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Abstract—Miniature radar has demonstrated its great potential in smart homes, such as understanding the wellness of the residents

and providing ubiquitous interactions. While it has many promising applications, it also results in congested RF (radio frequency)

environments as there is an unprecedented amount of traffic in a smart home. To ease the strain on the limited spectrum, we ask the

question that, can we reuse the sensing signals for data communication? With such a capability, we can improve the spectrum

utilization by sharing the spectrum between sensing and communication systems. However, radar signals are customized for the

sensing purpose and are incompatible with legacy communication standards. To address this challenge, we have an observation that,

non-linearity effect in RF circuits can convert wideband radar signals into a LoRa signal. Based on this observation, in this paper, we

present LoRadar, which enables an FMCW (Frequency-Modulated Continuous Wave) radar to carry LoRa signals in sensing waves.

We present both the downlink and uplink design, enabling a LoRadar device to communicate with LoRa nodes in a bi-directional way.

We implement LoRadar and evaluation results show that LoRadar can achieve home-level coverage with 3.4kbps data rate while it

preserves the sensing resolution of the radar.

Index Terms—Radar sensing, LoRa communication, joint sensing and communication, non-linearity

Ç

1 INTRODUCTION

RADAR, traditionally thought of as bulky, expensive and lim-
ited to the military, now becomes a miniature device and

are entering our homeswith promising capabilities. Compared
with vision-based approaches and on-body solutions, RF radar
can operate in non-line-of-sight scenarios and is totally unob-
trusive. ComparedwithWi-Fi sensing, radar can achieve better
sensing resolution, such as fine-grained human posture esti-
mation [1]. Given these appealing properties, many research
efforts have been devoted to exploring the great potential of
radar sensing in smart homes, such as enabling ubiquitous ges-
ture interaction [2], providing health-care services [3], [4] and
tracking the 3Dmotion of the residents [5].

As the wireless spectrum is the shared medium, when
the sensing device is transmitting radio waves from time to
time, it results in congested RF environments. To make the
situation worse, there is an unprecedented number of intel-
ligent devices (e.g., smart speakers, smart HVAC systems,

security and surveillance systems) in a smart home, which
all require wireless resources for data communication and
control message exchange. To ease the spectral congestion,
we ask the question that, can we reuse the sensing signals
for data communication? If it is possible, we can improve
spectrum utilization and alleviate the uneasy coexistence
between the sensing and communication systems.

However, here is the dilemma. Radar signals are wide-
band signals while home IoT devices are usually narrow-
band transceivers (e.g., 1MHz for Bluetooth, 125kHz for
LoRa). For an FMCW radar, it will continuously sweep a
wide frequency bandwhile an IoT device transmits/receives
signals at a specific channel. The problem is how to embed a
narrowband data signal into a wideband frequency sweep-
ing signal. We observe that it is possible to create a narrow-
band signal by combining two wideband signals using RF
non-linearity [6], [7]. Given two signals S1(frequency f1) and
S2(frequency f2), non-linearity in RF circuits will create har-
monics of incoming signals. Thus, in addition to the funda-
mental frequencyf1 and f2, there will be harmonics at
frequency 2f1, 2f2, f1 þ f2 and f1 � f2. While S1 and S2 could
be frequency sweeping signals, their harmonics f1 � f2 could
be a narrowband signal. It brings the feasibility that an IoT
device can combine the sensing signals transmitted by two
TX antennas on the radar and create a narrowband signal. In
this way, we can enable the radar to sense the ambient envi-
ronment while communicating with ubiquitous IoT devices
in a smart home.

Although the idea sounds straight-forward, there are two
major challenges. The first challenge is to design the dual-
function radar signals, where the signals on both TX anten-
nas should preserve the sensing accuracy while their joint
harmonics can be decoded by an IoT device. The desired
harmonic should be a signal that fully complies with the
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communication standard of the IoT devices. In other words,
it should be a signal at the legitimate frequency with the
right modulation scheme. We address this challenge in two
steps. We first introduce a time offset between the sensing
signals transmitted by the two TX antennas. When the two
linear chirps sweep the same frequency band and their time
offset is half of the chirp duration, the desired harmonic
(i.e., f1 � f2j j) will become a constant wave, which can serve
as the carrier wave for data signals. Then we embed modu-
lated data symbols into the signal on one antenna, which
will be coupled to the harmonic. In this way, the harmonic
is a legitimate signal for the IoT device.

The second challenge is how to enable the radar to decode
uplink transmission. The receiving chain in the FMCW radar
is designed for the sensing task but not for data communica-
tion. To serve as both a sensing and communication device,
the radar needs to collect targets’ reflected signals and
decode uplink transmission simultaneously. To address this
challenge, we propose a new design for the receiving chain.
To perform data decoding, we create a “local oscillator” for
down-converting the data signals by mixing the radar sig-
nals on the TX chains. To prevent down-converted data sig-
nals and sensing signals from interfering with each other, we
separate them at the baseband according to their frequency-
domain characteristics.

To put it together, in this paper, we propose LoRadar,
which enables an FMCW radar to communicate with a
LoRa transceiver, as LoRa has shown growing popularity in
smart home management [8]. A LoRadar device can com-
municate with LoRa nodes in a bidirectional way, while
preserving radar’s sensing capability and granularity. For
downlink transmission, we design a simple, battery-free
non-linear circuit using a Schottky diode, which is put
between the antenna and the LoRa chipset. When the sens-
ing signals transmitted by the radar resonate at the antenna,
the non-linear circuit will generate a harmonic which turns
out to be a standard LoRa signal. To enable uplink transmis-
sion, we redesign the receiving chain so that a LoRadar
device can pick up the targets’ reflections and decode LoRa
packets simultaneously. Evaluation results show that LoRa-
dar can achieve home-level coverage. It can work robustly
in non-line-of-sight scenarios and at the presence of human
activity. LoRadar can also decode orthogonal LoRa trans-
missions in the same frequency band. As for the sensing
performance, the dual-function radar signals can preserve
the sensing resolution of the FMCW radar.

We summarize our contributions as follows:

� We are the first to enable concurrent radar sensing
and LoRa communication. It can improve spectrum
utilization by sharing the spectrum between the sens-
ing and communication systems in a smart home.

� We present LoRadar, a system that enables radar
and LoRa nodes to communicate in a bi-directional
way. We design dual-function radar signals for both
sensing and LoRa communication, and propose a
new design for the receiving chain.

� We implement LoRadar and evaluate its performance
from various aspects. Evaluation results show that
LoRadar can achieve home-level coverage and pre-
serve the sensing resolution of radar.

2 PRIMER

2.1 Primer on FMCW Radar

FMCW is short for frequency-modulated continuous wave,
where the frequency of the signal increases linearly with
time, as shown in Fig. 1. The working principle of an FMCW
radar is as follows. The radar transmits a linear frequency-
modulated wave and the wave will get bounced off from
objects. Each reflection from an object is a delayed copy of
the transmitted signals. FMCW radar transforms time-of-
flight measurement (t) into measuring the frequency offset
(Df) between the transmitted wave and the reflected wave,
where t andDf preserve the following relationship,

t ¼ Df

R
;

where R ¼ BW
T is the ramp rate of the linear chirp. Fig. 2

shows the receiving chain in an FMCW radar. The received
signal is mixed with the transmitted signal. The output
from the mixer is the IF signal, whose frequency is the dif-
ference of the two inputs, i.e., Df .

The ranging resolution depends on the radar’s ability to
distinguish two nearby locations, which depends on the fre-
quency resolution of Df . We calculate Df by performing
FFT on the baseband signal over a chirp duration T and
thus, the frequency resolution is fres ¼ 1

T . Transforming it
into distance resolution, we have

dres ¼ 1

2
tres � c ¼ 1

2
� fres
R

� c ¼ 1

T � 2R � c ¼ c

2BW
: (1)

This brings the statement that ranging resolution is inversely
proportional to the signal bandwidth. For two objects that
are separated by a distance larger than dres, their reflections
will fall into different FFT bins and thus their movements
can be decoupled. It indicates that FMCW radar can track
multiple targets-of-interest simultaneously [5], [9].

In addition to Df , another dimension that we could
explore for sensing is the phase of the IF signal. The phase
of the IF signal is also related to the distance between the
object and radar:

f ¼ 2p
2d

�
; (2)

where � is the wavelength of the signal. As phase is a value
wrapped into 0; 2p½ �, it cannot tell the absolute distance but
we can obtain the displacement of the target.

Fig. 1. The working principle of FMCW radar. A linear frequency modu-
lated signal is transmitted from the radar. When it gets reflected by
objects, the radar will compare the frequency offset between the trans-
mitted and reflected wave to estimate the time-of-flight parameter.
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Combining the frequency and phase information, we can
know the distance between targets to the radar and track
each target’s movement at a fine granularity.

2.2 Primer on LoRa

As the number of IoT devices increases dramatically,
Low Power Wide Area Networks (LPWAN) are gaining
increasing attention. LoRa, which promises long range
communication and years of battery life, is becoming
popular.

LoRa adopts chirp spread spectrum (CSS) modulation.
CSS modulation has two key parameters, i.e., the spreading
factor SF and the bandwidth bw. In CSS modulation, the
baseline chirp is a linear frequency modulated chirp from
�bw=2 to bw=2, where the frequency increases linearly with
time, shown as the Symbol 1 in Fig. 3. The CSS modulation
conveys information by cyclic time shifting the baseline
chirp, where each cyclic shift represents a modulated sym-
bol. Given a spreading factor of SF , there are total 2SF possi-
ble cyclic shifts of the baseline chirp, i.e., 2SF different
symbols. Thus, each symbol can represent SF bits of infor-
mation. Fig. 3 gives an example for the case where SF ¼ 2.
By tuning the combination of bandwidth and spreading fac-
tor, we can get different LoRa data rates, from tens of bps to
tens of kbps. Currently, LoRa supports seven spreading fac-
tors, from SF7 to SF12. Possible bandwidths range from
7.8kHz to 500kHz. As a characteristic of CSS modulation,
the LoRa receiver can demodulate simultaneous transmis-
sion of different SFs in the same channel, which supports
the coexistence of multiple devices.

LoRa operates in unlicensed sub-GHz frequency bands,
such as 433MHz, 868MHz and 915MHz, which is region
specific.

3 NON-LINEARITY FOR LORADAR

The key problem in LoRadar is to design dual-function sig-
nal waveforms that can serve as sensing signals and data
signals simultaneously. Our insight is to exploit the non-
linearity effect to bridge the frequency gap between

wideband sensing signals and IoT data signals. In this sec-
tion, we first introduce the non-linearity phenomenon in
RF communication and then discuss how LoRadar can take
advantage of this phenomenon to achieve joint radar-
communication paradigm. Finally, we give an overview of
LoRadar.

3.1 Non-Linearity in RF Communication

RF circuits are supposed to be linear, that is, the output sig-
nal is a linear function of the input signal, i.e.,

Sout ¼ �Sin:

When the input signal is at frequency f , the output signal is
also of frequency f . When the hardware is imperfect, a cir-
cuit will exhibit non-linear behaviour. The output signal
becomes a non-linear function of the input signal, i.e.,

Sout ¼ �1Sin þ �2S
2
in þ � � � : (3)

When the input signal contains frequency f1 and f2, the
output signal will contain not only the original frequencies
f1 and f2, but also harmonics resulted from the non-linearity
behaviour. Specifically, assume that the input signals are
two sine waves, the second-order harmonics become

�2S
2
in ¼ �2 sin ð2pf1tÞ þ sin ð2pf2tÞ½ �2
¼ �2 sin 2ð2pf1tÞ þ sin 2ð2pf2tÞ þ 2 sin ð2pf1tÞ sin ð2pf2tÞ

� �
¼ �2

2
2� cos ð2p2f1tÞ � cos ð2p2f2tÞ þ 2 cos ð2pðf1 � f2ÞtÞ½

�2 cos ð2pðf1 þ f2ÞtÞ�:

The output signal contains frequency 2f1, 2f2, f1 � f2 and
f1 þ f2. These harmonics are considered distortion of the
original signal and RF circuits are usually designed to avoid
such non-linearity phenomenon.

Among the second-order harmonics, we are particularly
interested in the term f1 � f2. When the two signals enter a
non-linear circuit, there will be a harmonic whose frequency
is the difference of the two input signals. Consider the case
that the two input signals are both linear FMCW chirp
sequences, as shown in Fig. 4. The two chirps can be sensing
signals transmitted by different antennas on a RF radar, as a
RF radar usually have multiple TX-RX antenna pairs to han-
dle multi-path reflections [5], [10]. The first chirp starts from
f1 and its frequency increases linearly with time at a ramp
rate R; the second chirp starts at f2 and also increases with

Fig. 2. The receiving chain in FMCW radar. The reflected signal is mixed
with the transmitted signal. The mixer will output the IF signal whose fre-
quency is Df.

Fig. 3. LoRa symbols with CSS modulation. In this example, the spread
factor SF is 2. There are 22 ¼ 4 possible cyclic shift of the baseline chirp
and thus a symbol can represent 2 bits.

Fig. 4. The opportunity from non-linearity. The left figure shows two lin-
ear FMCW chirp sequences, the frequencies of which are both linearly
increasing with time. As long as their frequency difference is a constant
value, their second-order harmonics will contain a component which is a
constant wave at frequency f2 � f1.
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time at the same rate. As their frequency difference is con-
stant, the second-order harmonics will contain a compo-
nent, which is a constant wave at frequency f2 � f1.

It brings the feasibility that we can exploit this non-
linearity phenomenon to convert two wideband sensing sig-
nals into a narrowband data signal. This property of non-lin-
earity enables the design for LoRadar.

3.2 Non-Linear Circuit for LoRadar

Although there are non-linear components (e.g., amplifiers)
on commercial devices, their non-linear capabilities are
device-specific. In order to guarantee the communication
performance, LoRadar proposes a simple non-linear circuit,
as shown in Fig. 5.

On the circuit, we use a Schottky diode [11] as the non-
linear component. According to [12], the current-voltage
characteristic of the diode is as follows:

I ¼ Is e
Vi
VT � 1

� �
þ C

dVi

dt
;

where Is is the saturation current of the diode, Vi is the volt-
age of the incoming signals, VT is the thermal voltage and C
is the junction capacitance. The diode is a non-linear device
as the current of the diode is not linearly related to its termi-
nal voltage. Expanding the exponential term using Fourier
series brings the high-order harmonics [12].

This non-linear circuit is battery-free and can be put
between the antenna and the transceiver. When the incom-
ing signals from the antenna, containing frequency f1 and
f2, pass through the diode, in addition to the fundamental
frequencies, the output will contain the high-order harmon-
ics at frequency 2f1, 2f2, f1 þ f2, f2 � f1, etc. Due to the
front-end filter at the receiver, out-of-band harmonics will
be filtered out and only the in-band signal will enter the
receiving chain. We can tune f1 and f2 so that the desired
harmonic f2 � f1 is an in-band signal.

To demonstrate the performance of this circuit, we con-
duct a set of experiments. We use two USRP N210s with
XCVR2450 daughter boards to generate two single-tone
waves at f1 and f2. We connect the non-linear circuit to a
Rohde & Schwarz FSH6 Handheld Spectrum Analyzer
(100kHz-6GHz) and compare the received signal strength of
the original frequency and the harmonic. For each combina-
tion of f1 and f2, we measure the signal strength at three dif-
ferent locations. The results are shown in Table 1. We can
see that, when f1 and f2 is either 50MHz or 2:6GHz apart,
the desired harmonic f2 � f1 exists in both cases.

In the top section of Table 1, when the receiver is 1m
away from the transmitter, the received signal strength is

�60:4 dBm at 2.4GHz, while in the bottom section, the num-
ber is �52:4 dBm. When the TX and RX is very close, the
received signal strength is susceptible to subtle position dif-
ferences. The 8dB differences are possibly due to the slight
position/orientation differences. When the TX and RX are
not in close proximity, as in the case of L2 and L3, the mea-
surement results are very close.

As we can see from Section 3.1, the harmonic is the prod-
uct of the two original signals. Thus, the amplitude of the
harmonic is also the product of the two original signals’
amplitudes. If the signal strength of the two original signals
are both �40dBm, the power of the harmonic is �80dBm.
The harmonic is much weaker than the original signal
which requires that the receiver has good sensitivity.

Among various COTS devices, LoRa has good sensitivity
down to �148 dBm. As stated by Semtech, smart homes and
buildings are important application scenarios of LoRa tech-
nology, where LoRa can be used to connect low-power, low-
rate sensors and actuators, such as smoke detector/humidity
sensor, which do not require high data rate but long opera-
tion life. Thus, in this work, we target at enabling the radar to
communicate with LoRa nodes. It is our future work to
extend to other IoT devices, such as Bluetooth and Zigbee
devices.

In order for the harmonic to be above �148dBm, the
received signals should be no lower than �74dBm (we
assume that the two signals are of similar power). Thus,
we expect that the communication range is shorter than the
standard LoRa.

3.3 LoRadar Overview

In this paper, we propose LoRadar, which can perform fine-
grained sensing and bi-directional communication with
LoRa nodes simultaneously. As shown in Fig. 6, the LoRadar

Fig. 5. The non-linear circuit. We use a schottky diode as the non-linear
component. This diode will generate harmonics of the signals arriving at
the antenna.

TABLE 1
Performance of Non-Linear Circuit

f1 ¼ 2:4 GHz f2 ¼ 2:45 GHz f2 � f1

L1 (1m) �60:4 dBm �35:5 dBm �93:4 dBm
L2 (3m) �66:5 dBm �45:6 dBm �112:7 dBm
L3 (5m) �72:3 dBm �54:8 dBm �110:0 dBm

f1 ¼ 2:4 GHz f2 ¼ 5 GHz f2 � f1

L1 (1m) �52:4 dBm �48:7 dBm �99:1 dBm
L2 (3m) �68:0 dBm �49:2 dBm �104:9 dBm
L3 (5m) �72:3 dBm �54:0 dBm �113:0 dBm

We use two USRPs to generate constant wave at f1 and f2 and measure the
signal strength of the original signals and the harmonic at three locations.

Fig. 6. LoRadar overview. The LoRadar is continuously performing sens-
ing task. Meanwhile, it also serves as the LoRa gateway. When there is
data in the TX buffer, LoRadar will perform downlink transmission. Other-
wise, it will be in the RX state waiting for uplink transmission from LoRa
nodes.
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device is continuously performing sensing tasks. Mean-
while, it also serves as the LoRa gateway. When there is data
for downlink transmission, i.e., from the LoRadar device to a
LoRa node, LoRadar will use the dual-function radar signals,
which contain the LoRa packets. For the remaining time,
LoRadar will use the original linear chirp signal and listen
for uplink transmission.We summarize the high-level opera-
tions of LoRadar as follows.

Sensing. Similar to other RF radars, LoRadar accom-
plishes the sensing task by transmitting wideband sensing
signals. These signals propagate in the air and get reflected
by obstacles. By analyzing the reflections, LoRadar can
detect the presence and movement of objects and human
bodies in the space.

Communication. Communication tasks are accomplished
at the same time with the sensing tasks. For the downlink
part, the sensing signals transmitted by the LoRadar device
will resonate at the antenna on a LoRa node. The signals
will enter the non-linear circuit and create a narrowband
harmonic, which turns out to be a LoRa packet and can be
decoded by the LoRa device. For the uplink part, the receiv-
ing chain in LoRadar is able to pick up both reflected sens-
ing signals and uplink LoRa transmissions simultaneously.
LoRadar separates these two types of signals apart and
carry out corresponding processing individually.

As the working principle of the sensing functionality is
very much the same as a normal FMCW radar, the follow-
ing sections will focus on the communication part, describ-
ing the downlink and uplink design in LoRadar.

4 LORADAR DOWNLINK DESIGN

In this section, we describe the downlink design in LoRadar.
We first present the design of the dual-function radar sig-
nals and then discuss the sensing performance of such
signals.

4.1 Downlink Waveform Design

The key challenge in downlink design is to embed LoRa
packets into FMCW signals while preserving the sensing
capability. To create a LoRa signal from two FMCW waves,
we need to create both the carrier frequency at the LoRa
band and the CSS-modulated signals. In the following part,
we first present how LoRadar creates the LoRa carrier fre-
quency using two FMCW signals and then describe how to
embed CSS-modulated signals into the sensing signals.

4.1.1 Create LoRa Carrier Wave

By non-linearity, we can convert two wideband signals into
a narrowband signal. Let fL denote the LoRa band, which
could be 433MHz, 915MHz or other frequency bands that
LoRa device can operate at. Let f1ðtÞ and f2ðtÞ be the fre-
quency of signals transmitted by the two antennas on a LoR-
adar device. Assume that f1ðtÞ and f2ðtÞ both fall within
fa; fb½ �, the frequency band allocated for sensing, where fb �
fa ¼ BW . In order for the second harmonic to generate a
tone at fL, it needs to satisfy

fL ¼ f1ðtÞ � f2ðtÞj j; 8t 2 ½0; T �; (4)

where T is the chirp duration.

A simple solution is to guarantee that there is a constant
frequency offset, i.e., fL, between the two signals. We can
have f1 sweep from fa to fb � fL while f2 sweeps from fa þ
fL to fb. Although it could generate a carrier wave at fL, in
this way, the bandwidth of both signals is reduced by fL.
According to Equation (1), for FMCW radar, its sensing res-
olution is subject to the bandwidth of the signal. This will
lead to lower sensing resolution, which is undesirable. In
order to preserve the sensing accuracy, both signals should
sweep the full band.

To achieve this goal, we come up with the following way
to control the frequency sweep. The chirp on the first
antenna is advanced by half of the chirp duration, as shown
in Fig. 7. Mathematically, it can be written as follows:

f1ðtÞ ¼ R � tþ BW
2 t < T

2
R � t� BW

2 t � T
2

�
;

f2ðtÞ ¼ R � t;
(5)

where R is the slope of the FMCW chirp. When BW ¼ 2fL,
in the first half of the chirp, we have fL ¼ f1ðtÞ � f2ðtÞ, while
in the second half of the chirp, fL ¼ f2ðtÞ � f1ðtÞ. Thus,
Equation (4) is satisfied.

To verify this idea, we perform a feasibility study. We use
a KeysightM8190A two-channel arbitrarywaveform genera-
tor to generate two FMCW chirps according to Fig. 7, where
BW ¼ 866MHz, T ¼ 1ms and the center frequency is
900MHz. The chirp signals are amplified and transmitted.
Fig. 8a shows the spectrum of the chirp signals, measured by
Rigol DSA 1030 spectrum analyzer. We connect a receiving
antenna and the non-linear circuit to the RF input port of the
spectrum analyzer. From Fig. 8, we can see that, as expected,
the non-linearity circuit creates a harmonic at BW2 ¼ 433MHz.

It proves that we can create a carrier wave at the desired
frequency using this method, while both chirps sweep the
whole bandwidth, without degrading the sensing accuracy.

4.1.2 Create CSS-Modulated Signals

LoRa signals, as shown in Fig. 3, are linear chirps within the
channel bandwidth. We use SLðtÞ to denote the frequency
of LoRa signals as a function of time.

As we discuss previously, in the first half of the FMCW
chirp, the desired harmonic is created by f1ðtÞ � f2ðtÞ while
in the second half, the desired harmonic is created by
f2ðtÞ � f1ðtÞ. Thus, to embed CSS-modulated signals into
the sensing chirp, we also need to distinguish these two

Fig. 7. Two unsynchronized FMCW chirps, with half chirp time offset. In
this way, the two chirps can create a harmonic at frequency BW

2 , while
both chirps sweep the full sensing band. When fL ¼ BW=2, the har-
monic can serve as the carrier wave for LoRa signals.
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cases. In the first half of the chirp, SLðtÞ is added to f1ðtÞ,
while in the second half, �SLðtÞ is added to f1ðtÞ. Finally,
the sensing signal on the first antenna becomes

fS
1 ðtÞ ¼

R � tþ fL þ SLðtÞ t < T
2

R � t� fL � SLðtÞ t � T
2

(
: (6)

In this way, the desired harmonic becomes

fS
1 ðtÞ � f2ðtÞ

�� �� ¼ fL þ SLðtÞ;
where the right hand side is the LoRa signal at frequency fL.

By creating the carrier wave and CSS-modulated signals
separately, we can decouple the parameters for sensing sig-
nals and data signals. The FMCW chirp can select appropri-
ate parameters (e.g., chirp duration) according to the
application scenarios while LoRa node can set its spreading
factor and bandwidth according to the throughput demand.
Next, we discuss its impact on the sensing performance.

4.2 Impact on Sensing Capability

LoRadar modifies the original sensing signal by embedding
a narrowband CSS-modulated signal to the original FMCW
chirp. This changes the original linear chirp in two aspects,
as we show in Fig. 9. The modified chirp presents slope dis-
continuity and frequency discontinuity. We analyze their
impact on estimating frequency offset (Df) individually.

Slope Discontinuity. The slope of the modified sensing
chirp in the first and second half is different. Let R and r
denote the slope of the FMCW sensing chirp and LoRa data
chirp respectively. The slope of the first half (f 2 0; BW

2

� �
) is

R� r while the slope of the second half (f 2 BW
2 ; BW

� �
) is

Rþ r. Assume that the time-of-flight is t, for the first half,
Df1 ¼ ðR� rÞt, while for the second half, Df2 ¼ ðRþ rÞt. As
the FMCWchirp usually sweeps GHz bandwidth inmillisec-
onds [3], [10], [13] while the LoRa data chirp just sweeps sev-
eral hundreds of kHz (channel bandwidth, 500kHz at

maximum). r is several orders of magnitude smaller than
R and its impact on Df1 and Df2 is negligible. Thus,
Df1 � Df2 � R � t.

Frequency Discontinuity. The frequency of modified sens-
ing chirp is not linearly increasing due to the frequency dis-
continuity in LoRa signal, either at the boundary of symbols
or shift from bw=2 to �bw=2 within a symbol, as shown in
Fig. 3. The modified sensing signal becomes a piecewise
function where each piece is a linear function. According to
the working principle of FMCW radar, it determines the dis-
tance to the target by the frequency offset between the trans-
mitted signals and the reflected signal, as the frequency
offset is linearly proportional to the time-of-flight. Similarly,
LoRadar can compare such a frequency-discontinuous signal
with its delayed version. The result is that, for the majority of
time, the frequency offset preserves the linear relationship
with time-of-flight while for an extremely short window,
which is highlighted in Fig. 9, the linear relationship no lon-
ger holds due to the frequency discontinuity. The duration
of this window is equal to the time-of-flight t, which is at the
level of nanoseconds. Compared to thewhole chirp duration,
usually at the level of milliseconds, this short window has
almost no impact when we estimate the frequency offset
using the signals of a complete chirp duration.

It ismore straight-forward to analyze its impact on estimat-
ing phase. Whatever the waveform, the relationship between
phase and distance (Equation (2)) preserves. Thus, modifying
the sensing signalswill not affect phase estimation.

Above is our analysis on the capability of the dual-func-
tion signal. We demonstrate in the Section 7 that it preserves
the sensing resolution of FMCW radar.

5 LORADAR UPLINK DESIGN

In this section, we describe the uplink design in LoRadar.
The receiver chain in FMCW radar is very different

from a normal transceiver. As shown in Fig. 2, the reflected
signal is mixed with the transmitted signal, resulting in a
low-frequency IF (intermediate frequency) signal, usually
tens/hundreds of kilohertz. Thus, even though the signals
transmitted by a radar is a wideband signal, it does not
require a wideband receiver. Different from a normal RF
radar, the LoRadar device needs to receive both the reflected
sensing signals and the uplink LoRa transmissions in one
shot.

To achieve this goal, there are two major challenges. First,
uplink LoRa signals are centred at frequency fL. When the

Fig. 8. Feasibility study. Two linear chirps are sweeping 866MHz band,
with one chirp advanced by half chirp duration. We can get a desired har-
monic at 433 MHz.

Fig. 9. Modified sensing signals. As we embed CSS-modulated signals
into the original FMCW chirp, the modified signals present slop disconti-
nuity and frequency discontinuity. We plot these discontinuities exagger-
atively so that they become visible.
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received LoRa signals pass through the receiving chain, mix-
ing with a wideband sweeping signal, the mixed signals will
also become a wideband signal which cannot be captured by
the receiver. Second, as we need to perform sensing and com-
munication tasks simultaneously, we need to prevent these
two types of signals from interferingwith each other.

To address the first challenge, LoRadar creates a “local
oscillator” for LoRa signals without using any additional
hardware oscillator. LoRadar creates fLO by mixing the sig-
nals on the two TX chains. According to Section 4, the two
chirps are time offset by half the chirp duration. When doing
uplink transmission, the signals on the TX chain are the origi-
nal linear chirps without embedding the CSS-modulated sig-
nals. Mixing these two chirps creates a carrier wave at fLO,
where fLO ¼ 1

2BW . It can serve as the local oscillator for
decoding the LoRa signal. When SL is mixed with this carrier
wave, it is shifted to the intermediate frequency at fL � fLO.

To address the second challenge, we observe that the
maximum value of Df is known. Df depends on the dis-
tance to the object and the slope of the chirp signal. Under a
typical setting of the radar (i.e., BW is several GHz, T at the
millisecond level, 20m maximum detectable range in an
indoor scenario), Df usually falls between DC to 1MHz. In
order to prevent sensing signals and data signals from inter-
fering with each other, we can tune the frequency of fLO so
that sensing and LoRa signals are separate in the frequency
domain at the baseband. We can select an appropriate fLO
such that fL � fLO falls above Dfmax.

The receiving chain in LoRadar is shown in Fig. 10. fLO is
created by mixing the chirps on the two TX chains, a linear
chirp and its delayed version. According to Section 4, fLO ¼
1
2BW . To achieve the frequency guard, we set the uplink
bandwidth BWU to be

BWU ¼ 2fLO ¼ 2ðfL � DfmaxÞ:

The RX chain in LoRadar has two paths. One path is the
same as the original RX chain in a normal radar, where the
received signal is mixed with the original chirp to obtain
Df . On the other path, the received signal is mixed with
fLO, shifting LoRa signals to the baseband. The resulted
sensing IF signals and LoRa IF signals are both baseband
signals and are separate in the frequency domain, so they
can be captured by a baseband processor simultaneously.

Fig. 11 gives the spectrogram of a 10s-segment signal. The
LoRa node is transmitting uplink packets at fL ¼ 433MHz
and we set BWU to be 864MHz, i.e., fLO ¼ 432MHz.

Meanwhile, we move a laptop back and forth before the
radar. We can see that the sensing IF signals fall at the low
frequency part. The intermediate frequency first increases as
wemove the laptop away and then decreases as we bring the
laptop closer. The LoRa IF signals are at 1MHz, as
fL � fLO ¼ 1MHz. Fig. 11 indicates that we can prevent the
two types of signals from interferingwith each other.

An important feature in LoRa is that LoRa signals with
different spreading factor are orthogonal to each other.
Thus, there could be multiple LoRa devices, employing dif-
ferent spread factors, transmitting simultaneously in the
same channel. As LoRadar preserves the property of LoRa
signals, it supports concurrent LoRa transmission in the
same channel. We verify this in Section 7.

6 IMPLEMENTATION

In this section, we describe the implementation details of
LoRadar.

Transmitting Chain of LoRadar. We use a KeySight
M8190A arbitrary waveform generator to generate the sens-
ing signals. M8190A supports dual-channel operation while
each channel supports up to 2.4GHz sampling rate. Signals
are generated via the SystemVue software running on a
Windows 10 desktop and downloaded to the signal genera-
tor. The chirp signal is generated using the LFM module in
SystemVue, where we can specify the center frequency,
sweeping bandwidth and chirp duration. The time offset
between two TX chains is achieved by cyclic time shifting
the chirp samples, where we move the second half of chirp
samples before the first half.

We use a Matlab script to generate the CSS modulated
signal. The signal is multiplied with the linear chirp from
the LFM module, as time domain multiplication of two
chirp signals results in a new chirp whose frequency is the
summation of the original two chirps. We set the transmis-
sion power to be 8 dBm.

To demonstrate the feasibility of LoRadar on a software
defined radio, we also implement the TX chains using NI
USRP-2953R, which also supports dual-channel operation,
each with 120MHz bandwidth. More details about this
setup can be found in Section 7.1.6.

Receiving Chain of LoRadar. We implement the receiving
chain of LoRadar according to the schematic in Fig. 10.
Compared with the receiving chain in a FMCW radar, it has
several extra components: a power splitter divides the
received signal into two paths; a mixer takes the signals on
the two TX chains and its output is connected to the LO

Fig. 10. The receiving chain in LoRadar. We create a “local oscillator”
fLO for uplink LoRa signals. We tune fLO so that intermediate frequency
of sensing and LoRa signals are separate in the frequency domain.

Fig. 11. A spectrogram of the received signal. The sensing IF signals fall
at the low frequency part while LoRa signals are down-converted to
1MHz. In this way, we prevent the two types of signals from interfering
with each other.
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port of a second mixer, where the second mixer down-con-
verts the LoRa signals to the baseband; a power combiner
combines the baseband signals from two paths and its out-
put is fed into the LFRX-LF daughterboard on USRP N210
which samples at 4MHz.

LoRa Transceiver. In the experiments, we test two LoRa
transceivers, B-L072Z-LRWAN1 (SX1276, 860� 930MHz)
and TTGO LoRa32 (SX1278, 433� 470MHz). The non-linear
circuit is put between the evaluation boards and the anten-
nas, as shown in Fig. 12.

7 EVALUATION

In this section, we evaluate the performance of LoRadar
from three aspects: downlink transmission, uplink transmis-
sion and sensing accuracy.

7.1 Performance of Downlink Transmission

When evaluating downlink transmission, LoRa packets are
embeded in the sensing signals, where each packet contains
1-byte payload. For each position, we log at least 1000 pack-
ets. We set BER that see no error to be 10�5.

7.1.1 Transmission Range

We first evaluate the downlink transmission range of LoRa-
dar in line-of-sight scenario. We do this set of experiment at
the corridor outside the laboratory. The center frequency of
the chirp is 900MHz. It sweeps 866MHz in 1ms. The receiver,
SX1278, is configured to work at 433MHz, with a spreading
factor of 7, 125kHz channel bandwidth and a code rate of
4=8. The corresponding data rate is 3.4 kbps. We plot the
RSSI values with respect to the transmission distance in
Fig. 13. As expected, we can find that RSSI values decrease as
the receiver moves away from the LoRadar device. The RSSI
values have some variations as there could be people walk-
ing on the corridor, blocking the light-of-sight. When the dis-
tance is beyond 16m (RSSI=-118dBm), bit error rate starts to
increase, becoming larger than 1 percent.

We note that the transmission range of LoRadar is much
shorter than the standard LoRa transceiver. This is because
the harmonic is much weaker than the original signal. The
sensitivity of LoRa nodes can be up to �148 dBm, which is
about 30 dB lower than �118 dBm. In order to fully explore
the good sensitivity of LoRa, we can extend the communica-
tion range by configuring the LoRa node to work at a lower
data rate, as lower data rates require lower SNRs. Besides,
in order to compensate for the power loss, we can also add
an amplifier to amplify the desired harmonic. We leave this
for future work.

7.1.2 Performance Under NLoS Scenarios

We evaluate LoRadar’s performance in non-light-of-sight
(NLoS) scenarios. We put the LoRa receiver at four different
locations: 1) in a paper box 2) behind a wooden door 3)
behind a concrete wall and 4) in a handbag. The distance
between the transmitter and receiver is fixed at 3m. Fig. 14
shows the performance under different scenarios. As we
can see, the performance is worst when the receiver is
behind the concrete wall, as the wall can greatly attenuate
the signal. It is a little unexpected that LoRadar shows the
second highest BER when the receiver is in a handbag. By
observing the phenomenon, we infer that the underlying
reason is the misalignment between the TX and RX antenna.
As we know, each antenna has a radiation pattern, i.e.,
polarization. Alignment of the polarization of TX and RX
antennas will improve the signal quality. When we put the
receiver inside a handbag, we are unable to control the ori-
entation of the receiver’s antenna. Thus, the polarization of
the receiver’s antenna is not aligned with the transmitter’s,
which lead to the high BER.

7.1.3 Impact of FMCW Chirp Bandwidth

We conduct this set of experiment to see whether the down-
link performance is affected by the bandwidth of sensing
signals. As LoRadar requires that BW ¼ 2fL, when we
change BW , say from 200MHz to 1GHz, there may not have
LoRa receivers working at the corresponding frequency (fL
should be from 100MHz to 500MHz). To conduct this exper-
iment, we use the way shown in Fig. 4 to generate the
desired harmonic. The signal on the first TX antenna sweeps
from f1 to f1 þBW while the other antenna sweeps from f2
to f2 þBW (f2 > f1). Signals are embeded into the second
antenna. The LoRa receiver is configured to work at fL,
where fL ¼ f2 � f1 and we set f1 to be 500MHz. We use two
different LoRa receivers, working at 433MHz (SX1278),

Fig. 12. LoRa receiver with non-linear circuit (highlighted in rectangular).

Fig. 13. RSSI versus distance.

Fig. 14. Performance under NLoS.
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868MHz and 915MHz (SX1276) respectively. The data rate is
3.4kbps.

Results are shown in Fig. 15. When BW is 200MHz and
400MHz, there is no bit error. When BW continues to
increase, BERs also increase. We attribute these errors to the
signal source. Aswe use a signal generator as the transmitter,
the frequency sweeping waves are generated in the digital
domain, where signals are discrete. This problem become
obvious when the signal bandwidth is large, as the maxi-
mum sampling frequency is limited to 2.4GHz. Thus, the sig-
nals are actually not continuous waves. This should not be a
problem on a radar, as voltage-controlled oscillators on the
radar will generate analog signals, which are continuous.

7.1.4 Interference of LoRadar to Other LoRa Nodes

In this subsection, we evaluate the interference of LoRadar
to other LoRa nodes. We compare the LoRa performance
when there is a/no LoRadar device working nearby. A LoR-
adar Tx and a LoRa Tx are standing side by side, and they
are communicating with their receivers (RX1 and RX2, also
side by side), respectively.

In LoRa communication, signals are orthogonal when the
spreading factor or the bandwidth is different. In other
words, two LoRa links can be concurrent when either their
spreading factor or bandwidth is different. Thus, to evaluate
the interference of LoRadar on other LoRa links, we use
orthogonal parameters for these two links. We set the spread-
ing factor (SF) and bandwidth (BW) of LoRadar to be 7 and
125kHz. The other link employs two sets of parameters in
turn: (SF = 8, BW = 125kHz) and (SF = 7, BW = 250kHz). The
two links are working on the same (LoRa) band. We vary the
distance between the transmitter and receiver, and evaluate
the performance of the second link with the presence and
absence of the first link.

We compare the SNRof the LoRa link in Fig. 16.We can see
that, there is no significant difference in SNR with/without
LoRadar. It indicates that LoRadar will not cause significant

interference to other nearby LoRa nodes. This is reasonable
for two reasons. First, LoRa is designed to support concurrent
transmission when the spreading factor or bandwidth is dif-
ferent. Second, LoRadar is not transmitting on the LoRa band.
It is transmitting on the radar band. Thus, the signals from
LoRadarwill not interfere the other orthogonal LoRa signals.

7.1.5 Compare LoRadar With Original LoRa

In this section, we compare the downlink performance of
LoRadar and original LoRa. We set the transmission power
of LoRadar and LoRa transmitter both to be 0dBm. Results
are shown in Fig. 17. We can see that, for SF7/125kHz, the
performance of LoRadar and LoRa is close. For SF7/250kHz,
the BER of LoRadar increases dramaticallywith growing dis-
tance. The possible reason is that, the non-linear harmonic is
muchweaker than the original signal, andwhen the distance
increases, the SNR drops so that the channel capacity is
insufficient to support the high data rate. It indicates that
LoRadar is more suitable for low data rate applications, such
as connecting low-rate, low-power sensors/actuators.

7.1.6 Performance of LoRadar on SDR

As the bandwidth of the USRP SDR is limited to 120MHz,
we adopt the way in Section 7.1.3 to generate 100MHz fre-
quency sweeping wave. One channel sweeps from 2GHz to
2.1GHz while the second channel sweeps from 2GHzþfL to
2.1GHzþfL. Similarly, we test LoRa receivers working at
433MHz (SX1278), 868MHz and 915MHz bands. To prevent
the non-linear harmonic generated by the USRP circut, we
use high pass filters to filter out signals below 1.2GHz.

Results are shown in Fig. 18. BERs are higher compared
with the results obtained using the signal generator
(Fig. 15). We also attribute the reason to the signal source.
Similar to the signal generator, the frequency sweeping
waves are generated in the digital domain. The frequency
sweeping wave is of 100MHz bandwidth while the maxi-
mum sampling rate is 240MHz. The frequency of the signal
is not changing in a continuous way. However, the results
indicate the feasibility of deploying LoRadar on SDR devi-
ces. In the future when there are wide-band daughter-board
for USRPs, LoRadar can be implemented on these devices.

7.2 Performance of Uplink

7.2.1 Transmission Range

We evaluate the communication distance of uplink trans-
mission. The experiment is also conducted at the corridor
outside the laboratory area. The LoRa transceiver is SX1278.

Fig. 15. Impact of FMCW chirp bandwidth.

Fig. 16. There is no interference from LoRadar to other orthogonal LoRa
links.

Fig. 17. Compare downlink performance of LoRadar and LoRa.
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It is configured to work at 433MHz and the data rate is
3.4kbps. We test three TX power levels: 5dBm, 11dBm and
17dBm. The LoRadar device generates linear chirps sweep-
ing 864MHz in 0.5ms. Thus, the LoRa signals will be down-
converted to baseband at 1MHz.

We plot BERs verus distance in Fig. 19. There is no bit
error within 20m when LoRa transmits with 11dBm or
above power. When LoRa node is transmitting at 5dBm
power level, BER becomes above 0.1 percent when the dis-
tance is 29m. Compared with downlink, the uplink trans-
mission can achieve longer distance. This is because in the
downlink, LoRa signals is the harmonic generated by the
non-linear circuit, whose signal strength is weaker than the
original signal. In order to achieve symmetric uplink and
downlink communication distance, we could use a lower
data rate for the downlink transmission.

7.2.2 Impact of FMCW Ramp Rate

In this experiment, we evaluate the impact of FMCW ramp
rate on data transmission. The LoRadar device generates two
864MHz frequency sweeping waves, offset by half the chirp
duration as shown in Fig. 7. We test with five different chirp
durations: 0.1ms, 1ms, 5ms, 10ms and 15ms. We also vary
the LoRa data rates, using a spread factor of 7, coding rate of
4=8, and bandwidth of 125kHz, 250kHz and 500kHz, respec-
tively. From Fig. 20, we can see that there is no obvious trend
associated with BER and chirp duration. It indicates that,
changing the FMCW ramp rate will not have impact on LoRa
transmission. In other words, mixing signals on the two TX
chains can create a stable carrier wave, regardless of the
ramp rate of chirp signals. So, we can set the radar ramp rate
and LoRa data rate independently, according to the sensing
scenario and communication demand.

7.2.3 Concurrent LoRa Transmissions

In this experiment, we test LoRadar’s performance on decod-
ing concurrent LoRa transmissions. We deploy two LoRa
nodes 3m away from the LoRadar device, both transmitting

packets at 433MHz. One use spread factor 8, while the other
use spread factor 9. We test with different LoRa data rates by
using different channel bandwidths, i.e., 125kHz, 250kHz
and 500kHz.

Results are shown in Fig. 21. We can see that LoRadar
can decode concurrent orthogonal transmissions. There is
no bit error for the one with lower data rate (spread factor
9); for the one with higher data rate (spread factor 8), BERs
are below 0.05 percent. When the data rate of each node
increases, the total channel goodput also increases.

7.3 Sensing Capability

In this section, we evaluate the sensing performance of LoR-
adar. According to previous research [3], the sensing capa-
bility of FMCW radar mainly stems from its ability to obtain
two parameters, the frequency offset Df and phase t. The
frequency offset is used to estimate the distance from the
object to the radar while phase information can track the rel-
ative movement of the object. Other information, such as
velocity, can be derived from these two parameters. Thus,
we conduct this experiment to see whether LoRadar pre-
serves the capability to estimate Df and t.

We first evaluate Df estimation. The LoRadar device is
doing downlink transmission using the waveform designed
in Section 4. We put a laptop at different distances before
the radar. We compare the estimated Df with the one
obtained using the orignal linear chirp. Results are shown
in Fig. 22. Each result is averaged over 5 measurements. As
the linear chirp sweeps 866MHz band, the ranging resolu-
tion is 17cm. When d ¼ 50cm, there is some ambiguity.
Using both waveforms, Df in four out of the five measure-
ments gives 40kHz and the remaining one gives 42kHz. So
the average is 40.4kHz. At all locations, both waveforms
give the same Df .

We then evaluate t estimation. We put the same laptop
on a camera slider. We control the slider by a remote con-
troller to move the laptop back and forth before the LoRadar
device. We compare the phase change of such a back-and-

Fig. 18. Performance of working on SDR.

Fig. 19. Transmission range.

Fig. 20. Impact of FMCW chirp duration.

Fig. 21. Decoding concurrent transmissions.
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forth movement obtained using the modified waveform and
the original waveform. Results are shown in Fig. 23. We can
see that, the phase change obtained using the designed
waveform is highly correlated with the one obtained using
the original waveform. The minimum displacement we
tested is 1 inch, as it is the minimum displacement we can
control using the slider.

From these results, we can conclude that, the modified
waveform still preserves the sensing capability of a linear
chirp. Embedding data signals into the waveform does not
degrade its sensing resolution.

8 RELATED WORK

Radio Frequency as a Sensing Medium. Recent years have wit-
nessed a surge of interest in using radio waves as the sensing
media. These works mainly fall between two categories,
using the commodity communication infrastructure (i.e., Wi-
Fi AP) or using the customized RF radar device. Along the
first category, Wi-Fi sensing has shown promising results in
many applications, such as gesture/activity recognition [14],
[15], [16], [17], [18], vital sign monitoring [9], [19], [20] and
imaging [21], [22]. The main challenges for Wi-Fi sensing
include trackingmultiple people simultaneously, adapting to
new environments, limited resolution, etc. [23], [24].

As for the second category, both industry and academia
are designing miniature Radar for home applications.
Soli [2], the mmWave radar designed by Google, is able to
recognize ubiquitous hand gestures. Researchers are also
devoted to designing miniature Radar for monitoring
breathing rate and heart rate [3], [4], gait velocity/stride
length [25], and sleep stages [26], [27]. As radar signals are
customized for sensing purpose, compared with Wi-Fi sig-
nals, it can achieve fine sensing granularity and can track
multiple, concurrent moving body parts.

Joint Radar-Communication Design. As there are unprece-
dented data traffic in both cellular and WLAN, spectrum
sharing between radar and communication system has
become an important research area [28], [29]. As the radar
and communication systemsmay interfere with each other, in
order to address their coexistence issue, there is on-going
research on joint radar-communication design [30]. Existing
works address this problem from different aspects. Some
works discuss how to mitigate the interference between the
communication system and radar system [31] while others
design dual-function waveforms [32], [33], which can be used
both for sensing and communication. LoRadar belongs to the
second category. Different from existing work, LoRadar does

not require a dedicated receiver to decode the customized
waveforms and can talk directlywith LoRa nodes.

Non-Linearity. Traditionally regarded as harmful, non-
linear effect has been exploited to enable many interesting
applications. BackDoor [34] enables smartphones to record
ultrasound utilizing non-linearity in acoustic amplifiers.
With the same observation, Lin et al. [35] built an ultrasonic
indoor localization system on smartphones. Vasisht et al. [7]
took advantage of non-linearity to mitigate interference for
in-body backscatter. In [6], An et al. enabled cross-frequency
communication by exploiting the non-linearity of RFID
tags. E-eyes [36] takes the nonlinear response from elec-
tronic circuits as the fingerprint to identify hidden electronic
devices.

9 DISCUSSION

In this section, we discuss some remaining issues in this
paper.

LoRadarImplementation on a Miniature Radar. Due to the
limited API of commercial miniature radars on the market,
in this paper, we use a signal generator to transmit the
designed waveforms, which is a piecewise function where
each piece is a linear chirp.

Here we discuss how to implement LoRadar on a minia-
ture radar. For the downlink part, LoRadar requires that the
transmitter have at least two antennas. Current radars are
usually designed to be amulti-antenna device so as to combat
multi-path phenomenon and achieve good sensing perfor-
mance [5], [10]. Commercial radar usually employs a chirp
engine to generate the frequency sweeping waves [13]. The
chirp engine is a Fractional-N phase locked loops (PLL) fre-
quency synthesizer, which can achieve sub-Hz frequency res-
olution [37]. In addition, the chirp duration and sweeping
bandwidth are both programmable parameters. Thus, we
can program the chirp engine to generate the designedwave-
form in Section 4. For the uplink part, comparedwith the nor-
mal FMCW radar, the receiving chain of LoRadar is also
slightly different. As shown in Fig. 10, in addition to down-
converting the sensing signals, LoRadar also needs to down-
convert the data signals. Thus, LoRadar requires extra mixers
and combiners. Combining downlink and uplink design,
LoRadar requires some hardware modification which will
not increase the cost substantially.

MAC Layer Design. As the channel access mechanism of
LoRa defined in LoRaWAN is aloha in nature, LoRadar can
fully support the MAC layer operations. LoRaWAN defines
three classes of nodes, Class A, Class B and Class C. To

Fig. 22. Frequency offset estimation. Fig. 23. Phase estimation.
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be specific, for Class A and C, downlink transmission is ini-
tiated by an uplink transmission. So the LoRadar device
can stay in RX state and listen for uplink transmission.
Downlink transmission can be carried out in the corre-
sponding RX windows following the uplink transmission.
For class B, the LoRadar device can send beacons periodi-
cally as the gateway. When there is downlink data to a spe-
cific node, the LoRadar device can carry out downlink
transmission in the corresponding slot; for the remaining
time, it can stay in the RX state, listening for uplink trans-
mission. Therefore, with the downlink and uplink design
present in this paper, LoRadar can support the MAC layer
protocol of LoRaWAN.

Joint Radar-Communication Paradigm. Compared with
directly adding a LoRa radio to the radar, joint radar-com-
munication paradigm has its unique advantage in a smart
home scenario. First, it improves the spectrum efficiency by
reusing the spectrum for both sensing and data communica-
tion; second, it addresses the coexistence issue between
radar system and communication system; third, as there are
many possibilities to design the radar signals, it is our
future work to enable LoRadar to communicate with other
IoT devices, such as Bluetooth or Zigbee devices. Thus, we
envision that the radar can become the central control unit
in a smart home that is able to connect with and coordinate
various types of IoT devices.

10 CONCLUSION

In this paper, we present LoRadar, a joint radar-communi-
cation paradigm where the radar can communicate with
LoRa devices while performing sensing tasks. LoRadar con-
verts wideband sensing signals into a narrowband signal by
exploiting the non-linearity effect of RF circuits. For down-
link transmission, we design the dual-function radar signals
so that its sensing capability is preserved while the non-lin-
ear harmonic is a standard LoRa signal. For uplink trans-
mission, we present a new receiving chain design that is
capable of both radar sensing and data decoding. We imple-
ment and evaluate LoRadar from various aspects. Evalua-
tion results show that LoRadar can achieve home-level
coverage range with 3.4kbps data rate while it preserves the
sensing resolution of the radar.
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