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ABSTRACT

Integrated Sensing and Communication (ISAC) represents an inno-
vative paradigm for enhancing spectrum and hardware utilization
for both sensing and communication. A specific type of ISAC, radar
backscatter communication, involves low-power nodes embedding
data onto radar signal reflections rather than generating new sig-
nals. However, existing radar backscatter techniques only facili-
tate uplink communication from the tag to the radar, neglecting
downlink communication. This paper introduces BiScatter, an inte-
grated radar backscatter communication and sensing system that
enables simultaneous uplink and downlink backscatter communi-
cation, radar sensing, and backscatter localization. This is achieved
through the design of chirp-slope-shift-keying modulation on top
of Frequency Modulated Continuous Wave (FMCW) radars, com-
plemented by passive differential circuitry at the backscatter tags
for low-power decoding. BiScatter also presents a packet structure
compatible with off-the-shelf radars that offer accurate data pro-
cessing and synchronization between radar and tag. We prototype
this backscatter network in both 9GHz and 24GHz, demonstrating
its capability to extend across different frequency bands. Our eval-
uations demonstrate that BiScatter supports two-way backscatter
communication with BER lower than 107 up to 7m range and
centimeter-level tag localization accuracy on top of off-the-shelf
FMCW radars. The presented approach significantly augments the
versatility and efficiency of ISAC for low-power devices.
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1 INTRODUCTION

Integrated Sensing and Communication (ISAC) introduces a new ap-
proach for optimizing spectrum and hardware utilization for both
sensing and communication. This design strategy not only cuts
down device costs but also minimizes form factors and incorporates
intelligence seamlessly into network infrastructures. One common
type of ISAC is radar backscatter communication [26, 32], wherein a
tag communicates information to radars by modulating and reflect-
ing the radar signals, offering simultaneous support for low-power
communication from the tag to the radar as well as accurate radar
sensing. This could enable a wide range of new capabilities for
radars embedded in phones [47], mixed-reality headsets [10], or
small drones [19]. For example, consider a radar-equipped drone
in a warehouse, leveraging the radar for simultaneous localization
and mapping (SLAM) in low visibility but also simultaneously per-
forming asset tracking or sending commands to passive backscatter
tags (Figure 1). Such a system can significantly improve the battery
life of industrial robots by integrating sensing, localization, and
communication on top of the same radio unit.

Despite the above potential, existing radar backscatter communi-
cation systems have a major limitation: they predominantly focus
on uplink communication or tag localization [32, 33, 37, 44], while
overlooking downlink communication from the radar to tags. This
limits the functionality of tags to read-only fiducial markers with
no write access or configurability after deployment. A downlink
connection from radar to tag can enable new opportunities, such as
making on-demand retransmissions in case of packet loss, adapting
the tag modulation scheme or data rate to link conditions, or mini-
mizing interference. A recent work, called MilBack [29], targets this
limitation by proposing a passive frequency scanning antenna (FSA)
structure at the tag [17] and custom-built radar with two indepen-
dent waveforms for downlink communication (two-tone signals)
and uplink backscatter (FMCW signals). However, MilBack’s de-
sign requires extra handshaking steps between the radar and tag to
first localize the tag before establishing a downlink communication,
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Figure 1: BiScatter provides an integrated two-way backscat-
ter network and radar sensing between commercial radars
and low-power backscatter nodes.

which could interfere with the primary functionality of radars in
sensing. In addition, MilBack’s custom-built waveform makes it in-
compatible with off-the-shelf radars, increasing hardware costs and
complicating system integration. In contrast, radar-centric wave-
forms offer robustness and reliability by exploiting the inherent
resilience of radar signals to interference and multipath effects.

In this paper, we introduce BiScatter!, a fully integrated two-
way radar backscatter communication and sensing system on top of
off-the-shelf radars. BiScatter comprises a novel Chirp-Slope-Shift
Keying (CSSK) modulation scheme that encodes bits into radar
FMCW chirps for downlink communication by varying the chirp
slope, a low-power backscatter tag design that enables simultaneous
decoding of the radar signal and modulating the reflections for
uplink communication, and an integrated decoding and localization
algorithm at the radar. BiScatter’s key innovation is the design
of a low-power tag structure that leverages the unique shape of
radar FMCW waveform to demodulate the radar data with a low-
sampling ADC to preserve the tag’s low-power consumption. This
decoding scheme is independent of the radar’s operating frequency
and can be seamlessly extended to millimeter-wave bands. As such,
our design makes three key contributions:

Low-power Two-way Tag Design: The first challenge is to
develop a low-power backscatter tag that can enable two-way com-
munication with an FMCW radar. The tag consists of three modules
that all should operate in low-power mode and must be compatible
with limited computational resources of backscatter tags: a decoder
for receiving the radar signal and demodulating it; a modulator for
uplink communication by modulating the amplitude or phase of
received radar signal before reflecting it back; and a retro-reflector
for redirecting the signal back toward the radar to compensate
for high attenuation at higher frequencies such as millimeter-wave
(mmWave) bands. To achieve this, BiScatter introduces a low-power
baseband processing module at the tag that can estimate the radar
chirp slopes using two delay lines of different lengths. Upon recep-
tion of the radar signal at the tag, the signal splits between two
delay lines of different lengths and combines again at the end of
the lines. Given the FMCW waveform of the radar, this results in
a baseband beat frequency that is proportional to the chirp slope.

'We chose the name BiScatter to convey the Bidirectional radar backscatter feature
of our system.
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This enables a downlink communication from the radar to the tag
by simply varying the radar chirp slopes. BiScatter integrates this
decoding with passive retro-reflective Van Atta structures [44] with
modulation for uplink communication.

Radar-Centric Two-way Communication: Another challenge
is to design a radar modulation scheme that enables downlink data
transmission from the radar while preserving radar’s sensing ca-
pability. To achieve this, BiScatter introduces a Chirp-Slope-Shift
Keying (CSSK) modulation scheme that creates multi-bit symbols
by varying the FMCW chirp slopes. To maintain the radar range
resolution, we fix the bandwidth of the chirps and control the chirp
duration to modify the slope. As such, the downlink waveform can
be generated by simply changing the radar chirp duration, mak-
ing this modulation scheme compatible with off-the-shelf FMCW
radars. We demonstrate that varying chirp slopes have minimal im-
pact on radar localization and sensing functionalities by leveraging
Fast-Fourier Transform (FFT) principles.

Integrated Radar Backscatter Communication and Sens-
ing: Many perception systems, such as those in autonomous drones
and robots, rely on continuous radar sensing for tracking or SLAM.
So, the radar cannot afford to toggle between sensing and commu-
nication tasks. BiScatter addresses this challenge by introducing
a fully integrated sensing and communication protocol that of-
fers simultaneous operation of both modes while keeping each
functionality transparent to the other ones. We propose a packet
structure consisting of FMCW chirps with varying chirp slopes
and inter-chirp delays that can carry not only the radar messages
for downlink communication but also the tag modulation in the
backscattered signal for uplink. The radar then uses the backscat-
tered signal and the unique signature of the tag modulation to
decode the tag message and accurately localize the tag.

Our system is built using off-the-shelf radars in two operating fre-
quencies, 9GHz with 1GHz of bandwidth and 24GHz with 250MHz
of bandwidth (conceptually, our system applies to 77GHz radar as
well). We also custom-built BiScatter tags using low-power off-the-
shelf components. Our evaluations across different settings demon-
strate that BiScatter can achieve simultaneous uplink and downlink
communication with a low bit error rate and centimeter-level lo-
calization accuracy while consuming only 48mW power, which
is comparable with IoT power budgets and mmWave backscatter
networks with only uplink support [32].

Contributions: Our technical contributions is summarized as:

o BiScatter is the first system design of a fully integrated radar
backscatter communication and sensing that can achieve simul-
taneous uplink and downlink communication as well as radar
sensing and localization.

e We present a radar modulation scheme, aka Chirp-Slope-Shift
Keying (CSSK), that enables downlink communication between
off-the-shelf radars and low-power backscatter tags while pre-
serving radar’s sensing capabilities.

e We introduce a two-way tag design that enables low-power down-
link decoding through differential baseband processing, as well
as backscatter modulation and retro-reflectivity for joint uplink
communication and localization at the radar.

o BiScatter is implemented and evaluated with both sub-10GHz
radars and commercial mmWave radars and is evaluated in sev-
eral in-situ indoor scenarios.
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. . L Integrated Backscatter Commercial Radar
System Uplink Comm  Downlink Comm  Tag Localization Sensing & Comms Compatibility
Millimetro [44] X X v X v
mmTag [32] v X X X v
Milback [29] v v v X X
BiScatter (this work) v v v v v

Table 1: State-of-the-art radar backscatter system comparison

Ethics Statement: This paper does not raise any ethical concerns
or issues.

2 BACKGROUND AND RELATED WORK

The related work can be divided to two groups: (a) Integrated Sens-
ing and Communication (ISAC) systems (b) Radar Backscatter Com-
munication. Table 1 provides a comparison between BiScatter and
state-of-the-art ISAC and backscatter communication systems, high-
lighting the advantages of our approach.

2.1

The sparsity of spectrum and bandwidth requirements has attracted
researchers to combine wireless sensing and communication sys-
tems. As a result, previously competing sensing and communica-
tion operations are jointly optimized via a shared waveform and
hardware platform. Most works in this domain either use radar-
centric or communication-centric ISAC design, wherein the pre-
existing sensing or communication systems are used to enable the
other functionality. For example, a large body of work on WiFi
and cellular communication focuses on enabling sensing on top of
ongoing communication [12, 24, 30, 41-43, 45, 46]. On the other
hand, radar-centric ISAC systems focus on enabling communica-
tion between multiple radars with primarily sensing functionalities
[16, 20, 28, 38]. More recent works on radar backscatter communi-
cation (7, 8, 13, 14, 23, 29, 31-34, 36, 37, 44, 50, 51] extend the scope
of ISAC by allowing low-power backscatter tags actively communi-
cate with radars. However, the existing radar backscatter systems
only focus on uplink communication, in which the backscatter tag
communicates with the radar by modulating the radar reflections.
This limits the networking capability at the radar to read-only with
no write access to the tag. BiScatter targets this limitation and pro-
poses a radar backscatter communication system with both uplink
and downlink communication with seamless integration of sensing
and communication at the radar on top of off-the-shelf radars.
From the waveform design point of view, there are four main
types of ISAC systems: (1) Utilizing independent waveforms for
sensing and communication. For example, MilBack [29] leveraged
two-tone signals for downlink communication and FMCW signals
for sensing. However, such approaches still suffer from inefficient
spectrum utilization. (2) Joint waveform design approaches that de-
ploy dedicated dual-function waveforms [6, 9, 22]. These methods
require custom radar development and active radios on both ends of
communication links. As such, they are not suitable for low-power
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IoT devices with limited computational resources. (3) Utilizing com-
munication waveforms, such as orthogonal frequency-division mul-
tiplexing (OFDM), for sensing [24, 30, 46]. While these approaches
enable ISAC between communication-centric devices, they are not
compatible with radar systems. (4) Radar-centric approaches that
embed digital messages into radar waveforms [40, 52]. The major-
ity of these systems focus on enabling communication between
high-power radars and are not applicable to low-power IoT devices
such as backscatter tags. This paper falls under radar waveform-
based ISAC systems, but unlike the previous works, it provides
two-way communication between radar and passive backscatter
tag. This enables a joint sensing and communication capability
between off-the-shelf radars and low-power backscatter tags.

MilBack [29] is the closest previous work to this paper that offers
two-way mmWave backscatter communication and localization.
Milback uses a frequency scanning antenna at the tag with two
modes of absorptive and reflective. In the absorptive mode, the tag
receives the radar signal and passes it to a baseband processor for de-
modulation. However, due to the frequency selective beam pattern
of the FSA structure, the radar first needs to estimate the orienta-
tion of the tag, which necessitates an extra handshaking process
between the tag and radar before any communication or sensing.
In addition, two independent waveforms are used for communi-
cation (a two-tone signal) and sensing (triangular FMCW chirps),
which necessitates a custom-built access point with much higher
power consumption compared to low-power off-the-shelf radars.
It is worth noting that a radar-centric waveform compatible with
off-the-shelf radars (e.g. FMCW automotive radars) can offer nu-
merous advantages, including reduced costs, simplified integration,
and enhanced system scalability. Leveraging established technol-
ogy allows for faster deployment and scalability, particularly in
critical applications like autonomous vehicles, where seamless co-
ordination between sensing and communication is crucial, and the
development timeline for custom radar designs to become widely
available commercially spans 10+ years. BiScatter addresses these
limitations by enabling simultaneous radar sensing and two-way
backscatter communication with low-power tags on top of com-
modity radars while keeping each functionality transparent to the
other.

2.2 Backscatter communication

The goal of backscatter communication is to enable low-power
and battery-free objects with communication capabilities, either
using specialized protocols such as RFID [48] or existing wireless
networks, such as WiFi [5], LoRa [25], and FM Radios [49]. The
availability of multi-GHz bandwidth in the mmWave frequency
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range has attracted researchers to extend backscatter communi-
cation to mmWave on top of automotive radars [11]. Millimetro
[44], Omniscatter [33], and hawkeye [8] provide cm-level tag local-
ization accuracy using off-the-shelf radars, while mmTag [32] and
MilBack [29] show feasibility of using mmWave backscatter for
communication. Similar to BiScatter, MilBack extends backscatter
communication to a two-way network, but it fails to utilize the spec-
trum effectively due to its usage of two independent waveforms for
sensing and communication.

2.3 Preliminaries

In this section, we provide a short background on FMCW technol-
ogy and Van Atta arrays, which will be used in the next sections to
explain the BiScatter framework.

FMCW Waveform: Frequency Modulated Continuous Wave (FMCW)

is one of the most widely adopted radar sensing technologies, using
a continuous wave signal with linearly increasing frequency over
time. This waveform is a frequency sweep, often referred to as a
“chirp” As such, the transmitted radar signal can be modeled as:

s¢(t) = As cos (271' (fot+oct2)) (1)

where Ay is the amplitude of the signal, fy is the starting frequency,
and a = B/Tp;rp is the frequency change rate, known as chirp
slope. The slope of a chirp can be derived using its bandwidth (B)
and chirp duration (Tcpirp)- The radar receives a delayed version of
this signal reflected from objects in the environment, defined as:

sr(t) = Ay cos (27[ (fc(t—r)+a(t—r)2)) (2)

where 7 defines the time delay and is a function of the distance r
between the radar and the target r = 7/2. The received signal is
then mixed with the transmitted signal, resulting in an Intermediate
Frequency (IF) signal at a particular beat frequency (f7r):

2Xaxr 2XrXxB

fir= = (3)

c ¢ X Tepirp

where c is the speed of light. Therefore, the range profile (e.g., dis-
tance of objects to the radar) can be defined using an FFT operation
with a maximum unambiguous range estimate of
Rmax = M (4)
2B
where f; represents the radar sampling frequency and a range

resolution of
c

Ryes = ﬁ (5)

Van Atta Array: The Van Atta array is a specialized antenna con-
figuration designed for radar and communication systems, known
for its unique capability to redirect Radio Frequency (RF) signals
back towards the direction from which they arrived. The antenna
elements of a Van Atta array are connected to transmission lines,
which, in effect, makes each antenna element act as a phase-controlled
reflector. When a signal is incident upon the array, the relative phase
of each pair is adjusted dynamically to ensure that the reflected
signals interfere constructively. As a result, the relative phase in-
formation due to the angle of arrival of the signals is preserved
across the Van Atta array, resulting in retro-reflectivity. Recent
mmWave backscatter communication systems [7, 32, 44] leverage
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Figure 2: BiScatter System Overview

Van Atta arrays to create passive beam alignment between a low-
power backscatter tag and mmWave radars. To provide uplink
communication from the tag to the radar, the Van Atta arrays are
populated with RF switches on their transmission lines to modulate
the retro-reflections.

3 BISCATTER SYSTEM OVERVIEW

The proposed radar backscatter network includes an active radar
and one or more backscatter nodes. The radar acts as an access
point and uses Chirp-Slope-Shift Keying modulation to encode bits
into FMCW signals by varying the chirp slope. This change in
chirp slope serves as a communication symbol while preserving
the radar’s sensing capabilities. The other end of the communica-
tion link is one or more backscatter tags/nodes that are equipped
with low-power differential circuitry that offers baseband process-
ing to decode radar messages. This decoding module is integrated
with a retro-reflective Van Atta structure that enables uplink com-
munication by modulating the received radar signals before retro-
reflecting them. The retro-reflective feature of the tag boosts the
SNR of backscattered signals to compensate for the high path loss
of high-frequency radar signals. The radar then receives the mod-
ulated reflections from the tag and uses a super-resolution signal
processing algorithm to detect the tag reflection and simultaneously
localize the tag and decode its message.

Figure 2 shows a simple block diagram of BiScatter’s tag architec-
ture that comprises a pair of antennas connected to a transmission
line. An RF switch is placed in the middle of the line, which tog-
gles the Van Atta array between absorptive and reflective modes.
When the RF switch is connected to the transmission line, the tag
retro-reflects the signal. When it is connected to the decoder circuit
with a 50 Ohm matched impedance, the radar signal from antenna
1 is absorbed and passed to the decoder. The other antenna gets
terminated internally with the use of a non-reflective RF switch,
thus creating the absorptive mode. With this structure, the tag can
decode the downlink radar signals during the absorptive mode and
modulate the backscatter signal for uplink as it switches between
absorptive and reflective modes. Each of these components will be
explained in subsequent sections in more detail.

3.1 Radar-Centric Downlink Communication

The downlink communication is defined from radar (aka access
point) to the tag. We first define a modulation scheme at the radar
that enables information coding without affecting the radar sensing
and a corresponding packet structure that enables synchronization
between the radar and the tag.
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Radar Chirp-Slope-Shift-Keying Modulation: A radar mod-
ulation scheme can be defined by altering the FMCW waveform
parameters such as bandwidth, chirp slope, or chirp rate. The core
challenge is to preserve the radar sensing capabilities while commu-
nicating with the tag without requiring any custom hardware on the
radar. As shown in Equations 4 and 5, changing these parameters
could either affect the maximum unambiguous range detection (i.e.,
changing the chirp duration) or the range resolution (i.e. changing
the bandwidth). Given the indoor use cases of BiScatter, we have
more freedom in sacrificing the maximum range. Therefore, we
leave the bandwidth intact in favor of range resolution and define a
modulating scheme by altering the chirp duration. This effectively
results in different chirp slopes representing downlink bits.

Downlink Packet Structure: We employ the traditional pream-
ble+data payload packet structure, where the preamble includes
a header field for detecting the chirp period and a sync field for
synchronization and pointing the beginning of the data payload
(shown in Figure 3). We allocate 2 unique chirp slopes for defining
the header and sync fields in the preamble. BiScatter assumes a
fixed chirp period Tyey;oq for the size of bit size, and it assumes that
the maximum chirp duration cannot be larger than 80% of Tjerioq-
This assumption is defined based on minimum inter-chirp delay in
commercial radars [18]. Therefore, for different chirp slopes, the
inter-chirp delay should be adjusted accordingly to create the same
bit size. Given the defined radar communication waveform, we next
explain the tag structure for decoding the radar downlink messages.

3.2 BiScatter Tag Architecture

BiScatter enables two-way communication with an FMCW radar
through interconnecting three modules: (1) a decoder for down-
link communication that demodulates the received radar signals
to extract the sent messages; (2) a modulator for uplink communi-
cation that modulates the radar signals before backscattering it by
either altering amplitude, frequency, or phase of the received sig-
nal; and (3) a retro-reflector that compensates for high attenuation
of backscattered signals in high frequencies especially mmWave
bands by focusing the reflected power toward the radar.

One key challenge in designing these modules is the limited
power budget and computational resources of backscatter nodes.
The majority of commercial radars operate in mmWave frequency,
which necessitates a GHz sampling rate using traditional demod-
ulation algorithms. On the other hand, the typical approaches for
creating directional communication (e.g., phased arrays) are too
power-hungry to be used in backscatter nodes. Past works on
mmWave backscatter communication leverage Van Atta structures
combined with RF switches on the transmission line to enable
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Figure 4: Tag Decoder Schematic

passive retro-reflectivity and backscatter modulation [32, 44], but
none of these works provide downlink communication. A more
recent work [29] proposes a frequency scanning antenna structure
that enables integration of downlink, uplink, and localization in
low-power backscatter nodes, but at the cost of using custom-built
radars with independent waveforms for sensing and communica-
tion and extra handshaking steps between the tag and the radar.
To address the above limitations, BiScatter’s tag leverages a novel
differential circuit with low-power baseband processing that can de-
code GHz FMCW signals with only a KHz-clocked ADC. We show
that this decoding circuitry can be seamlessly integrated with (i) a
Van Atta structure for passive retro-reflectivity and (ii) traditional
backscatter modulation schemes for uplink communication.

3.2.1 Tag Decoder. During the absorptive mode of the tag, the
signal received at antenna 1 (in Figure 2) will be sent to the decoder
circuitry to demodulate the radar signals. The goal here is to es-
timate the chirp slopes through a low-power circuit and without
any handshaking step between the tag and the radar. However, the
challenge is that the decoding module should be hyper-sensitive to
the linearly increasing frequency of FMCW waveforms. Previous
work on LoRa backscatter demodulation [21] addressed this need
by re-purposing the Surface Acoustic Wave (SAW) filters as a signal
converter and leveraging the sharp frequency responses of SAW
filters for decoding chirps. However, SAW filters typically operate
in <1GHz frequency and are not applicable for radar backscatter
systems, with the majority operating in mmWave bands. To address
this challenge, BiScatter introduces a novel differential circuit that
can estimate the chirp slopes with baseband processing by using
two delay lines, shown in Figure 4. Upon reception of the radar
signal at the decoder module, the signal splits between two delay
lines with different lengths to create a controlled delay. At the end
of the delay lines, the two delayed signals are combined together.
Given the known expected delay between the two delay lines, we
can then estimate a beat frequency by using an envelope detector
with an internal low-pass filter. We show that this beat frequency is
proportional to the chirp slope. Due to the small length difference
between the two delay lines, the beat frequency will fall in the KHz
range, which can be sampled using a low-power ADC.

This idea is inspired by the down-chirping operation at FMCW
radars, which results in a beat frequency corresponding to the
reflection time delay (refer to Section 2). The radar is able to esti-
mate the distance to the object given the known chirp slope. The
tag decoder uses a similar concept but with swapped known and
unknown parameters: creating controlled and known delays to esti-
mate the unknown radar chirp slopes. Similar to the down-chirping
operation that enables the processing of a millimeter-wave signal
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with a MHz-clocked ADC, our decoder structure enables estimating
the chirp slopes using only a KHz-clocked ADC.

To formalize the expected beat frequency, let us define the inci-
dent signals at the end of the decoder’s delay lines at time ¢. Without
loss of generality and for ease of derivations, we assume a real radar.
However, this technique works similarly for complex radars. The
signal at the shorter delay line (line 1) can be represented as:

s1(t) = A¢ cos (27r (fot+atz)) 6)

where fj is the starting frequency of the radar chirps and « is the
chirp slope. The signal at the end of the longer delay line (line 2)
can be defined as

s2(t) = A cos (27[ (fo(t—AT)+a(t—AT)2)) 7)

where AT is the time delay difference between the two lines. Signals
1 and 2 are combined using a second combiner that connects to the
end of the delay lines, resulting in:

Scombined(t) = s1(t) + s2(2) (8)
Finally, the combined signal passes through an envelope detector,
which measures the power of the received signal and also acts
as a low-pass filter. The combination of the splitter and envelope
detector is essentially equivalent to a mixer, which results in S
signal as

©

Within this output signal, the time-variant component is atAT,

where AT is the signal delay generated from the delay line differ-
ence. Given the FMCW waveform of the radar signal, this time
delay corresponds to AT = Af/a, which represents a direct linear
relationship between chirp slope « and the so-called beat frequency
Af.
Delay Line Lengths: The next question is how much delay be-
tween the two delay lines is sufficient to create a measurable Af.
To answer this question, let us define AT based on the delay line
properties as:

sir(t) = cos (27r (foAT + atAT — (xATz))

AL

AT = — 1
e (10)

where AL is the length difference of the two delay lines at the tag,
and k is a constant factor related to the speed of EM signal in the
delay line with respect to c, the speed of light. Combining equations
10 and the definition of chirp slope & = B/Tepirp = Af/AT, we can
calculate the beat frequency as:

Af = Bx AL
" Tohirp Xk X

(11)

This equation shows the relationship between the expected
frequency of the envelope detector output and four key param-
eters: radar bandwidth, chirp duration, cable length difference,
and the dielectric constant of the delay lines. Among these pa-
rameters, we choose to alter the chirp duration to create different
frequency components representing different radar symbols for
downlink communication. For example, using a radar with 1GHz
bandwidth, a delay-line length difference of 18inch with k value
of 0.7 (for coax cables), we can alter the chirp duration between
Tehirp_min = 20us and 200us, which results in Af ranging from
approximately A frin =11kHz to A frmax =110kHz. To measure Af,
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Figure 5: Benchmarking beat frequency Af vs chirp dura-
tion Topirp

the output of the envelop detector is connected to the ADC pin of
a microcontroller with only a KHz sampling rate. This results in a
simple, low-power, and low-cost decoder at the tag by only relying
on two splitters, an envelope decoder, and a low-power processing
unit.

It should be noted that the delay line difference AL should be
selected carefully to create a large enough beat frequency range
given the other parameters in equation 11. In addition, the equation
assumes the dielectric constant of a delay line remains constant for
the entire radar frequency range. However, this may not hold in
practice, especially across a GHz bandwidth. To address this issue,
it is a common practice to estimate the actual delay-line delay (AT)
and the expected Af per slope for a small frequency increment
across the bandwidth as a one-time calibration. In the next section,
we explain the processing algorithm at the tag to demodulate the
downlink messages. We also elaborate on the delay-line design in
the Implementation section.

Chirp-Slope-Shift-Keying Modulation Validation: To validate
equation 11, we performed a controlled experiment by connecting a
chirp generator (aka radar) to the tag decoder using wires. We fixed
the bandwidth to 1GHz and the delay line difference to 45 inches;
therefore, the chirp slope is the only parameter affecting the beat
frequency of the envelope detector output. As shown in Figure 5,
the beat frequency of the tag decoder shows a linear relationship
with 1/Tcpirp, Which matches with equation 11. The slope of this
line corresponds to the other parameters in equation 11, which
equals to kaXACL_ A small deviation between the expected frequency
and the measured value can be considered as the small difference in
k, the speed of signal ratio with respect to the speed of light, which
can be tuned with a one-time calibration.

3.2.2 Tag Decoding Algorithm. The tag samples the envelope
detector output using an ADC. To find the corresponding beat fre-
quency for each chirp slope, we can either use a sliding FFT or
low-power filters such as the Goertzel algorithm [15] as a low-
power point-by-point DFT evaluator. However, there are several
practical challenges that BiScatter tag has to deal with. First, the
FMCW radars usually incorporate inter-chirp delays between dif-
ferent sweeps for facilitating down-chirp operation [18]. These
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Figure 6: The radar inter-chirp delays impose constraints on
the tag’s decoder in finding the right FFT window size and
window alignment to extract the beat frequency.

inter-chirp delays impose some constraints on FFT window size
and the sliding FFT operation. To explain this effect, consider the
three scenarios illustrated in Figure 6. Figure 6(a) shows the fre-
quency domain signals at the end of the two delay lines, Figure
6(b) shows the time domain sampled data after the envelope de-
tector, and Figures 6(c-e) shows the corresponding FFT outputs
for the highlighted FFT windows. Figure 6(c) shows an FFT output
for a window size larger than a chirp. In this case, the chirp fre-
quency rate will also show up in the FFT output, which can cause
ambiguity in finding the right beat frequency. Figure 6(d) shows a
scenario where a chirp-long FFT window size is used, but there is a
misalignment between the FFT window and the chirp due to inter-
chirp delays, causing errors in beat frequency estimates. Figure 6(e)
shows the ideal scenario where the FFT window size is smaller than
a chirp period, and it is aligned with a chirp. Note that the chirp
period Toeriod = Tehirp + Tinterc: where Tiprerc defines the inter-
chirp delay. To address these challenges, we leverage the proposed
packet structure in Section 3.1 to find the correct window size. The
tag first performs an FFT across multiple header bits (similar to the
case in Figure 6(c)) by defining a large FFT window. This allows
the tag to estimate the chirp period Tye,joq4 to then determine the
proper FFT window size for decoding the data payload. The tag
then performs a sliding FFT with the estimated window size over
the preamble to identify the sync bits and synchronize the data
payload for decoding. It is noteworthy that adjusting the inter-chirp
delay does not impact the corresponding beat frequency of each
radar symbol, as it is analogous to padding zeros for FFT.

Downlink Data Rate: The radar symbol size can be defined using
the minimum and maximum chirp duration, as well as the minimum
interval between beat frequencies defined based on the tag noise
floor:

Nsymbol = logZ(Nslope) (12)
(Af max = Af min)
Nsiope = % (13)
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BiScatter’s ISAC protocol (b).

where Ngympoi denotes the number of bits in a radar symbol and
Niiope defines the number of chirp slopes. mina ¢ and max, ¢ are
the corresponding minimum and maximum beat frequencies de-
fined by the maximum and minimum chirp durations, respectively.
Afint denotes the interval between every two beat frequencies that
is defined empirically based on the tag noise floor. Therefore, the
achievable downlink data rate can be calculated using the equation
below:

N ymbol

(14)

data_rate =
period

To increase the data rate, we need to either decrease the period of
one symbol or increase the number of bits per symbol. For example,
with a symbol size of 10 bits (i.e. 2!° + 2 distinctive chirp slopes)
and a chirp period of 100 ps, we can achieve .1Mbps downlink data
rate, which is sufficient for sending commands to the tag such as

assigning the uplink modulation frequency.

3.2.3 Tag Retro-reflector and Modulator. For uplink commu-
nication, the tag uses an RF switch on the Van Atta transmission
line to modulate the received radar signals before retro-reflecting
them back to the radar. The switching rate of the RF switch defines
the modulation frequency and the duty cycle pattern. The radar
uses this information to decode the tag message and simultaneously
localize the tag, which is explained in the next section.

3.3 BiScatter ISAC Protocol

The previous section presented the radar downlink mechanism and
tag architecture to decode the downlink messages and modulate
the reflections for uplink communication. In this section, we ex-
plain how this two-way communication can be integrated with
radar sensing. BiScatter’s goal is to make each of these operations
transparent to the others so the radar can seamlessly transmit and
receive messages while also performing its primary sensing op-
eration. However, the challenge is that the radar downlink data
payload includes a sequence of chirps with different slopes. The
radar receives the reflection of these chirps from the environment
as well as the tag and performs down-chirping to extract the IF
signals to detect and locate the tag while performing other sensing
tasks. However, the challenge is that the IF frequency is a function
of chirp duration, as shown in equation 3. Therefore, the chirp-
slope-shift-keying modulation for uplink communication results in
varying IF frequencies across chirps with varying slopes, causing
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ambiguity in interpreting the range profile. Figure 7(a) shows a
range profile example for a frame with a modulating tag while the
radar is also sending uplink communication. We can see that the
range readings are inconsistent across chirps despite the tag being
static.

To address this issue, BiScatter first converts each FFT bin to
its corresponding range using equation 3. This filters out the IF
frequency variations by accounting for the chirp duration changes
(note the multiplication of fir and Tep,p). However, the range bin
intervals are still different for each chirp, causing a misalignment
problem when combining multiple chirps for Doppler measure-
ments or other sensing applications. This is because the maximum
unambiguous range that the radar can detect is determined by chirp
duration (shown in Equation 4). Accordingly, the corresponding
range interval of each FFT bin can be modeled as

n
NrrT

(15)

range|n] Rmax
where n defines the FFT bin number with n = {1,2,3, ..., Nppr},
and Nppr defines the total number of FFT bins. As such, range|[n]
is expected to be different for different chirp slopes. To overcome
this challenge, we use pairwise interpolation between every two
FFT bins and rescale the range profile to align the range profile of
different chirp slopes. Figure 7(b) shows the range profile after the
IF correction.

Tag Localization and Uplink Decoding: After the above IF cor-
rection, the radar can simultaneously decode the uplink messages
from the tag and localize the tag using the range-Doppler profile.
BiScatter uses the first chirp of each frame for background subtrac-
tion. This allows us to eliminate strong multipath reflections and
background noise from the environment. BiScatter then uses the
well-known range-Doppler processing proposed in previous works
[7, 32, 44] to first localize the tag based on its expected modulation
frequency and then decode the message. The key insight is that
the tag modulation across chirps appears as a square wave multi-
plied by the tag’s corresponding IF signal. Therefore, the second
FFT across chirps converts the tag modulation into a sinc function
where the primary frequency component equals the modulation
frequency. BiScatter then uses the matched filtering proposed in pre-
vious works [44] to find the tag signature for localization. It should
be noted that BiScatter’s structure is compatible with different
backscatter modulation schemes such as On-Off keying, Amplitude
Shift Keying (ASK) or Frequency Shift Keying (FSK) modulation,
which can be developed on top of the tag’s RF switch.

4 IMPLEMENTATION

BiScatter radar: We evaluated BiScatter using off-the-shelf FMCW
radars in two different frequencies of 9GHz and 24GHz. It is im-
portant to note that our system’s functionality is not contingent
on the specific frequency range but rather relies on the bandwidth
of the FMCW signal. Hence, the main goal of selecting these two
radars is to test the effect of bandwidth. The 9GHz radar offers
flexible bandwidth configuration and chirp-level slope adjustment,
for which we used a Texas Instruments LMX2492EVM chirp gen-
erator and a ZX80-05113LN+ amplifier, resulting in a maximum
power output of 7dBm. For mmWave radar, we use Analog Devices
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Figure 8: BiScatter Tag Prototypes

TinyRad [1], operating at 24GHz with 250MHz bandwidth and a
maximum power output of 8 dBm.

BiScatter Backscatter node: Figure 8 shows the prototype of
our proposed tag. We implemented the node using off-the-shelf
circuit components such as ADRF5144 SPDT RF switch [3], two
ZC2PD-18263-S+ splitters/combiners [4] at the two ends of delay
lines, and one ADL6010Evalz envelope detector [2] for detecting
the beat frequency of the chirp slopes. The antennas are connected
to RFC and RF1 ports of the switch, creating a 2-element van Atta
Array, while RF2 is connected to the decoding module for downlink
communication.

We also designed the delay lines for the tag decoder using ANSYS
HEFSS software. As shown in Figure 9, we use microstrip meander
lines [39, 53] that offer controlled delay to electromagnetic sig-
nals in a space-efficient manner. The line is characterized by its
meandering pattern, a key feature responsible for extending the
electrical length of the transmission path. As the electromagnetic
wave travels along this extended, meandering path, it experiences
a longer transit time than a straight line of equivalent physical
length, resulting in the desired delay in a compact form factor. The
design and implementation require careful consideration of the
line’s geometry, the width of the conducting strip, the dielectric
properties of the substrate, and the overall layout. Figures 10-11
show the performance of the designed line in 9GHz spanning a
1GHz bandwidth. In this design, we used Rogers 3006 as the dielec-
tric material and were able to achieve 1.26ns of delay across the
1GHz bandwidth with overall delay line dimensions of 64 mm x 3
mm x 0.5 mm.

At mmWave frequencies (e.g. 24 GHz), the substrate dielectric
constant critically influences microstrip meander line performance,
affecting impedance, delay time, and miniaturization. Increased di-
electric constant values can facilitate longer delay time and smaller
component sizes but may introduce increased dielectric losses,
which are crucial at mmWave frequencies. These factors neces-
sitate careful material selection and design optimization to balance
the benefits and drawbacks posed by the dielectric constant in
higher frequencies.
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4.1 Power Consumption

The main components needed at the tag are an RF switch, an enve-
lope detector, and an MCU or FFT processor. We break down the
tag power consumption into two operating modes of (1) Continu-
ous communication-and-sensing mode, where the tag is constantly
decoding any received signal, (2) Sequential uplink/downlink mode,
where the radar uses the preamble to define the write vs. read
modes.

Continuous Communication and Sensing Mode: In simultane-
ous and continuous uplink/downlink operation, all components are
active constantly, with the RF switch and envelope detector con-
suming 2.86 uW and 8 mW, respectively. To optimize MCU power
consumption, we investigated the impact of reducing the clock
cycle, setting a clock frequency of 1 MHz to meet the required ADC
sampling speed. Under this configuration, the typical MCU power
consumption is approximately 40 mW, resulting in a total system
power consumption of approximately 48 mW. We anticipate that
this power consumption can be reduced in a custom IC design. It
is a common practice to adapt a prototype design into a custom
IC design after prototype validation to achieve the lowest possible
power consumption. We predict that the power consumption can
be reduced to as low as 4mW by integrating a MOSFET switch, an
operational amplifier (op-amp) for envelope detection, and a low-
power ADC based on Walden’s Figure of Merit (FoM). Additionally,
replacing the FFT with the Goertzel filter, a point-by-point DFT
evaluator, on the MCU can reduce power usage since evaluating the
entire FFT spectrum is not necessary. In addition, recent advance-
ments in low-power FFT processors present further opportunities
for power reduction.[27, 35, 54]

Sequential Uplink/Downlink Mode: For use cases where simul-
taneous communication and sensing are not required, the power
can be further reduced by alternating between uplink and down-
link communication. By strategically employing sleep mode for
the MCU during uplink intervals, substantial power savings can
be achieved as the MCU enters an ultra-low power state during its
sleep mode. In this mode, the RF switch can be activated using the
PWM signal requiring less than 3 pW to operate. We emphasize the
importance of tuning the downlink/uplink frequency to optimize
the tag’s overall power consumption further.

5 EVALUATION

We evaluate BiScatter’s performance in an indoor office space with
substantial multipath propagation. The tag is positioned at different
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locations relative to the radar in distances from .5m to 7m. We first
test the impact of different radar waveform parameters, such as
bandwidth, chirp duration, or symbol size, as well as the impact of
tag configuration, such as the delay line length. We used the 9GHz
chirp generator for all of these experiments unless it is mentioned
for its full configurability. In each experiment, we fix the chirp
period to 120us, and 10000 frames are collected for each setup. We
run a calibration at 0.5m distance, and used the same calibration
configuration for all the other experimental setups. For evaluating
the localization performance, we use the 1D-ranging performance,
where the ground truth was collected using BOSCH laser distance
meter. finally, we show the generalizability of the tag structure to
off-the-shelf radars and mmWave frequency range by comparing
the system performance in 24GHz using Analog Devices radar.

5.1 Two-Way Communication Performance

In this section, BiScatter’s downlink performance over different
radar or tag parameters is evaluated. It is worth mentioning that the
maximum downlink data rate is a function of several parameters,
such as symbol size and chirp duration (equation 14), while the
symbol size itself is a function of radar bandwidth, delay-line length
difference, and range of chirp durations at the radar. As such, we
show the impact of each parameter on Bit-Error-Rate (BER) while
isolating the rest of the parameters, which also indirectly represents
the downlink data rate.

Impact of Radar Symbol Size on Downlink Performance:
We first show how radar symbol size affects the BER of the tag.
As mentioned in section 5, BiScatter is able to encode different
numbers of bits in each chirp slope to increase the data rate at
the cost of decreasing the spacing between different chirp slopes
representing the symbols. Figure 12 shows the BER over different
symbol sizes for three different radar bandwidths. We can see that
BiScatter can achieve BER of < 10~3 with 1GHz bandwidth and 5
bits per symbol, but the error rate degrades for smaller bandwidths
or larger symbol sizes. This is due to a smaller gap between beat
frequencies, causing ambiguity in decoding and an increased Bit
error rate.

Impact of Radar-tag Distance on Downlink Performance:
We also evaluate the performance of BiScatter’s downlink over dif-
ferent Signal to Noise Ratio (SNR). In this experiment, we position
the tag in front of the radar while changing the distance, which re-
sults in different SNRs. We evaluated the Bit Error Rate performance
of the tag decoder for different maximum bounds on downlink data
rates, which is achieved by changing the symbol size. It should be

06



ACM SIGCOMM 24, August 4-8, 2024, Sydney, NSW, Australia

= BW=1000MHz
s BW=500MHz
BW=250MHz

107"

=~ NN
SN N\ N\ N\ N\ N\
BN N\ N\ N N\ N\ N\ N

o R

symbol bit size [bits]

Figure 12: Downlink BER vs. Symbol
size: BiScatter can achieve higher perfor-
mance for larger bandwidths, especially

Ryu Okubo, Luke Jacobs, Jinhua Wang, Steven Bowers, and Elahe Soltanaghai

—e— 40kbps 107!
10-1 —®- 50kbps
60kbps
" 0-2
- - 1
o 10 == = o
] - - ]
o - o0
”
/”
_ 1073
1073 ¥ 0 —— AL =18inch
=== AL=27inch
AL = 45inch
1074 1074
2 3 4 5 6 7 18 19 20 21 22 23 24
Distance [m] SNR [dB]

Figure 13: Downlink BER vs. Distance:
BiScatter can maintain a low BER for
over 7m distance with the equivalent of

Figure 14: Downlink BER vs. SNR: BiS-
catter can be improved at lower SNRs
by increasing the tag’s delay-line length

for larger symbol sizes. 16db SNR

noted that the symbol sizes are a function of the bandwidth and
delay-line length difference, so for these experiments, we change
the delay-line length differences while keeping the bandwidth fixed
at 1GHz. Figure 13 shows the result of BER vs distance. We can see
that BiScatter can maintain a low BER across different SNRs and up
to 7m range. The error rate increases for higher symbol sizes. So, to
achieve a larger symbol size at longer distances, a larger bandwidth
or longer delay line is desirable to create more separation between
beat frequencies of different radar chirp slopes.

Impact of Tag Delay-Line on Downlink Performance: To show
the impact of delay lines, next, we evaluate the bit error rate over
SNR for different AL or length differences between the two delay
lines at the tag. In these experiments, we isolate the effect of symbol
size by assuming a fixed size of 5 bits across all experiments and
a fixed bandwidth of 1GHz. Figure 14 shows the result of BER
over SNR for different cable lengths with a fixed symbol size of
5 bits. The error rate increases for the smaller cable lengths, as
the separation between beat frequencies decreases. As mentioned
in the previous section, a longer delay line is desirable to ensure
lower BER. However, that could result in a larger tag form factor
and require more tag design iterations to achieve a constant delay
across the radar bandwidth.

Uplink Performance: BiScatter uses the welknown backscatter
modulation techniques used in previous works [44] for uplink com-
munication. Based on the previous evaluations, the main factor
affecting the uplink performance from the tag to the radar is the
SNR of two-way backscatter link and distance. As shown in Fig-
ure 15, the SNR drops as the distance increases; however, we are still
able to get over 4dB SNR at 7m. This corresponds to a theoretical
BER of 1le-2 assuming a simple on-off-keying modulation, which
we consider to be sufficient for practical use cases. This is mainly
due to retro-reflective behavior of the tag that preserves the high
SNR even at longer ranges. It should be noted that the SNR range
of the uplink is significantly lower than the downlink due to the
round-trip nature of backscatter signals. Hence, the signal under-
goes double attenuation in the uplink compared to the downlink.
Note that the uplink data rate is limited by the switching speed of
the tag switch and the maximum chirp duration. One can increase
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difference.

the switching rate by using a smaller range of chirp durations to
increase the uplink data rate.

5.2 Tag Localization Performance

Finally, we evaluate the radar’s tag localization performance under
two different scenarios: (1) where the radar is using a fixed chirp
slope with the goal of sensing only or simultaneous sensing and
uplink communication, (2) where the radar performs integrated two-
way backscatter communication and sensing by altering the chirp
slopes within a frame for downlink communication. As shown in
figure 16, the downlink communication of the radar has a minimal
impact on the localization performance of the tag and BiScatter can
preserve the centimeter-level accuracy for tag localization; in fact,
in most cases, the localization error is lower during communication.
This shows that the varying chirp slopes can offer diversity to
filter out noise. In addition, this demonstrates the effectiveness of
BiScatter’s IF frequency correction algorithm to account for varying
maximum unambiguous range as the radar alters the chirp duration
for downlink communication.

5.3 Extension to Millimeter-wave Frequency

BiScatter tag framework can be seamlessly extended across different
frequencies including millimeter-wave as the ADC sampling rate
is independent of the radar operating frequency. To show this,
we evaluate the BiScatter performance over two radars operating
in two different frequencies of 9GHz and 24GHz. To perform a
fair comparison, we set the bandwidth in both radars to 250MHz,
constrained by the maximum available ISB band in 24GHz. Figure 17
compares the downlink Bit Error Rate (BER) of two radars over
different Signal-to-Noise Ratios (SNR) with every other parameter
fixed. We alter the SNR by changing the distance between the tag
and the radar. As the results show, we have a comparable bit error
rate between 9GHz and 24GHz radar experiments. The slightly
better performance of 24GHz radar is due to a higher quality clock
and signal generator. It should be noted that the higher path loss of
RF signals in 24GHz causes the same SNR to be achieved at different
distances for the two radars. However, a higher gain antenna can
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be used in 24GHz, given the smaller wavelength and antenna form
factor.

6 DISCUSSIONS

In the previous section, we demonstrated the robustness of BiS-
catter’s downlink, uplink, and integrated operation in different
scenarios as well as the impact of different parameters on BiScat-
ter’s performance. BiScatter is a natural solution for integrated
two-way communication and sensing between off-the-shelf radars
and low-power IoT devices. Nevertheless, BiScatter still has some
limitations, and there are a few unaddressed avenues for future
improvements:

Radar Downlink Data-Rate: As mentioned in section 5, BiScat-
ter’s data rate is a function of minimum chirp duration in com-
mercial radars (Tepirp_min) and the number of slopes (Ngjope). The
key limiting factor here is that commercial FMCW radars can only
support a minimum of 10 — 20us chirp duration, imposed by the
radar sampling rate. On the other hand, the number of slopes only
grows the data rate logarithmically, which is not an efficient way
of increasing the data rate. There is also a trade-off between larger
Nilope and BER, which is shown in previous evaluations. As a result,
the current data rate of BiScatter is limited to 50-100kbps. Never-
theless, This data rate is comparable to RFID and LoRA downlink
data rates but offers a portable reader setup based on commer-
cial radars. This data rate is sufficient for sending commands to
low-power tags, or broadcasting a message for synchronization
purposes. In future work, more complex downlink modulations
based on chirp-spread-spectrum (CSS) can be used to improve the
data rate.

Radar Downlink Operating Range: The current version of BiS-
catter can reliably operate up to 7m as the downlink bit error rate
degrades for larger distances. A notable limitation contributing to
this operational constraint is the elevated insertion loss and noise
floor of the tag decoder. Various components in the tag decoder con-
tribute to the overall tag’s insertion loss, such as splitters/combiners,
delay lines, and connectors. Additionally, the noise floor of the en-
velope detector serves as another factor restricting the operational
range. The tag circuitry can be improved in future work by using

varying chirp slopes
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including mmWave bands.

analog circuitry and eliminating connectors to achieve longer-range
operation.

Delay-line Length: As shown in the previous section, the delay-
line length at the tag plays an important role in trading off between
the downlink data rate (by increasing the delay line length) and
operating range (by increasing the insertion loss for longer lines).
In addition, the longer delay lines suffer from non-linear phase shift
across the entire radar bandwidth. The between-line coupling also
becomes more significant in the mmWave frequency range, poten-
tially leading to interference and compromised signal integrity. To
address these challenges, more advanced delay-line design, such as
combining the meander lines with stubs or pairing two transmission
lines to create constructive coupling, is needed.

Extension to Multi-Radar Multi-Tag Scenarios: In this paper,
we mainly focused on a downlink design that is compatible with
commercial radars and the design of an integrated sensing and
communication protocol on top of commodity radars. The current
version can be seamlessly extended for broadcast communication
between a single radar and multiple tags or simultaneous multi-
tag communication by assigning unique modulation frequencies
per tag for uplink communication and incorporating tag ID in the
downlink header. In addition, slotted aloha and similar time division
multiplexing techniques can be used for extending the proposed
system to multi-radar scenarios. Exploring the trade-off between
maximum data rate per node vs. overall network throughput is an
interesting avenue to be explored in the future.

BiScatter’s Potential Applications: BiScatter enables a two-way
backscatter communication as well as simultaneous sensing and
localization using an off-the-shelf radar and a custom-built backscat-
ter tag. The biggest advantage of such system is the write access
for radar to configure the tags, broadcast messages for waking up
the tags. This is superficially useful in autonomous applications
that radars are widely used for tracking and sensing purposes. For
example, a drone setting up a new tag as spatial feature while per-
forming obstacle detection using the on-board radar. In addition,
BiScatter enables transparent communication and sensing, in which
the two-way communication with a tag has no impact on primary
applications of radars for sensing. For example, BiScatter can enable
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real-time, bidirectional communication between the vehicle and
its environment, providing continuous updates on path conditions,
traffic, and potential hazards.

7 CONCLUSION AND FUTURE WORK

This paper presents BiScatter, a unified system for integrated radar
backscatter communication and sensing, facilitating simultaneous
uplink, downlink, radar sensing, and localization functionalities.
This achievement is realized by designing novel chirp-slope-shift-
keying modulation on top of FMCW radars. Additionally, the sys-
tem incorporates low-power differential circuitry at the backscat-
ter nodes to ensure efficient decoding processes. Through imple-
mentation and evaluation in an indoor environment, our system
demonstrated a Bit Error Rate (BER) of less than 103 and achieved
centimeter-scale localization accuracy within a specified range of
up to 7 meters. BiScatter emerges as a comprehensive solution for
simultaneous communication and sensing applications, such as
those pertinent to indoor robots.
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