low-cost, resource-constrained devices that transmit asyn-
chronously to a selected gateway. A negotiation protocol at
startup is used to establish the minimum transmit power and
Spreading Factor (SF) for the target gateway, but each mes-
sage can be overheard by other nearby gateways to improve
reliability. The SF controls how much coding is applied to
a packet allowing clients to trade off airtime for range and
reliability (high SFs transmit farther but take significantly
longer). Clients are assumed to use Isotropic antennas with the
combination of power control and SF to reduce interference
on neighboring gateways. Upstream and downstream traffic
uses different channels, so client upstream traffic should not
interfere with downstream traffic.
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Fig. 1: Illustration of idealized network performance given
load with different spatial diversity capabilities.

This architecture leads to the interesting trade-off where
reception by multiple gateways increases the reliability of a
single packet at the cost of increasing interference globally. In
a local sense, transmitting a packet with higher transmit power
should increase reliability. In a global sense, high-powered
transmissions increase interference with other gateways, which
decreases network capacity. This is similar to the principle
behind CSMA network capacity [2], except that now it comes
in the context of multiple receiver gateways. This scenario
becomes more complex when one considers the energy cost
of retransmitting lost packets in LoRaWAN. In practice, we
see scenarios where the network capacity could be quite high,
but nodes are transmitting multiple times which leads to
poor energy efficiency. Control over spatial diversity allows
clients to go beyond power control and SFs to direct RF
energy toward a gateway of their choice. In theory, it is
possible to leverage spatial diversity to allow for higher power
transmissions at lower SFs without interfering with neighbors.

In this paper, we present two mechanisms for controlling
spatial diversity. The first is switchable sector antennas that
consist of an RF switch that can cycle through several patch
antennas tiled in different directions. The patch antennas
slightly overlap in terms of coverage with their adjacent
antennas to avoid holes in coverage. In our designs, we assume
that, as the number of sectors increases, the width of each
sector decreases to increase pointing resolution. The second
mechanism we explore is the use of phase-offsets in an array
of antennas to programmatically create nulls in the antenna
radiation pattern. In this case, the antenna can be configured to
adjust where maximal power output should go with deep nulls
in off-axis directions. Unlike the switchable patch antennas,
nulling antenna configurations tend to be less regular. In
Section III, we discuss how we design and evaluate these
different configurations.

Figure 1 shows an ideal illustration of how we would expect
spatial diversity to impact overall network performance. On
the x-axis, we see transmission rate as a measure of load on
the network. The y-axis shows the reception rate to indicate
how many unique packets are received by the overall network
across all gateways (i.e., multiple copies of the same packet
only count as a single packet received). In an ideal environ-
ment, the transmission rate would match the reception rate
shown by the ”No Packet Loss” line. In practice, contention
and collisions result in packet loss. We show three different
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antenna configurations with their respective curves that define
network performance. The peak of each curve can be thought
of as the maximum network capacity (peak goodput) for any
configuration. The first line (shown in red) defines what we
might expect from a network where all the client devices
have fine-grained Narrow controllable antenna beams. This
could be achieved in any number of ways including MIMO
beamforming [3], switchable sectors, etc. It is no surprise that
a network with highly directional ideal clients has the highest
network capacity. If we look at the second Wide line (shown
in green), we see the performance of the network if the clients
had wider beam patterns. Keep in mind that the amplitude and
position of these curves are highly dependent on several factors
such as antenna gain and side-lobe interference. Generally,
we might expect that all things equal the network capacity
would be lower compared to the Narrow system. The last
line (in blue) represents how the network would respond with
omnidirectional antennas on each client.

One interesting aspect to note is that peak capacity might
not tell the entire story about what is important for clients.
As we can see, there are three regions labeled A through C
that indicate different levels of increasing transmission rate.
If the transmission rate is increasing, but the peak reception
rate is lower, that indicates that packets are getting lost due
to contention and require re-transmissions. This implies that
each client is expending more energy per unique packet. In this
example, the Narrow clients have both a higher peak reception
rate and the peak occurring in Region A compared to the Wide
clients that have a lower peak that occurs in Region B. It would
be possible however for Wide to have a potentially equal or
higher peak in Region B compared to the Narrow clients, but
that would indicate this is coming at a penalty in terms of client
energy (due to retries). Region C shows an example where
the omnidirectional clients are still able to get data through
compared to the Narrow and Wide clients that have already
reached an overload state where most devices are constantly
colliding and retrying. Normally this would be resolved with
better MAC tuning like in p-persistent CSMA [2], but this
is difficult in practice in LoRaWAN networks where each
client is device-centric making mostly local decisions without
a constant central coordinator.

Through the rest of this paper, we will explore how different
mechanisms change the network capacity of various client
and gateway configurations. We will highlight the trade-offs
in terms of network capacity and average client energy to
help inform the influence of various techniques under different
scenarios.

III. SYSTEM DESIGN

In this section, we propose two distinct ways of reducing
interference and increasing the overall network capacity of
a LoRa network. We validate and optimize our solutions
using the NS3 [4] discrete-event network simulator and build
hardware prototypes of a directional antenna array (DoRa) and

Fig. 2: DoRa client patch array prototype is composed of
five PulseLARSEN W3215 Ceramic Patch antenna and a Linx
ANT-916-PML whip antenna. Antenna selection is performed
by the Analog Devices HMC252A SP6T RF switch using
GPIO from a CubeCell HTCC-AB02 LoRaWAN end-device

a nulling array front-end (NulLoRa)1. We also fine-tune our
initial simulation models with real measurements captured in
an anechoic chamber and compare their performance at scale
under several different gateway and client configurations.

A. DoRa: Directional Patch Array

Traditional directional antennas come with many benefits
(increased gain and directivity), but also have drawbacks, such
as the size. This is especially true when operating on sub-GHz
bands, where antenna geometries are a function of wavelength.
The use of Ceramic as a substrate in a ceramic patch antenna
enables it to act as electrically larger when compared to
its operating wavelength. Compared to an omnidirectional
monopole antenna, the peak gain of a ceramic patch can be
as high as 4:5 dBi [5] at sub-GHz bands, but to achieve this
theoretical gain, large ground planes are required.

To keep our design compact, we opted to sacrifice the
maximum achievable gain while maintaining beamwidth per-
formance. Before designing our prototype, we evaluated the
trade-off between the number of sectors and beamwidth, and
its impact on network capacity (Section IV-A). Figures 5a and
5b show the estimated radiation pattern of our idealized 0 dB
gain 5 patch array and the anechoic measurements from our
prototype (shown in Figure 2). The prototype also includes
an omnidirectional monopole that can be switched on as a
fallback in cases when a deployed protocol doesn’t support
antenna selection.

We make use of an Analog Devices HMC252A SP6T
RF switch to select the active patch antenna. When active,
the switch adds 11 mW, which is negligible compared to
the RF transmission but does add 0:8 dB of insertion loss.
For this prototype, we make use of Pulse LARSEN W3215
ceramic patch antennas. The total Bill-of-Materials cost for
the antennas and the switch is about $80 US (clearly cost-
prohibitive for production systems). As seen in Figure 5b, the
peak gain of each sector varies from 0.3 dB and -1.5 dB in
the direction of interest.

1We will be releasing both open-source designs with Gerber files on GitHub
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