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Abstract
Due to the practical challenges in the deployment of exist-

ing half-duplex systems, the promise of ubiquitous backscatter
connectivity has eluded us. To address this, we design the first
long-range full-duplex LoRa backscatter reader. We leverage
existing LoRa chipsets as transceivers and use a microcon-
troller in combination with inexpensive passive elements in-
cluding a hybrid coupler, inductors, tunable capacitors, and
resistors to achieve 78 dB of self-interference cancellation
and build a low-cost, long-range, and small-form-factor Full-
Duplex LoRa Backscatter reader.

We evaluate our system in various deployments and show
that we can successfully communicate with a backscatter tag
at distances of up to 300 ft in line of sight, and through obsta-
cles, such as walls and cubicles, in a 4,000 ft2 office area. We
reconfigure our reader to conform to the size and power re-
quirements of a smartphone, and demonstrate communication
with a contact-lens-form-factor prototype device. Finally, we
attach our reader to a drone and demonstrate backscatter sens-
ing for precision agriculture with an instantaneous coverage
of 7,850 ft2.

1 Introduction

Recent advances [47, 56, 66, 73, 84, 88] have demonstrated
the potential of backscatter to replace power-hungry, large,
expensive radios 1 with an orders of magnitude lower power,
smaller-size, cheaper, potentially battery-free connectivity so-
lution. This promise, however, has run into practical limi-
tations in regard to existing backscatter infrastructure. Full-
duplex (FD) RFID readers [18, 22] and other proprietary full-
duplex systems [30, 35], in which a single reader communi-
cates with tags are easy to deploy, but these existing readers
are large, complex, expensive, and have limited range.

To address this, recent half-duplex (HD) backscatter sys-
tems have leveraged the economies of scales and ubiquity

∗Work was done while the author was at Jeeva Wireless.
1active RFIDs are also radios
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Figure 1: Overview of HD and FD Backscatter Deployments.

of industry-standard protocols such as WiFi [56, 88], Blue-
tooth [43, 53, 89], ZigBee [64, 89], and LoRa [73, 84] to re-
duce the cost, size, and complexity of reader infrastructure
and achieve longer range. However, these systems suffer from
deployment issues, as the half-duplex topology requires two
physically-separated radio devices: one for transmitting the
carrier, and another for receiving the backscattered data packet.
The need to deploy multiple devices in different locations sig-
nificantly limits the use cases for backscatter.

We present the first Full-Duplex LoRa Backscatter reader
which combines the low-cost, long-range, and small-form-
factor benefits of a standard-protocols-compliant backscatter
system with the simple deployment of a full-duplex system.
This addresses one of the remaining pain points of backscatter
and opens backscatter to a plethora of applications. A low-
cost, long-range, small-form-factor full-duplex reader could
be easily integrated into existing devices. This would enable
peripheral, wearable, and medical devices such as pill bot-
tles [33, 70], insulin pens [45, 60], smart glasses [59, 75], and
contact lenses [36, 48] to use backscatter to directly commu-
nicate with a cellphone, tablet, or laptop. Similarly, in agri-
culture, aerial surveillance drones could be equipped with
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a backscatter reader to collect data from sensors distributed
throughout a field.

To understand the challenge in building an FD LoRa
Backscatter reader, consider the traditional HD LoRa
backscatter system, shown in Fig. 1(a). The first radio trans-
mits a single-tone carrier at power levels up to 30 dBm. A
tag uses subcarrier modulation to backscatter a packet at an
offset frequency, which is then received by the second radio,
100 m from the transmitter. The physical separation is nec-
essary to attenuate the out-of-band carrier at the receiver to
a level where it does not impact the sensitivity [84]. This
illustrates the fundamental challenge in a FD LoRa Backscat-
ter system, as shown in Fig. 1(b): The single-tone carrier
needs at least 78 dB of suppression, a 63-million × reduction
in signal strength, between the transmitter and a commod-
ity LoRa receiver chipset, both integrated on the same PCB.
This suppression must be implemented in the analog RF do-
main without substantially increasing the cost, complexity,
or power consumption of the system. Furthermore, unlike
path-loss attenuation, which is wide-band, typical cancella-
tion techniques have a trade-off between cancellation depth
and bandwidth [31, 61, 65]. If the cancellation bandwidth is
insufficient, the carrier phase noise will show up as in-band
noise at the receiver. Therefore, a second requirement is to
bring the phase noise of the carrier at the offset frequency to
below the receiver’s input noise level.

Existing FD cancellation techniques, including analog, dig-
ital, and hybrid designs used in full-duplex radios have differ-
ent or more relaxed requirements and, as a consequence, are
insufficient to meet the needs of our system. Analog and hy-
brid cancellation techniques require bulky and expensive RF
components such as circulators [9], vector modulators [21],
and phase shifters [23] to achieve sufficient cancellation, each
of which increases cost and size. Digital cancellation tech-
niques require access to IQ samples, which are unavailable
on commodity radios, and instead use SDRs [28, 31, 35, 83],
FPGAs [85], or DSPs [29], which are all prohibitively expen-
sive. For a detailed analysis of why existing techniques are
insufficient, see §8.

Our key idea is to leverage the ubiquity and economies
of scale of existing LoRa transceivers and microcontrollers
and add inexpensive passive components to fulfill the two
requirements of full-duplex operation. This enables us to
build a low-cost, long-range, small-form-factor, Full-Duplex
LoRa Backscatter reader. We use a single-antenna topology
with a hybrid coupler to interface the transmitter and the
receiver with the antenna. The leakage from the transmit-
ter to the receiver, i.e. self-interference, is a function of the
impedance at the coupled port. A microcontroller adaptively
tunes an impedance network, tracking variations in the an-
tenna impedance and environmental reflections with the ob-
jective of minimizing interference at the receiver.

We introduce a novel, two-stage, tunable impedance net-
work to achieve 78 dB suppression of carrier signal. The

extent to which a carrier is suppressed is a function of how
closely the tunable impedance can track the variations in an-
tenna impedance, which in turn depends on the resolution
of the impedance network. A single-stage network is lim-
ited by the step size of its digital capacitors and does not
have a high enough resolution to reliably achieve 78 dB can-
cellation [38, 50, 54, 65]. Our two-stage network is built by
cascading two stages, each consisting of four, 5-bit tunable
capacitors and two fixed inductors with an attenuating resistor
network between the stages. The two-stage design provides
the fine-grain control and coverage necessary to meet the
78 dB carrier cancellation target across the expected range
of variation in antenna impedance. To achieve the second ob-
jective of bringing the phase noise of the carrier at the offset
frequency below the noise floor of the receiver, while simulta-
neously obtaining 78 dB cancellation at the carrier frequency,
is very challenging. There is a fundamental trade-off between
the cancellation depth and bandwidth [31, 61, 65], and we
prioritize the 78 dB cancellation requirement at the carrier
frequency. We use a COTS synthesizer with low phase noise
to relax the cancellation requirement at the offset frequency.

We implement the Full-Duplex LoRa Backscatter system
using only COTS components, for a total cost of $27.54 at
low volumes, only 10% more than the cost of two HD units.
Our evaluation shows that the two-stage impedance network
achieves >78 dB carrier cancellation and >46 dB of offset
cancellation in practical scenarios with a tuning time overhead
of less than 2.7%. Results are summarized below:

• The FD reader can communicate with tags at distances
of up to 300 ft in line of sight. When placed in the corner
of a 4,000 ft2 office space with concrete, glass, and wood
structures and walls, tags can operate within the entire space.
• We integrate a low-power configuration of the FD reader
into portable devices. We attach the prototype to the back
of a smartphone and show that the tags can communicate at
distances beyond 50 ft at 20 dBm, 25 ft at 10 dBm, and up to
20 ft at 4 dBm.
• We build two proof-of-concept applications. We prototype
a contact-lens-form-factor antenna tag and show that it can
communicate with FD reader attached to a smartphone at
distances of up to 22 ft and when the reader is inside a user’s
pocket. We also attach the FD reader to a quadcopter and fly it
to 60 ft above a field. The reader is able to communicate with
tags placed on the ground at a lateral distance of up to 50 ft,
corresponding to an instantaneous coverage of 7,850 ft2.

2 Background

Our work brings full-duplex operation to a LoRa Backscatter
system. We start with a background on LoRa backscatter,
followed by a primer on the full-duplex operation.
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2.1 LoRa Backscatter Primer
Backscatter communication eliminates RF carrier genera-
tion at the tag and, instead, uses switches to reflect existing,
ambient RF signals for data transmission. This drastically
reduces the cost, size, and power consumption of wireless
communication [30, 56, 84]. In HD backscatter deployment,
as shown in Fig. 1(a), a radio source generates the single-
tone carrier, a backscatter tag reflects the carrier to synthe-
size LoRa packets, then a receiver decodes the backscat-
tered packets. However, the carrier signal also ends up as
a strong source of interference at the receiver, which de-
grades the receiver’s ability to decode packets. Backscatter
systems use two key techniques to mitigate carrier interfer-
ence [26, 43, 46, 47, 49, 56, 64, 73, 78, 81, 84, 89, 92, 93]. First,
the tag uses subcarrier modulation to synthesize packets at
a frequency offset from the carrier frequency. The receiver
operates at the offset frequency, pushing the interference, i.e.
the carrier signal, out of band at the receiver. Since receivers
are designed to operate in the presence of out-of-band inter-
ference, the receiver can decode the backscattered packets
with minimal loss in sensitivity. Second, the transmitter and
receiver are physically separated to attenuate that carrier to a
level where it does not affect the receiver’s sensitivity. How-
ever, in full-duplex systems, by definition, the transmitter and
receiver cannot be physically separated.

LoRa receivers have low sensitivity and high blocker toler-
ance, making them ideal candidates for long-range backscat-
ter connectivity, as demonstrated by prior HD backscatter
designs [73, 84]. LoRa has two key protocol parameters that
can be used to trade off data rate with receive sensitivity:
spreading factor and bandwidth. Since our system transmits
up to 30 dBm, the FCC mandates frequency hoppingand a
maximum channel dwell time of 400 ms [17]. So, we limit
our system to protocols with packet lengths shorter than this
limit, which corresponds to a sensitivity of -134dBm. Longer
packet lengths are incompatible with frequency hopping un-
less we implement intra-packet frequency hopping. Doing so
would require tuning in the middle of packet reception, which
is not feasible on commodity radio receivers.

2.2 Full-Duplex Primer
FD radios transmit and receive at the same time on a single de-
vice, allowing simultaneous communication between devices
without delay. The main obstacle in achieving FD functional-
ity is self-interference; the strong transmit signal leaks to the
sensitive receiver and appears as interference, degrading its
performance. Hence, the key is to suppress the interference
before it reaches the receiver. Broadly speaking, there are two
approaches to FD operation: out-of-band and in-band.

Cellular standards such as WCDMA and LTE implement
out-of-band full-duplexing by using Frequency Division Du-
plexing (FDD), where two distinct fixed frequency bands are
used for uplink and downlink. In FDD systems, the operating

frequency and frequency offset are fixed, and a frequency
selective duplexer is used to suppress the transmitter leak-
age in the receive band. At first glance, it may look like FD
backscatter is similar, as the tag backscatters the data packet
at a frequency offset, however, FDD systems use much higher
offset frequencies, at least 40 MHz for WCDMA and LTE
bands above 800 MHz [20], in line with the requirements of
practical frequency duplexers and passive filters. Backscat-
ter systems, in contrast, transmit the carrier and receive the
packet within the same frequency band, keeping the frequency
offset low to minimize the power consumption of the tag. For
example, the LoRa backscatter system operating in the 902-
928MHz ISM band uses an offset frequency of 2-4 MHz.
With such a small offset, we cannot leverage passive filters or
frequency duplexers used in FDD systems.

In recent years, researchers have demonstrated success with
In-Band Full-Duplex (IBFD) radios [31, 35, 41, 61], where
radios transmit and receive simultaneously on the same fre-
quency. IBFD radios suppress self-interference by using a
combination of analog and digital cancellation techniques to
bring the signal strength of the typically-wideband carrier
below the noise floor of the receiver over the entire receive
bandwidth. IBFD radios use isolation and analog cancellation
techniques in the RF domain to first bring the carrier signal be-
low the saturation level of the receiver front end. Next, digital
cancellation techniques are used in the baseband to suppress
the signal below the noise floor across the receiver bandwidth.
Since the frequency offset in a backscatter system is small,
an FD backscatter system can leverage SI suppression tech-
niques similar to IBFD devices, such as isolation and analog
cancellation. However, there are two key differences. First,
the FD LoRa Backscatter system uses a single-tone signal
as the carrier, so we need to suppress a very narrow-band
signal. Second, unlike IBFD radios, the FD LoRa Backscatter
system uses existing COTS radios, which do not provide ac-
cess to signals in the digital baseband of the receiver. Hence,
unlike IBFD systems, which use digital cancellation in addi-
tion to analog cancellation, we need to achieve 78 dB of SI
cancellation entirely within the analog domain.

3 FD LoRa Backscatter Requirements

In this work, we focus on the cancellation requirements for
a LoRa backscatter system, but the design techniques and
architecture are not LoRa specific. They can be extended to
build FD backscatter systems for other wireless standards
such as WiFi, Zigbee, Bluetooth, SigFox, or NB-IoT that use
a single-tone carrier and subcarrier modulation to synthesize
backscatter packets [43,47,56]. However, these techniques are
not directly applicable to systems which do not use sub-carrier
modulation [30] or use wide-band Wi-Fi or LoRa packets as
carrier [64, 73, 89].

We divide the cancellation requirements into two cate-
gories: carrier cancellation and offset cancellation.
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Figure 2: Carrier Cancellation. The 30 dBm single-tone
carrier needs 78 dB of attenuation to meet the Rx blocker
tolerance and ensure packet reception down to Rx sensitivity.

3.1 Carrier Cancellation
We define carrier cancellation (CANCR) as the required cancel-
lation of the carrier signal (the source of self-interference) at
the center frequency. The carrier acts as a blocker i.e. a strong
signal in the vicinity of the desired signal that can affect a
receiver’s performance and reduce its sensitivity. A strong
blocker can saturate the LNA, forcing it to reduce gain and in-
crease the noise floor. Secondly, post LNA, a blocker can mix
with the receiver local-oscillator phase-noise and contribute to
in-band noise. Finally, baseband filters have limited stopband
attenuation, and even a small portion of the blocker passing
through the filter reduces the signal-to-noise and -interference
ratio.

We compute the minimum required carrier cancellation as
CANCR > PCR−RxSen−RxBT (1)

where PCR is the carrier power, RxSen is the receiver sensitivity,
and RxBT is the receiver blocker tolerance.

For example, as per the SX1276 datasheet, the blocker
tolerance at a 2 MHz offset for BW = 125 kHz, SF = 12,
-137 dBm sensitivity protocol is 94 dB [19]. Based on equa-
tion 1, for PCR = 30 dBm, at least 73 dB of SI cancellation
is required. However, the datasheet blocker specification as-
sumes a 3 dB degradation in sensitivity, which is substantial
for backscatter systems. Additionally, the datasheet provides
blocker specifications for only a subset of frequency offsets
and protocol parameters. To get a more comprehensive set of
requirements, we perform our own blocker experiments for
a range of frequency offsets (2, 3, and 4 MHz) and protocol
parameters (366 bps - 13.6 kbps data rates). We connect a
LoRa transmitter and a single-tone generator to two variable
attenuators and combine their outputs at a LoRa receiver. First,
we get a baseline sensitivity by turning off the single tone
and increase the LoRa transmitter attenuation till we reach
receiver sensitivity, defined by PER < 10%. Next, we turn
on the single-tone generator with maximum attenuation and
reduce the attenuation, thereby increasing blocker power, un-
til the PER exceeds 10%. We record the maximum tolerable
interference power for different frequency offsets, receiver
bandwidths, and spreading factors to achieve different data
rates and conclude that 78 dB is the most stringent carrier-
cancellation specification. As mentioned prior, the blocker
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Figure 3: Offset Cancellation. The phase noise of the single-
tone carrier at the frequency offset after cancellation should
be less than the noise floor of the receiver.

performance of a receiver depends on both the RF front end
and digital baseband. Our analysis shows that the SX1276
baseband has sufficient digital baseband filtering to suppress
the blocker at the offset frequency, and additional filtering
would not help in this specific case.

Fig. 2 illustrates the carrier cancellation requirement. Be-
fore cancellation, the carrier signal is much stronger, but after
cancellation, the SI is dropped to a level that the receiver can
tolerate. The difference between these levels is CANCR. Note
that a lower cancellation may suffice for some data rates and
frequency offsets, but our design supports all configurations.

3.2 Offset Cancellation
We define offset cancellation (CANOFS) as cancellation of the
carrier signal at the offset frequency. We use a single-tone
signal as the carrier. An ideal oscillator generates a pure sine
wave, with the entire signal power concentrated at a single fre-
quency. However, practical oscillators have phase-modulated
noise components, which spreads the power to adjacent fre-
quencies. This results in noise side bands [76] and is charac-
terized by the source’s phase noise, i.e. power spectral density
(dBc/Hz) of the noise at a frequency offset from the center
frequency. Since the receiver operates at a frequency offset
from the carrier, the carrier phase noise shows up as in-band
noise to the receiver. For optimal receiver performance, the
SI signal after cancellation at the offset frequency should be
less than the receiver noise floor. We compute the minimum
required offset cancellation as

PCR +LCR(∆ f )+10Log(B)−CANOFS < 10Log(KT B)+RxNF

CANOFS−LCR(∆ f ) > PCR−10Log(KT )−RxNF (2)
where LCR(∆ f ) is the carrier phase noise at the offset frequency
(∆ f ), B is the receiver bandwidth, K is the Boltzmann con-
stant, T is temperature, and RxNF is receiver noise figure.
We show this requirement in Fig. 3. Before cancellation, the
backscattered signal is buried under the carrier phase noise,
but, after cancellation, the carrier phase noise is pushed below
the receiver noise floor.

As per the SX1276 datasheet RxNF = 4.5 dB, so for PCR =
30 dBm, CANOFS−LCR(∆ f ) > 199.5 dB. The offset cancel-
lation depends on transmit power, carrier phase noise, and
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Figure 4: System Architecture. We use a single-
antenna hybrid-coupler architecture with a two-stage tunable
impedance network for cancellation. A microcontroller con-
trols all components and implements the tuning algorithm.

receiver noise figure. Interestingly, since the channel band-
width appears on both sides of equation 2, offset cancellation
is independent of the receiver channel bandwidth. In other
words, we can use the carrier phase noise per unit bandwidth
and receiver noise floor per unit bandwidth instead of the
aggregate noise over the entire bandwidth.

In an HD system, the transmitter and receiver are physi-
cally separated, and the carrier attenuation via RF propagation
does not significantly change with frequency. So, if the 78 dB
carrier cancellation requirement is met, the phase noise at
the offset frequency would also be attenuated by the same
amount. However, cancellation networks do not have the same
wide-band frequency characteristics [38, 40, 54, 65, 77]. The
inequality shows that satisfying the offset cancellation re-
quirement for an FD system requires a joint design of the
carrier source and the cancellation network. If we use a high-
phase-noise carrier, we would need high offset cancellation,
whereas if we lower the phase noise of the carrier source,
we can relax the offset cancellation requirements. Carrier
and offset SI cancellation are functions of offset frequency,
and both typically relax with an increase in offset frequency.
However, an increase in offset frequency increases the tag
power consumption. Thus, the frequency offset presents a
trade-off between tag power consumption and SI cancellation
requirements. 2-4 MHz is a reasonable compromise; we use
a 3 MHz offset frequency in this work.

4 FD LoRa Backscatter Reader Design

The FD LoRa Backscatter system uses a single antenna and a
hybrid coupler with a two-stage tunable impedance network
to achieve carrier and offset cancellation. The cancellation
network uses only passive components, minimizing cost, com-
plexity, power consumption, and noise. Fig. 4 shows the block
diagram of our design. The antenna is connected to the trans-
mit and receive paths via a hybrid coupler. The fourth port
of the coupler is connected to a tunable impedance network
that tracks the antenna impedance to reflect and phase shift a

portion of the single-tone carrier, suppressing the SI that flows
to the receiver. The carrier signal is generated by a frequency
synthesizer and fed to a power amplifier (PA) to transmit up
to 30 dBm. An on-board microcontroller controls the syn-
thesizer, PA, receiver radio, and digital tunable impedance
network using a SPI interface. We use RSSI readings from
the receiver to measure the SI there.

Below, we describe the principle of operation for the hybrid
coupler. This is followed by the two-stage tunable impedance
network design and the choice of carrier source to meet the
carrier and offset cancellation requirements. Finally, we de-
scribe the tuning algorithm.

4.1 Coupler: Principle of Operation

Couplers are four-port devices that divide an incident sig-
nal between the output and coupled port while keeping the
fourth port isolated [72, 74]; we use this property to isolate
the transmitter and receiver. We connect the transmitter to the
input port (1), the receiver to the isolated port (3), the antenna
to the output port (2), and the tunable impedance network
to the coupled port (4). The carrier signal is split between
the antenna and coupled ports, leaving the receiver isolated.
The received signal at the antenna port is split between the
receiver and the transmitter, leaving the tunable impedance
isolated. Couplers are reciprocal elements, meaning that the
signal split described above is symmetrical. Ideally, we would
want the entire PA output to go to the antenna (low TX inser-
tion loss) and the entire received signal from the antenna to
go to the receiver (low RX insertion loss). A higher coupling
factor would direct more of the PA output to the antenna at the
cost of reducing signal transmission from the antenna to the
receiver. Since our goal is to maximize the communication
range, we must minimize the sum of the transmit and receive
insertion losses. A hybrid, or 3 dB coupler, equally divides
the input power between the output and coupled ports and
minimizes total loss to 6 dB.

Two factors limit the practical SI cancellation of a hybrid
coupler. First, every coupler has leakage: a typical COTS cou-
pler provides ∼ 25 dB of isolation between the transmit and
receive ports [16], far lower than our requirement. Second,
and more important, is the effect of the antenna. Typical an-
tennas, including low-cost PIFAs, are characterized by -10 dB
return loss, and any reflection from the antenna port would
couple to the receiver and further contribute to the SI.

Antenna Impedance Variation. Environmental variations
affect antenna impedance, i.e. nearby objects can detune the
antenna or create additional reflections that contribute to vari-
ation in its reflection coefficient. Since SI cancellation is
dependent on antenna impedance, it is essential to charac-
terize the expected variation. We design a 1.9 in × 0.8 in
PIFA for our implementation and use this antenna to quan-
tify impedance variation. We connect the PIFA to an Agilent
8753ES VNA [3] and subject it to environmental variations
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Figure 5: Two stage tunable impedance network used for SI cancellation and its simulation results.
by placing the antenna upright on a table, and measure S11 as
a hand and other objects approach it from different directions.
Our results show that the magnitude of the reflection coeffi-
cient, |Γ|, reaches a maximum of 0.38, and we set expected
|Γ| < 0.4 for the antenna.

4.2 Two-Stage Tunable Impedance Network
We use a tunable impedance at the coupled port [50, 54, 65]
to negate SI leakage due to variation in antenna impedance.
However, the cancellation depth is a function of how precisely
we can tune this impedance. To achieve 78 dB carrier cancella-
tion, we need a very fine resolution for the tunable impedance,
which is not available in COTS digital capacitors. To solve
this, we introduce a novel two-stage tunable impedance net-
work that allows us to achieve deep cancellation, using only
passive components.

To understand how the tunable impedance network im-
proves the SI suppression from the coupler, follow the flow of
signals in Fig. 4. The carrier (red) splits between the antenna
port and the coupled port. The impedance at the coupled port
is tuned such that the reflection from this port (green) cancels
out both the leakage of the coupler and the reflection from
the antenna port (purple) to achieve deep cancellation at the
receive port (blue). In the worst case of a significantly detuned
antenna, reflection from the antenna is much stronger than the
leakage, and this should be canceled by the reflection from
the tunable impedance.

We use a topology of two fixed inductors and four digi-
tally tunable capacitors terminated with a resistor to cover the
range of expected impedance values required to cancel strong
reflections from the antenna [65]. We observe that in a tuning
network terminated with a resistor, only a small portion of the
signal is reflected, and most of it is dissipated. We replace the
termination resistor with a resistive signal divider, followed
by a second tunable impedance, as shown in Fig. 5(a). The
signal reflected by the second stage flows through the resistive
divider twice, effectively lowering the impact of impedance
changes in the second stage on the overall reflected signal.
This allows us to use the second stage to make much more
fine changes in impedance, increasing the tuning resolution

and enabling deep cancellation. However, the first stage still
determines the tuning range and offset cancellation. The sec-
ond stage provides the fine resolution to accurately match
the reflection from the balanced port with the leakage and
reflection from the antenna port. To eliminate dead zones, we
choose the resistive divider such that the fine tuning network
covers the step size of the coarse tuning network. This coarse
and fine tuning approach is similar to using a hybrid cou-
pler combined with an analog feed-forward path. The second
stage effectively provides the functionality of a feed-forward
path, but without additional noise and at a lower cost, lower
complexity, and lower power.

We simulate the behavior of our tunable impedance net-
work to demonstrate the efficacy of our approach. We plot the
tuning network reflection coefficient at 915 MHz in Fig. 5 (c)
for a step size of six LSBs for each capacitor in the first stage.
For visibility, the plot only shows 1,296 impedance states out
of more than 1 million first-stage impedance states and more
than 1 trillion total states. The plot demonstrates that our de-
sign can cover the impedances corresponding to the antenna
reflection coefficient circle of |Γ| < 0.4. Next, we show the
fine tuning of the second stage in Fig. 5 (d). We select an ini-
tial state (the large, red square in the center) and change each
capacitor in the first stage by one LSB to get the other eight
red dots. Without the second stage, we would not be able to
achieve any impedance between these dots. For each of these
nine states, we use a step size of 10 LSBs for each capacitor
in the second stage and show the resulting impedances in blue.
The blue cloud shows the fine resolution control covering the
dead zone between the first-stage steps. Finally, we simulate
SI cancellation for 400 random points of antenna impedance
inside the |Γ| < 0.4 circle and plot the cancellation CDF in
Fig. 5 (b). Cancellation of > 80 dB is achieved for the 1st
percentile, which satisfies our requirement.

4.3 Carrier Source Selection
The phase noise of the carrier source determines the required
cancellation at the offset frequency, as shown in equation 2.
In order to understand the requirements of the carrier source,
we first simulate SI cancellation at different frequency offsets.
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We tune the capacitors to achieve a minimum of 78 dB carrier
cancellation and then sweep the operating frequency. Our re-
sults show that at 3 MHz frequency offset, 47 dB cancellation
or more is achieved in 90% of the simulated cases. If we use
SX1276 with a phase noise of -130 dBc at 3 MHz offset as our
transmitter, then 47 dB of offset cancellation is insufficient.

The tuning network has multiple poles that can be opti-
mized to increase cancellation bandwidth [57, 65]. However,
doing so reduces the cancellation at the center frequency. This
approach would also require a wide-band receiver to provide
feedback on the SI power over the entire bandwidth to tune
the capacitors, which is unavailable on the SX1276 (max. BW
= 500 kHz). We need > 78 dB of SI cancellation at the carrier
frequency and prioritize this requirement. Instead of SX1276,
we use ADF4351 [10] frequency synthesizer to generate the
single tone carrier, which has a lower phase noise of -153 dBc
at 3 MHz offset. Although the ADF4351 is slightly more
expensive, it relaxes the offset cancellation requirement to
46.5 dB and eliminates the need for an additional wide-band
receiver or a power detector, justifying the design choice.

4.4 Tuning Algorithm
Our design uses a two-stage impedance network with eight
digital capacitors, each with five control bits; a total of 40
bits resulting in 240 (∼ 1-trillion) states for the impedance
network. Multiple capacitor states can result in the impedance
required for 78 dB cancellation, and any one of those is accept-
able. As it is impossible to search across such a vast space in
real-time, there is a need for an efficient tuning algorithm that
can run on a commodity ARM Cortex-M4 microcontroller.

We use a simulated annealing algorithm to tune the ca-
pacitors in each stage separately [86]. Simulated annealing
is based on the physical process of heating, and then slowly
cooling, a material to minimize defects in its structure. For
every temperature value, we take ten steps. At each step, we
add a random value bounded by a maximum step size to each
capacitor and measure the SI using receiver RSSI measure-
ment. We accept the new capacitor values if the SI decreases,
or with a temperature-dependent probability when the SI in-
creases. We start with a temperature equal to 512 and divide it
by two each round until it reaches one. We set predefined can-
cellation thresholds for each stage and stop the tuning once
the thresholds are met. If the first stage reaches the threshold
(set to 50 dB), but the second stage fails to do so, we repeat
the tuning until either it converges or reaches a timeout.

5 Implementation

We implement the FD LoRa Backscatter reader for operation
in 902-928 MHz on a 3.8 in × 1.9 in, 4-layer, FR4 PCB.
We place the RF components, including antenna, transmit-
ter, receiver, and cancellation network, on the top side of the
PCB, and microcontroller and power management on the bot-

tom. We use the SX1276 as the LoRa receiver [19]. The
cancellation circuit consists of the X3C09P1 90° hybrid cou-
pler [16] and a two-stage tunable impedance network,shown
in Fig. 5 (a). Variable capacitors C1-C8 are implemented by
pSemi PE64906 tunable capacitors, with 32 linear steps from
0.9 pF - 4.6 pF [11]. We set inductors L1, L3 to 3.9 nH and L2,
L4 to 3.6 nH. We set resistors R1, R2, and R3 to 62 Ω, 240 Ω,
and 50 Ω respectively. We use the ADF4351 synthesizer to
generate the single-tone carrier, which has 23 dB better phase
noise at 3 MHz offset compared to the SX1276. The output
power of the carrier can be amplified up to 30 dBm using the
SKY65313-21 power amplifier [12]. Our cancellation tech-
nique has an expected loss of 7-8 dB; 6 dB of which is the
theoretical loss due to hybrid coupler architecture, the rest is
due to component non-idealities.

We design a custom coplanar inverted-F PCB antenna. The
radiating element of the antenna measures 1.9 in × 0.8 in
and leverages the existing ground plane for omnidirectional
radiation. We measure the performance of the antenna in an
anechoic chamber, and results show a peak gain of 1.2 dB,
half-power beam-width of 80°, and cumulative efficiency of
78%. The transmitter, receiver, and cancellation network are
controlled using a SPI interface by an on-board ARM Cortex-
M4 STM32F4 microcontroller [13]. The microcontroller im-
plements a state machine in C to transition between tuning,
downlink, and uplink operating modes. In the tuning mode,
the microcontroller first configures the center frequency and
power of the carrier and then tunes the impedance network
to minimize SI using the simulated annealing algorithm de-
scribed in §4.4. After the tuning phase, the MCU sends the
downlink OOK message to wake up the backscatter tag. Then,
it transitions to the uplink mode where it configures the re-
ceiver with the appropriate LoRa protocol parameters to de-
code backscattered packets. The MCU then repeats this cycle
for the next frequency.

5.1 FD Reader Configurations
We configure the FD LoRa Backscatter reader for two dif-
ferent use cases; a ‘base-station’ setup and a ‘mobile’ setup.
Below we describe each configuration.

Base-Station Configuration: The base-station configuration
of the FD LoRa Backscatter reader uses a 8 dBc high gain
patch antenna [25]. The synthesizer and PA are set to trans-
mit at 30 dBm. These settings maximize operating range and
we use this configuration for the line-of-sight and non-line-
of-sight range testing. In the base-station setup method, the
power amplifier, synthesizer, receiver, and MCU consume
2,580 mW, 380 mW, 40 mW, and 40 mW, respectively, result-
ing in total power consumption of 3.04 W. 3.04 W is not a
limitation for a plugged-in device such as a smart speaker or
WiFi router, but is too high for a portable device.

Mobile Configuration: For applications with lower power
consumption and smaller size requirements, we configured the
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system as a ‘mobile’ version. We use the on-board antenna
and configure the synthesizer and PA to transmit at lower
power levels of 4 dBm, 10 dBm, and 20 dBm. Since the
PA and synthesizer dominate power consumption, reducing
transmit power greatly reduces power consumption. In this
mobile configuration, power consumption is low enough to
draw from conventional portable power sources like a USB
battery or a laptop. It is also small enough that, if desired, we
are able to attach it to an iPhone 11 Pro without increasing
the phone’s footprint, shown in Fig. 11(a).

Lower transmit powers relax cancellation requirements (see
§3.2), which can be leveraged to further reduce the power
consumption of the synthesizer and the power amplifier. For
20 dBm output power, we can instead use an LMX2571 [8] as
the synthesizer which has higher phase noise, but lower power
consumption. We can also use a CC1910 [4] as the PA which
operates efficiently at 20 dBm output power. Similarly, for out-
put powers of 4 dBm and 10 dBm, we can use a CC1310 [14]
as the synthesizer and eliminate the PA. These optimizations
would reduce power consumption to levels shown in Table 1.
Since we built our system for maximum output power and
range, we did not make these hardware changes in this work,
but we wish to outline the available design choices for use-
cases demanding lower power consumption.

5.2 Cost Analysis

The FD LoRa Backscatter reader is designed with the goal
of simplifying the deployment of backscatter technology to
unleash the untapped potential of backscatter. Cost plays a
critical role in achieving this objective. Table 2 outlines the
cost structure of the different components of the system and
compares it with a legacy HD LoRa backscatter reader. Our
analysis using pricing data from Octopart [1] shows that at low
volumes of 1,000 units, the FD reader costs $27.54, only 10%
more than the cost of two HD readers. We believe that further
optimization and leveraging economies of scale, coupled with
the reuse of radios and processing power upon integration
with existing devices such as IoT gateways, smartphones, and
tablets, can further reduce the solution cost.

5.3 LoRa Backscatter Tag

The LoRa backscatter tag used in this work is based on the
design proposed in [84]. The LoRa baseband and subcarrier
chirp-spread-spectrum-modulated packets are generated us-
ing Direct Digital Synthesis (DDS) on an AGLN250 Igloo
Nano FPGA [5]. The output of the FPGA is connected to
SP4T ADG904 RF switch [6] to synthesize single-side-band
backscatter packets. The backscatter tag design also incor-
porates an On-Off Keying (OOK) based wake-on radio with
sensitivity down to -55 dBm and an ADG919 [7] SPDT switch
to multiplex a 0 dBi omnidirectional PIFA between the re-
ceiver and the backscatter switching network. The total loss
in the RF path (SPDT + SP4T) for backscatter is ∼ 5 dB.

Table 1: Estimated Power Consumption of FD LoRa
Backscatter Reader

TX Power Applications Peak Power
30 dBm Plugged-in devices 3,040 mW+

20 dBm Laptops, Tablets 675 mW
10 dBm Phones, Battery Packs 149 mW

4 dBm Phones, Battery Packs 112 mW
+ Measured result.

Table 2: Cost Analysis of FD & HD Backscatter Hardware
Components FD Cost (2×) HD Cost
Transceiver $4.16 (2×) $4.16
Synthesizer $7.15 N/A

Power Amplifier $1.33 (2×) $1.33
Cancellation Network $5.78 N/A

MCU $1.70 (2×) $1.30
Power Management $2.25 (2×) $1.95

Passives $2.52 (2×) $1.54
PCB fabrication [2] $1.07 (2×) $0.79

Assembly [2] $1.58 (2×) $1.38
Total $27.54 $24.90

6 Evaluation

First, we validate our cancellation approach by measuring
the carrier and offset cancellation of our novel two-stage
impedance tuning network. Then, we measure the time over-
head incurred by our tuning approach. Next, we evaluate the
FD LoRa Backscatter system performance in a wired setup
to neutralize multi-path effects, followed by line-of-sight and
non-line-of-sight wireless deployments. Finally, we measure
the performance of the mobile version of our system.

Unless mentioned otherwise, we set the subcarrier mod-
ulation frequency to 3 MHz, and configure the tag to trans-
mit 1,000 packets with SF = 12, BW = 250kHz, (8,4) Ham-
ming Code with an 8-byte payload, a sequence number for
calculating PER, and a 2-byte CRC. Additionally, we initi-
ate uplink by sending a downlink OOK-modulated packet
at 2 kbps to wake up the tag and align the tag’s backscatter
operation to the carrier. Downlink also enables channel ar-
bitration between multiple tags, sending acknowledgments,
packet re-transmissions, and other functionalities [56,84]. The
evaluation of these features is beyond the scope of this work.

6.1 Cancellation Network

The cancellation network performance depends on the an-
tenna impedance, which is sensitive to environmental varia-
tions (see §3.2). To demonstrate that our system can achieve
the required cancellation across a range of expected antenna
impedances, we simulate antenna impedances with custom
circuit boards with an 0402 footprint and an SMA connector.
We populate the pads with discrete passives to represent an-
tenna impedances with 0 ≤ |Γ| ≤ 0.4. We test seven antenna
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Figure 6: SI cancellation as a function of variation in antenna impedance.
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Figure 7: Tuning algorithm overhead. We measure the over-
head for different thresholds over 10000 packets.

impedances, as shown on the smith chart in Fig. 6 (a).
To measure cancellation, we attach a board representing

an antenna impedance to the antenna port of our FD LoRa
Backscatter reader with a Murata measurement probe [15].
We disconnect the receiver and attach the receiver input to a
spectrum analyzer using another RF probe. We set the trans-
mitter to 915 MHz and 30 dBm output power. Since the re-
ceiver is disconnected, we cannot measure RSSI and, there-
fore, cannot utilize the tuning algorithm. We manually set
the capacitor states in a two-step process similar to the tun-
ing algorithm. First, we fix the second-stage capacitors and
manually tune the first stage for the best SI cancellation, then,
we manually tune the second stage. Fig. 6(b) shows the SI
carrier cancellation results for one- and two-stage tunable
impedance networks. Results show that a single stage is in-
sufficient to achieve 78 dB carrier cancellation, whereas the
two-stage design meets the specification. Next, we measure
offset cancellation by keeping the same capacitor configura-
tion and sweeping the carrier source between 905 - 925 MHz
in 100 kHz frequency increments. Fig.6(c) shows the offset
cancellation for different antenna impedances at 3 MHz offset.
Our results show that we achieve our target of 46.5 dB offset
cancellation for all antenna impedances.

6.2 Tuning Overhead

To measure the performance of our tuning algorithm, we place
the FD LoRa Backscatter reader with the PIFA on a table in a
typical office environment. We collect 10,000 packets from a
tag placed 20 ft away over the course of 80 minutes with mul-
tiple people sitting nearby and walking in the vicinity of the
system. We modify the target SI cancellation threshold in the
tuning algorithm to 70, 75, 80, and 85 dB and run experiments
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Figure 8: Receiver Sensitivity Analysis. We plot the PER as
a function of path loss for different data rates.

to measure the time required for tuning. The tuning algorithm
was able to achieve the target SI in 99% cases. We plot the
CDF of tuning overhead for different cancellation thresholds
in Fig. 7. As expected, the tuning duration increases with
the target threshold. For a threshold of 80 dB, the average
tuning duration is 8.3 ms, corresponding to an overhead of
2.7%. The RSSI measurements from the SX1276 chipset are
noisy, and we take the mean over 8 readings for each tuning
step, which is the key limitation. Each tuning step takes about
0.5 ms, dominated by the SPI transactions and settling time
of the receiver. An RF power detector, which is beyond the
scope of this work, can be used to provide faster feedback at
the expense of increased cost.

6.3 Receiver Sensitivity Analysis
To evaluate the receive sensitivity of the FD LoRa Backscatter
system without the effect of multi-path signal propagation,
we create an equivalent wired setup. We use RF cables and
a variable attenuator to connect the antenna port of the FD
LoRa Backscatter reader to a LoRa backscatter tag. We vary
the in-line attenuator to simulate path loss, corresponding
to different operating distances between the reader and the
tag. We start with an attenuator value at which we receive
all packets and then slowly increase the attenuation until no
packets are received. We configure the SF and BW parameters
to cover a range of sensitivity and data rates.

Fig. 8 plots PER as a function of path loss in a wired
setup for different data rates. Since sensitivity is inversely
proportional to data rate, lower data rates can operate at higher
path loss, which translates to longer operating distances. For
a PER ≤ 10%, the expected LOS range at the lowest data-
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Figure 9: Line-of-Sight Wireless Tests. We move the
backscatter tag away from the reader in line of sight.

rate of 366 bps (SF = 12,BW = 250 KHz) is 340 ft, with the
range decreasing successively for higher bit rates, down to
110 ft for 13.6 kbps (SF = 7,BW = 500 KHz).

6.4 Line-of-Sight (LOS) Wireless Testing
We deploy the FD LoRa Backscatter system in a nearby park
to measure LOS performance. For best performance, we con-
figure the reader as a base-station (see §5) by connecting an
8 dBiC circularly polarized patch antenna [25], placed on a
5 ft tall stand, to the antenna port and set transmit power to
30 dBm. We place the tag at the same height and move it
away in 25 ft increments. Fig. 9 plots PER and RSSI as a
function of distance for four different data rates. Our results
show that, for PER < 10%, at the lowest data rate, the system
can operate at a distance of up to 300 ft with a reported RSSI
of -134 dBm. For the highest data rate, the operating distance
was 150 ft at -112 dBm RSSI.

A prior HD LoRa backscatter system reported a range of
475 m between the two radios [84]; this corresponds to a range
of 780 ft for an FD system. Our FD system achieves a shorter
range and this can be attributed to two factors. First, the HD
system evaluation uses a -143 dBm sensitivity protocol at
45 bps versus the -134 dBm sensitivity at 366 bps used in
this work. The 45 bps packets are 2.4 sec long, 6 × the FCC
maximum channel dwell time (see §2.1). Additionally, the FD
system uses a hybrid coupler architecture. This reduces cost,
but incurs a 7 dB loss (see §5). So, in total, our link budget is
reduced by 16 dB. This translates to a 2.5 × range reduction,
close to the 300 ft range of our system.

6.5 Non-Line-of-Sight (NLOS) Wireless Tests
Next, we set up in a 100 ft × 40 ft office building to evaluate
performance in a more realistic NLOS scenario. We place the
base-station reader in one corner of the building and move
the tag to ten locations to measure performance through cu-
bicles,multiple concrete and glass walls, and down hallways.

100 ft

40 ft

Full-duplex 
Reader

(a) Floor plan of the 4,000 f t2 office space.
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Figure 10: Non-Line-of-Sight Wireless Tests. We place the
backscatter tag at 10 locations shown as red dots.

The floor plan of the building is shown in Fig.10(a). The blue
star in the lower-right corner indicates the position of the FD
reader, and the red dots indicate the different locations of
the tag throughout the office space. We transmit 1,000 pack-
ets at each location, and a CDF of the aggregated RSSI data
from the test is shown in Fig.10(b). We observed a median
RSSI of -120 dBm and PER of less than 10% at all the loca-
tions demonstrating that the FD LoRa Backscatter system is
fully operational in the office space with a coverage area of
4,000 ft2.

6.6 Integration with Mobile Devices

Finally, we evaluate the performance of the mobile version
(see §5) of the FD reader. We attach the mobile reader to the
back of an iPhone 11 Pro, as shown in Fig. 11(a) and config-
ure the reader to transmit at 4 dBm, 10 dBm, and 20 dBm to
resemble the transmit power of mobile devices. We move a
backscatter tag away from the reader in 5 ft increments until
PER > 10%. Fig. 11(b) plots the RSSI of the received packets
as a function of distance. The plots show that at 4 dBm, the
mobile reader operates up to 20 ft and the range increases
beyond 50 ft (the length of the room and limit of our test-
ing) for a transmit power of 20 dBm. These distances are
sufficient for connecting peripheral, wearable, and medical
devices to a smartphone using backscatter at extremely low
cost, small size, and low power consumption. These experi-
ments were done in an uncontrolled wireless environment and
the variation in signal strength at different locations is due
to multi-path effects, which is typical of practical wireless
testing.

To demonstrate that our system can adapt to variations in
environment and antenna impedance, we place the FD LoRa
Backscatter enabled smartphone in a subject’s pocket and set
the transmit power to 4 dBm. We place a tag at the center of an
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Figure 11: Integration with Mobile Devices.

11 ft× 6 ft table, and the subject walks around the perimeter of
the table, receiving more than 1,000 packets. The performance
is reliable with PER < 10%, which demonstrates the efficacy
of our tuning algorithm. Fig. 11(c) plots the CDF of RSSI for
all the packets. The backscatter tag measures 2 in × 1 1

2 in,
resembling the size of a pill bottle. This demonstrates that a
mobile smartphone can use backscatter to communicate with
a prescription pill bottle or insulin pen, allowing tracking of
medication and drug delivery.

7 Applications

We demonstrate two applications for our FD system. First,
we show how a mobile reader can collect data from a smart
contact lens, a particularly challenging RF environment. Next,
we demonstrate a precision agriculture application by mount-
ing the reader to the bottom of a drone, which can be flown
over farms and use backscatter to collect data from sensors
distributed in a field. The use of a single reader coupled with a
highly sensitive long-range backscatter protocol enables these
applications, even in these challenging deployments.

7.1 Contact Lens
We use the mobile FD LoRa Backscatter system mounted on
the back of a smartphone to communicate with a backscatter
tag equipped with a smart-contact-lens-form-factor antenna.
We use the same backscatter endpoint as with other tests, but
we cut off the original PIFA and replace it with a small loop
antenna of 1 cm diameter made with 30 AWG enameled wire.
The antenna is encapsulated in two contact lenses and filled
with contact lens solution to simulate the RF environment
of an eye-ball, as shown in Fig. 12(a). Due to its small size
and the ionic environment of the contact solution, the loop
antenna has an expected loss of 15 - 20 dB.

We place the smartphone on a table and configure the mo-
bile reader to transmit at 4, 10, and 20 dBm and move the
contact lens backscatter prototype away from the smartphone.
Fig. 12(b) shows the RSSI as a function of distance for various
transmit powers. We show that the mobile reader at 10 dBm
and 20 dBm transmit power can communicate with the contact
lens at distances of 12 ft and 22 ft respectively for PER < 10%.
Next, we put the mobile reader transmitting at 4 dBm in a 6 ft
tall subject’s pocket and hold the contact lens prototype near

the subject’s eye to simulate a realistic use case. Fig. 12(b)
plots the CDF of the RSSI of decoded packets when the user
was standing and sitting on a chair. The plot shows reliable
performance with PER < 10% and a mean RSSI of -125 dBm.
This demonstrates the feasibility of using backscatter to pro-
vide continuous connectivity between a user’s phone and a
smart contact lens. This RF-challenged application was made
possible even at such a low transmit power due to the high
receive sensitivity of the system.

7.2 Drone with an FD Backscatter Reader

Drones are extensively used for aerial surveillance in preci-
sion agriculture [87]. We demonstrate how one can augment
a drone’s functionality by adding a FD LoRa Backscatter
reader to communicate with sensors distributed in a field us-
ing backscatter. We attach the mobile version of our reader
to the bottom of a low-cost, commercially-available Parrot
AR.Drone 2.0 quadcopter (<$80) [24], as shown in Fig.13(a).
We power the reader from the drone’s battery using a USB
connector to demonstrate the ease of integrating our system.
We set the transmit power to 20 dBm to reduce the burden
on 7.5 Whr battery of the cheap drone. We place the tag on
the ground simulating an agriculture sensor and fly the drone
at a height of 60 ft. Due to practical challenges in accurately
positioning the drone, we allow the drone to fly laterally dur-
ing the test up to 50 ft from the center, which results in 80 ft
maximum separation from the tag. This corresponds to an
instantaneous coverage area of 7,850 ft2. We collect more
than 400 packets over 4 minutes with the drone flying around
the coverage zone while keeping its altitude constant.

Fig.13(b) plots CDF of the RSSI of the packets received by
the drone over the entire duration of the test for a PER <10%.
With a minimum of -136 dBm and median of -128 dBm, this
demonstrates good performance for the area tested. With a
flight time of 15 min and a top speed of 11 m/s, our cheap
drone could, in theory, cover an area greater than 60 acres
on a single charge. With a more powerful drone with higher
payload capacity and longer flight time, one could integrate a
higher gain antenna and transmit at higher power. This would
result in a greater instantaneous coverage area and, with longer
flight time, could achieve many times greater coverage on a
single charge.
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(a) Contact lens antenna prototype.
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Figure 12: A mobile FD LoRa Backscatter reader communicating with a contact lens prototype.

(a) Reader mounted on the
drone.
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Figure 13: Backscatter enabled Low-Cost Drone.

8 Related Work

Our work is related to prior efforts in HD backscatter, FD
backscatter, and in-band FD communication.

Half-Duplex Backscatter. Our work builds on recent efforts
in developing backscatter solutions that are compatible with
existing wireless standards such as Bluetooth [43, 47, 53, 89],
WiFi [26, 47, 56, 89, 90, 92], Zigbee [64], and LoRa [73, 84]
using half-duplex architectures. The backscatter endpoint is
based on prior LoRa backscatter design [84], but we take
the next step of integrating the single-tone carrier source and
LoRa receiver into a single device.

In addition to standards-compliant backscatter, proprietary-
protocol communications [46, 78, 79, 93] (to improve data
rates and throughput), applications such as wireless video
streaming [49,81], indoor localization [67,68,71], and human
activity recognition [27, 34, 80] have been realized with HD
deployments. The techniques presented in this work can be
extended to build an FD version of these systems.

Full-Duplex Backscatter. A BLE monostatic/FD backscatter
system was introduced in [42] that uses a 20 dB coupler, phase
shifter, and variable attenuator for SI cancellation. However,
due to additional losses in the coupler and limited cancellation
depth, the communication range was limited to 3 m, even with
33 dBm of output power. In [30], an FD backscatter system
using an SDR platform with analog and digital cancellation
was introduced where WiFi packets are used as the carrier and
the tag backscatters proprietary BPSK, QPSK, and 16-PSK
modulated packets which were decoded by the SDR up to a
distance of 7 m. Due to the wide-band nature of WiFi carrier
signals, [30] needs wide-band SI cancellation. A circulator
and a 10 cm× 10 cm custom PCB with 16 variable-gain delay
lines are added to the SDR platform for wide-band analog

cancellation, increasing both the solution cost and size. In
contrast, the FD LoRa Backscatter system uses commodity
LoRa radios and passive components for cancellation and can
receive standard LoRa packets up to a distance of 300 ft.

RFID readers are also full-duplex devices that transmit a
single-tone carrier and receive backscattered packets from
RFID tags. However, EPC Gen2 readers are bulky, expen-
sive [18, 22], and cannot compete with economies of scale
of standard protocols. The operating range of passive RFID
readers is determined by the power-harvesting sensitivity, not
by the backscatter communication link. RFID readers oper-
ate at relatively short distances, even if the tag is powered
from an alternative energy source [51], due to poor receive
sensitivity (−90 dBm) [18, 22]. In contrast, our FD LoRa
Backscatter system achieves much longer operating distances
at significantly lower cost by leveraging a highly sensitive
commodity LoRa receiver, cheap passive components, and
a microcontroller for deep SI cancellation. Low-cost RFID
readers based on directional couplers have also been investi-
gated [50,54], but they suffer from high Rx insertion loss and
lower SI cancellation depth, which reduces range. In [69], a
full-duplex drone relay is presented to extend the range of a
fixed RFID reader. The topology requires an additional relay
on a drone to extend the fixed RFID reader range to 50 m. In
contrast, our FD reader can be mounted on a flying drone to
cover a significantly larger area.

In-Band Full-Duplex Radios. In-band full-duplex (IBFD)
radios simultaneously transmit and receive at the same fre-
quency. Recent works have used a combination of isolation,
analog cancellation, and digital cancellation techniques to
suppress SI below the receiver noise floor [31, 35, 41, 62].

Existing isolation techniques use two or more physically-
separated antennas [40, 41, 44, 63], discrete circulators [31,
35, 57, 62, 91], integrated circulators [39, 77], or hybrid junc-
tions [38, 65] to isolate transmitter and receiver. The use of
multiple antennas increases form factor while achieving lim-
ited isolation. Discrete circulators [9] are bulky and expensive.
While recent advances in integrated circulators [39, 77] are
promising, these devices are unable to handle the 30 dBm
output-power requirement. Hybrid junctions, realized using
couplers [50, 54] (such as the 3 dB coupler used in this
work) or electrical balance duplexers (EBD) [38, 65], incur a
loss, but result in small-form-factor and inexpensive solutions.
However, existing solutions with COTS components cannot
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Table 3: Comparison of State of the Art Analog SI Cancellation Techniques

Reference Cancellation Technique
TX

Signal
RX

Signal
Analog

Can.
TX

Power
Active
Comp.+ Size Cost

[41]
Multiple antenna +
auxiliary can. path

WiFi
Packet

WiFi
Packet 65 dB 8 dBm Yes

37 cm Ant.
Separation High

[35]
Circulator + 2 tap

freq. domain equalization
WiFi

Packet
WiFi

Packet 52 dB 10 dBm Yes 1.5 × 4.0 cm2 High

[62]
Circulator + 3 complex-

tap analog FIR filter
WiFi

Packet
WiFi

Packet 68 dB 8 dBm Yes N.A. High

[38]
EBD + Double

RF adaptive filter General General 72 dB 12 dBm Yes Custom ASIC*

[77]
Magnetic-free N-path
filter-based Circulator General General 40 dB 8 dBm No Custom ASIC*

[65]
EBD + passive
tuning network General General 75 dB 27 dBm No Custom ASIC*

[30]
Circulator +

16 tap analog FIR filter
WiFi

Packet
WiFi

Backscatter 60 dB 20 dBm No 10 × 10 cm2 High

[42]
20dB Coupler +

Active tuning network CW
BLE

Backscatter 50 dB 33 dBm Yes N.A. High

[55]
10dB Coupler + Atten.

+ passive tuning network CW
EPC

Gen 2 60 dB 26 dBm No 2.7 × 2.0 cm2 Low

This Work
Hybrid Coupler +

passive tuning network CW
LoRa

Backscatter 78 dB 30 dBm No 2.5 × 0.8 cm2 Low

+ Active components include phase shifters, vector modulators, amplifiers and transconductance amplifiers which can contribute additional noise.
* Custom ASICs are incompatible with COTS transceivers and are only viable and cost-efficient at scale.

achieve 78 dB of SI cancellation [42, 50, 54], whereas our
proposed two-stage impedance tuning network can be used to
achieve this deep cancellation required for building a cheap,
low-complexity, long-range FD reader. Furthermore, [38, 65]
show a path towards further reducing the cost and size at high
volumes by integrating the hybrid junction in silicon.

Analog feed-forward cancellers can be combined with iso-
lation techniques to enhance SI cancellation depth and band-
width. Various feed-forward PCB and ASIC implementations
based on vector modulation [32], finite impulse response fil-
ters [31, 38, 62, 91], frequency domain equalization based RF
filters [35], N-path filters [94], and Hilbert transform equal-
ization [82] have been proposed. However, these techniques
require additional active circuitry, which has a limited power-
handling capability and generates noise that increases the re-
ceiver noise floor [37]. Furthermore, COTS phase shifters [23]
and vector modulators [21] are bulky and expensive, which
substantially increases cost, complexity, and form factor. In
this work, we utilize the two-stage tunable impedance network
architecture to achieve the required 78 dB cancellation depth.
Since the transmitter carrier signal is only single-tone, we do
not need the feed-forward paths to improve the bandwidth.

In Table 3, we summarize the state-of-the-art techniques
used for analog SI cancellation and compare them with our
approach in terms of cancellation depth, transmit power-
handling capability, size, and cost.

Finally, digital cancellers are often used to further sup-
press the SI below the receiver noise floor [31, 35, 58, 61]

using both linear and non-linear cancellation techniques [52].
Digital cancellation requires access to baseband IQ samples.
This function is not available on commodity radio chipsets
and is typically implemented on SDRs [28, 31, 35, 83], FP-
GAs [85], or DSPs [29], which are prohibitively expensive.
Instead, since our interference is a single-tone at a frequency
offset from the receive channel, we leverage the inherent
baseband filtering capabilities of the commodity receiver to
suppress the SI at the offset frequency.

9 Conclusion

We present the first low-cost, long-range, small-form-factor
Full-Duplex LoRa Backscatter design. We use a single-
antenna, hybrid-coupler-based architecture and introduce a
novel two-stage tunable impedance network to meet the strin-
gent SI-cancellation requirements using only passive compo-
nents and a microcontroller. We build hardware using COTS
components and prototype proof-of-concept applications for
a smart contact lens and backscatter enabled drone.
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