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Abstract
This paper presents Serena, the first spatially selective radar
backscatter communication system that is capable of deliver-
ing messages to radars at specific locations. Serena offers a
low-power solution for properly delivering location-specific
messages (e.g., no-fly-zone alert, speed-reduction warning,
turning notification) to radar-equipped vehicles (e.g., auto-
mobile, UAV, UGV). Rather than manipulating RF signals
with power-intensive components, Serena leverages the lim-
ited modulation capability of multiple low-power backscatter
tags to generate spatially selective radar signal feature, and
further utilizes such signal feature to represent bits. Such de-
sign philosophy is primarily realized by our two core designs:
(i) a multi-tag distributed and synchronous modulation tech-
nique that generates spatially selective radar signal feature
(i.e., the combination of the frequencies of tag-generated
harmonics in radar IF spectrum); (ii) an intermittent mutual
synchronization protocol that achieves 10-`s level inter-tag
synchronization under only 10`W-level power consump-
tion. Our extensive experiments demonstrate that Serena
achieves desirable spatial selectivity in diverse environments:
it achieves less than 1% average BER at target locations, while
keeping the average BER around 30% at non-target locations.
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1 Introduction
Motivation. Recent years have witnessed the rapid devel-

opment of radar backscatter communication [1–7], a tech-
nology that sends bits to radar by modulating and reflecting
radar signal using backscatter tag. It is envisionable that such
technology is a promising enabler of ubiquitous message de-
livery to vehicles. In contrast to power-hungry and bulky
roadside units and base stations, low-power and compact
backscatter tags can be flexibly deployed in challenging envi-
ronments with limited communication infrastructures (e.g.,
remote wilderness, rural highway, underground mine). More-
over, miniature radars have already been widely equipped by
today’s vehicles: reportedly, over 85 million vehicular radars
[8] were deployed world-wide in the year of 2024 alone.

Though promising, existing radar backscatter communica-
tion systems still lack a necessary ability of spatial selectivity
(i.e., selectively sending messages to radars at specific loca-
tions). The necessity of such ability stems from the location-
specific nature of vehicle-destined messages in a number
of real-world scenarios: a no-fly-zone (NFZ) alert should be
sent to the unmanned aerial vehicles (UAVs) in the restricted
airspace of a wildlife sanctuary; with the rapid increase in
UAV traffic density, dedicated aerial lanes in the 3-D airspace
is expected to appear in the near future, and the aerial lane
departure warnings should be delivered exclusively to UAVs
approaching the lane boundaries; a speed-reduction warning
should be sent to the automobiles in the under-construction
lane of a rural highway at a safety distance from the con-
struction site; a turning notification should be sent to the
unmanned ground vehicles (UGVs) meters away from the
turning area in an underground mine tunnel. Consequently,
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Figure 1: Examples of Serena applications (target location in red).

this paper aims to design a spatially selective radar backscat-
ter communication system, which delivers location-specific
messages only to radar-equipped vehicles at target locations.

Unfortunately, existing RF spatially selective communica-
tion methods [9–13] are inapplicable in the context of radar
backscatter. Specifically, they employ beamforming to con-
centrate RF signals at the target location, which requires
to accurately and flexibly manipulate various signal proper-
ties (e.g., phase, frequency, amplitude) with power-intensive
components (e.g., phase shifter, VCO, amplifier) consuming
W-level power in total. Such excessive power consumption
far exceeds the power budget of radar backscatter tag.

Philosophy.This paper proposes Serena1, the first system
that enables spatially selective radar backscatter communi-
cation with low-power tags. Serena avoids manipulating the
spatial distribution of RF signal strength, but leverages the
limited modulation capability of low-power backscatter tags
to generate location-specific and tag-controllable feature in
the spectrum of radar intermediate frequency (IF) signal, and
further utilizes such feature to represent bits. Such design
philosophy empowers Serena with spatial selectivity, as it
helps ensure that valid packets (those with valid preambles
and correct payloads) only appear at target locations. Radars
at non-target locations will not detect any packets, because
the high bit error rate (BER) at those locations prevents the
appearance of valid preambles for packet detection.

Core Challenges & Designs. Realizing such philosophy
faces two fundamental challenges C1 and C2. We elaborate
on them and the designs of Serena that address them.
C1: Limited Single-Tag Impact on IF Signal. The core of

radar backscatter communication is to exploit the harmonics
induced by backscatter tags in radar IF signal to represent
bits. However, it is difficult for a single tag to induce harmon-
ics that carry location-specific features. Specifically, a single
tag induces either doppler or range harmonics (Fig. 2b-2c):
the former correlate with velocity which are intrinsically
location-independent; the latter correlate with radar-tag dis-
tance which only partially characterizes the radar location.
Serena addresses C1 by shifting from existing single-tag

independent modulation to multi-tag harmonic-division dis-
tributed (HDD) modulation. Specifically, HDD modulation
employs multiple backscatter tags to synchronously perform

1Serena comes from Spatially selective radar backscatter communication.

(a) Single tag. (b) Doppler. (c) Range.

(d) Multiple tags. (e) Tuple of tags’ harmonic frequencies.

Figure 2: Comparison between existing methods (a: single-tag sys-
tem architecture; b-c: exploited harmonic) and Serena (d: multi-tag
system architecture; e: exploited feature).

FSK on incident radar chirps, and utilizes the tuple com-
prising the frequency of the (first) harmonic that each tag
generates in radar IF spectrum to represent bits (Fig. 2e). Such
tuple is location-specific: given tags’ modulation frequencies,
the tuple differs across different radar locations, because it
is decided by the distances from the radar to multiple tags,
which uniquely pinpoint a location within tags’ radiation
coverage. Such tuple is also tag-controllable: each element
in the tuple is controlled by the modulation frequency of
the corresponding tag. Empowered by such attributes, HDD
modulation sets tags’ modulation frequencies to ensure that
the harmonic frequency tuple that corresponds to the bits to
be delivered only appears at the target location.
C2: Synchronization under Strict Power Budget. Inter-tag

synchronization is indispensable for Serena, as its HDDmod-
ulation requires tags to performmodulation in a synchronous
manner. However, a radar backscatter tag usually has only
<W-level or below power budget. Excluding the inevitable
power consumption of modulating radar chirps, the power
budget left for synchronization could be as little as 100`W-
level. Such strict power budget rules out any synchronization
method that requires power-intensive on-tag components,
including the most intuitive one that directly utilizes incident
radar signal as synchronization reference, as such method
requires to integrate with each tag 100<W-level always-on
components (e.g., LNA) for reliable radar signal detection.
Serena addresses C2 by integrating with each tag a syn-

chronization radio, and letting the tags follow an intermittent
mutual synchronization protocol. Specifically, the protocol
lets one tag broadcast synchronization packets, and the oth-
ers align their local clocks with that of the broadcasting
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Figure 3: Serena’s workflow ( 1©: synchronization; 2©: modulation;
3©: demodulation) and hardware components (SYN: synchronization
radio; MCU: microcontroller unit; BSM: backscatter module).

tag. Moreover, the protocol keeps each tag’s synchroniza-
tion radio sleeping for most of the time and activates it only
when necessary. Such intermittent operation enables each
tag of Serena to achieve synchronization with only 10`W-
level power consumption, even if its synchronization radio
is implemented with 10<W-level commercial-off-the-shelf
radio chip, eliminating the necessity of developing active
radio hardware under the 100`W-level power budget.
Contributions. This paper has the following contribu-

tions in terms of functionality, design, and implementation.
• Functionality. This paper proposes Serena, the first sys-
tem that empowers radar backscatter communication with
spatial selectivity by enabling low-power backscatter tags
to generate location-specific and tag-controllable feature
in the spectrum of radar IF signal. Serena offers a low-
power solution for delivering location-specific messages
to radar-equipped automobile, UAV, and UGV.

• Design. Serena contains a series of customized designs: (i) a
harmonic-division distributed modulation technique that
employs multiple backscatter tags to synchronously per-
form FSK on incident radar chirps, and uses the frequencies
of the tag-generated harmonics in radar IF spectrum to
represent bits, (ii) an intermittent mutual synchronization
protocol that achieves 10`s-level inter-tag synchroniza-
tion with only 10`W-level power consumption, and (iii)
extended designs, including an augmented modulation
technique that realizes message delivery to target region
comprising a continuum of locations, and many others.

• Implementation.This paper implements two types of radar
backscatter tags compatible with 24�Hz FMCW mmWave
radar, whose differentiated antenna gains and radiation
coverages enable Serena to operate in diverse real-world
environments. This paper conducts extensive experiments
to evaluate Serena’s performance in 1-D line, 2-D plane,
and 3-D space. The experimental results validate that Ser-
ena achieves desirable spatial selectivity with less than 1%
average bit error rate (BER) at target locations and around
30% BER at non-target locations, and is robust against di-
verse practical factors, includingmutual radar interference,
radar orientation, and radar speed.

2 Overview of Serena
Core Design Principle. The core design principle of Ser-

ena is to utilize the frequencies of tag-generated harmonics to
represent bits. Specifically, a radar backscatter tag that per-
forms FSK modulation on incident radar chirp will generate
a (first) harmonic in radar IF signal [6] whose frequency ℎ
satisfies the following Eq. (1),

ℎ =
!'

2
+ 5 , (1)

where ! is twice of the radar chirp slope, ' is the tag-radar
distance, 2 is the speed of light in the air, and 5 is the tag
modulation frequency. We hereafter refer to the first har-
monic simply as harmonic. Such harmonic frequency enjoys
the properties of location specificity and tag controllability
(whose detailed rationales are provided in Appendix A).
• Location Specificity.  ∈ {1, 2, 3} radar backscatter tags
performing FSK with fixed modulation frequencies gener-
ate a unique tuple of harmonic frequencies at each location
in  -dimensional space within tags’ radiation coverage.

• Tag Controllability. A radar backscatter tag that performs
FSK modulation can control the harmonic frequency gen-
erated by it via adjusting its modulation frequency.
Empowered by such attributes, Serena sets tags’ modu-

lation frequencies to ensure spatial selectivity in principle:
valid packets only appear at target locations, whereas only
invalid packets appear at non-target locations.
Hardware Components. As shown in Fig. 3, the hard-

ware components of Serena deployed in real-world environ-
ments consist of multiple radar backscatter tags which com-
municate with radar in a spatially selective manner. Specif-
ically, each tag constitutes a backscatter module, an MCU,
and a synchronization radio: the backscatter module consists
of an antenna to receive and reflect radar chirps, as well as a
modulation unit (RF switch or diode); the MCU generates the
square wave to control the modulation unit; the synchroniza-
tion radio transmits or receives synchronization packets, and
is connected to the GPIO port of the MCU, through which it
conveys pulse signals to calibrate the tag’s local clock. The
radar side executes Serena’s demodulation technique.
Workflow.The workflow of Serena consists of both the

pre-deployment process and the post-deployment process
(as illustrated in Fig. 3) discussed as follows.

Pre-Deployment Process. Before deployment, Serena’s mod-
ulation technique constructs a mapping from the tuple of
tags’ harmonic frequencies to the represented symbol, and
generates the configurations of each tag’s modulation fre-
quencies and timings based on the constructed mapping, the
target location, as well as the symbols to be delivered. Such
configurations are stored in each tag’s MCU.When the target
locations change, such configurations can be updated via the
over-the-air configuration method elaborated in § 7.
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(a) The mapping construction method.

(b) The modulation configuration method.
Figure 4: HDD modulation (- = 2, # = 4," = 4, B1 = 1001, B2 = 1110).

Post-Deployment Process. Upon deployment, the tags peri-
odically synchronize their local clocks via Serena’s synchro-
nization technique. After the first synchronization event, the
tags begin to modulate radar chirps according to the stored
modulation configurations, and calibrate their clocks after
each subsequent synchronization event.

3 Modulation & Demodulation Techniques
3.1 HDD Modulation
Harmonic-division distributed (HDD) modulation consists
of mapping construction and modulation configuration.

Mapping Construction.This method takes the number
of tags - and the interval Δ5 between adjacent candidate
harmonic frequencies of a tag as inputs, and outputs a one-
to-one mapping from the tuple of harmonic frequencies gen-
erated by different tags to the represented symbol. As shown
in Fig. 4a, this method consists of the following two steps.
• Step 1 (Harmonic Frequency Allocation).This step selects( !'max

2
, 5max

)
as the overall candidate frequency band for

tags’ harmonics, where 'max is the maximum radar-tag
distance for a radar to robustly detect tag-generated har-
monics, and 5max is the maximum frequency of radar IF
signal. This step then equally divides the overall candidate
frequency band into - non-overlapping sub-bands, each
allocated to a distinct tag. This step finally selects from
each sub-band the maximum possible number # of dis-
crete frequencies as the candidate harmonic frequencies,
with each two adjacent frequencies separated by Δ5 .

• Step 2 (Harmonics-to-Symbol Mapping). This step con-
structs a set F consisting of #- tuples, where each tuple
consists of - elements with each element being a candi-
date harmonic frequency (selected in step 1) of a tag. This

step then constructs the set F" ⊆ F , where F" consists
of 2" elements in F with" being the largest integer such
that 2" ≤ #- . Finally, this step constructs a one-to-one
mapping q (·) from F" to the set S consisting of all the bi-
nary symbols of length" , such that the mapped symbols
for two adjacent tuples in F" differ by only one bit.
Modulation Configuration. As illustrated in Fig. 4b,

given the constructed mapping q (·), the target location, and
the message that the tags aim to deliver to the target location,
this method configures each tag’s modulation frequency and
timing in the following two steps to deliver such message.
• Step 1 (Modulation Frequency Configuration). This step
first segments the message into a set M ⊆ S of sym-
bols. For each symbol B ∈ M, this step then sets the tuple
(ℎB,1, ℎB,2, · · · , ℎB,- ) = q−1 (B), where ℎB,8 is the harmonic
frequency that tag 8 should generate at the target location
to deliver B . This step then configures the modulation fre-
quency 5B,8 of each tag 8 as 5B,8 = ℎB,8 − !'8

2
by Eq. (1), where

'8 is the distance between the target location and tag 8 .
• Step 2 (Modulation Timing Configuration). As shown in
Fig. 4b, to deliver each symbol B ∈ M, the - tags syn-
chronously perform FSK for 2)2 with modulation frequen-
cies (5B,1, 5B,2, · · · , 5B,- ) computed in step 1 where )2 de-
notes chirp duration. This step assigns a 2)2 idle duration
between the modulations for two consecutive symbols.

3.2 Properties of HDD Modulation
HDD modulation enjoys the following desirable properties.

Property 1. The modulation duration 2)2 specified in HDD
modulation is the shortest duration that ensures an integral
chirp is modulated for each symbol.

Rationale of Property 1.As a low-power backscatter tag
lacks the necessary power-intensive components (e.g., LNA)
to reliably detect radar chirps, it cannot align the start time
of its modulation with that of an incident chirp. As a result,
each tag’s modulation duration should be no less than 2)2 to
ensure that at least one chirp is integrally modulated for each
symbol. We illustrate such fact with the experiment shown
in Fig. 5a, where we configure an TinyRad [14] mmWave
radar to transmit a series of chirps, a Serena tag to modulate
and reflect the chirps, an ADL6010 [15] mmWave envelope
detector (mmED) to detect the chirps, and an oscilloscope to
collect the output of mmED and the tag’s modulation control
signal to obtain the ground truths of modulation and chirp
timings. As shown in Fig. 5b, 2)2 modulation duration en-
sures that one chirp is integrally modulated for each symbol;
when modulation duration decreases (e.g., )2 ), there could
be no integrally modulated chirp for some symbol. The ne-
cessity of modulating an integral chirp is that the harmonic
strength of a tag is proportional to the square of the duration
for which a chirp is modulated by it, as shown in Fig. 5c.
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(a) Experimental setup.

(b) mmED and MCU output. (c) Harmonic power.
Figure 5: Experiment demonstrating property 1 of HDDmodulation.

Property 2. The idle duration 2)2 specified in HDD modu-
lation is the shortest duration that ensures an integral chirp is
unmodulated between two consecutive symbols.
Rationale of Property 2. Such property holds for the

similar reason why Property 1 holds. Leaving integrally un-
modulated chirp enables the radar side to estimate the en-
vironmental interference in the spectrum of IF signal, such
that the demodulation method running at the radar side can
eliminate environmental interference (§ 3.3) .
Property 3. HDD modulation constructs the largest sym-

bol set that supports message delivery to any location whose
distance to each tag is no greater than 'max.

Rationale of Property 3. Such property holds for three
reasons. First, HDD modulation selects as many candidate
frequencies as possible in the overall candidate frequency
band

( !'max
2
, 5max

)
. Second, if another candidate frequency 5 ′

is added to represent more symbols, 5 ′ must come from the
range (0, !'max

2
]. As a result, it is impossible for a tag to ma-

nipulate its modulation frequency 5 , such that its harmonic
frequency 5 + !'max

2
>

!'max
2

equals to the added candidate
frequency 5 ′ ≤ !'max

2
at the target location with a distance of

'max to the tag. Third, for any frequency 5 ′′ ∈
( !'max

2
, 5max

)
,

a tag can manipulate its modulation frequency 5 such that
its harmonic frequency 5 + !'

2
= 5 ′′ at any location whose

distance ' to the tag satisfies ' ≤ 'max. Consequently, HDD
modulation constructs the largest set of symbol-representing
frequency tuples, resulting in the largest symbol set. It is no-
table that property 3 contributes to improving the data rate.

3.3 HDD Demodulation
Now, we introduce Serena’s HDD demodulation technique.
Demodulation Technique. For each chirp 9 that the

radar receives, the radar side computes the spectrum of its IF
signal, and those of chirp 9 − 2 and 9 + 2 received 2)2 before
and after it. Next, the radar side inputs the three spectra,

Figure 6: Step 1 and 3 of HDD demodulation (same setting as Fig. 4;
chirp 9 is modulated by tag 1 and tag 2 to carry symbol 1001).

as well as Δ5 and - into the HDD demodulation method,
which consists of the following three steps.
• Step 1 (Chirp Selection). As shown in Fig. 6, if the IF spectra
of chirp 9−2 and 9+2 are nearly identical, this step regards
chirp 9 as integrally modulated by the tags and selects it.
Otherwise, the demodulation process is terminated.

• Step 2 (Harmonic Retrieval).This step subtracts the IF spec-
trum of chirp 9 − 2 from that of chirp 9 to obtain an
interference-suppressed IF spectrum, in which this step
selects the peak with the highest amplitude from each tag
8’s allocated frequency band, and sets the frequency ℎ8 of
such peak as the observed harmonic frequency of tag 8 .

• Step 3 (Symbol Classification). As shown in Fig. 6, if there
exists a symbol B such that ℎB,8 ∈ (ℎ8 − Δ5

2 , ℎ8 +
Δ5
2 ) holds

for each tag 8 , where (ℎB,1, ℎB,2, · · · , ℎB,- ) = q−1 (B), this
step outputs B . Otherwise, no output is produced.
Rationale. The rationale of step 1 lies in that if chirp 9

is integrally modulated by the tags, the IF spectra of chirp
9 − 2 and 9 + 2 are nearly identical, because they are both
unmodulated, which typically does not hold if chirp 9 is not
integrally modulated. The rare exceptional case and method
to deal with it are given in Appendix B. The rationale of step
2 lies in that the IF spectrum of the unmodulated chirp 9 − 2
provides a faithful estimate of environmental interference.
Note that step 3 will not output more than one symbol, which
is ensured by the Δ5 spacing between any two adjacent
symbol-representing harmonic frequencies of each tag.

3.4 Spatially Selective Resolution
Having introduced the modulation and demodulation tech-
niques of Serena, we now carry out a detailed discussion of
its spatially selective capability. We measure such capability
with spatially selective resolution (SSR), which is the precision
of the target location where messages could be delivered.
SSR Analysis. According to § 3.1, to deliver a symbol

B to the target location, each tag 8 modulates at frequency
5B,8 = ℎB,8 − '8!

2
, where (ℎB,1, ℎB,2, · · · , ℎB,- ) = q−1 (B), and '8

is the distance between the target location and tag 8 . Clearly,
for any location ? , the harmonic frequency of tag 8 at ? isℎ8 =
ℎB,8− '8!

2
+ '?,8!

2
according to Eq. (1), where '?,8 is the distance

between ? and tag 8 . If the radar side could demodulate B at
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? , then according to the demodulation method in § 3.3,

ℎB,8 −
Δ5

2
< ℎB,8 −

'8!

2
+
'?,8!

2
< ℎB,8 +

Δ5

2
(2)

holds for each tag 8 . We reorganize Inequality (2) and obtain
the following Inequality (3),

'8 −
Δ5 2

2!
< '?,8 < '8 +

Δ5 2

2!
, (3)

which specifies the constraints on the distance from each tag
8 to the location ? where symbol B is actually delivered. We
call one such location ? a realized (communication) location.

Inequality (3) indicates that whenΔ5 → 0, we have'?,8 →
'8 , and the realized locations converge to the target location;
when Δ5 is a positive value, the realized locations form a
continuum of space, referred to as a cell, with the target
location at the center. As shown in Fig. 7, in 2-D space, a
cell spans the intersection of multiple annuluses of width
Δ5 2
!
. Clearly, smaller Δ5 increases SSR by imposing stricter

constraints in Inequality (3); larger- increases SSR by adding
constraints in the form of Inequality (3) as shown in Fig. 7.

3.5 HDD+ Modulation & Demodulation
As introduced in § 3.4, HDD modulation and demodulation
enable Serena to deliver messages to a cell. Now, we intro-
duce HDD+ modulation and demodulation, which enable
message delivery to a target region comprising multiple cells.
Note that HDD+ and HDD demodulation are the same, and
the following discussions focus on HDD+ modulation.
HDD+ Modulation in 2-D Space. HDD+ modulation

consists of a mapping construction and a modulation con-
figuration method. The mapping construction method is the
same with that of HDD modulation, which takes Δ5 and -
as inputs, and constructs a harmonics-to-symbol mapping
q (·). The modulation configuration method takes as inputs
q (·), - , the 2-D target region, as well as the message to be
delivered, and proceeds in the following four steps.
• Step 1 (Spatial Mesh Construction). As illustrated in Fig.
8a, this step constructs multiple concentric circles cen-
tered at each tag 8 , whose radii span the set2 {<Δ5 2

!
:< ∈

N+,< ≤ b 'max!

Δ5 2 c}. The intersected circles form a spatial
mesh consisting of multiple cells in 2-D plane.

• Step 2 (Internal Cell Identification). As illustrated in Fig. 8b,
this step identifies a cell as an internal cell if the mean
coordinate of its vertices lies within the target region.

• Step 3 (Modulation Frequency Configuration).This step first
segments the message into a set of symbols. To deliver
each symbol B of the message to each internal cell : , this
step sets the modulation frequency 5 :B,8 of each tag 8 as

5 :B,8 = ℎB,8 −
!

2

(
':,8 +

Δ5 2

2!

)
= ℎB,8 −

':,8!

2
− Δ5

2
, (4)

2Note that b 'max!
Δ5 2 c is the smallest integer that makes <Δ5 2

!
≥ 'max.

(a) 2 tags (- = 2). (b) 3 tags (- = 3).
Figure 7: Illustration of Serena’s spatially selective resolution (red
dot: target location; orange space: cell formed by realized locations).

(a) Spatial mesh construction. (b) Internal cell identification.
Figure 8: Illustration of step 1 and 2 of HDD+ modulation (blue
triangle: target region; green cell: internal cell).

where (ℎB,1, ℎB,2, · · · , ℎB,- ) = q−1 (B) and ':,8 is the inner
radius of the annulus centered at tag 8 that forms cell : .

• Step 4 (Modulation Timing Configuration).This step itera-
tively delivers each symbol B of the message to each cell :
by setting all tags to synchronously perform FSK for 2)2
with modulation frequencies (5 :B,1, 5 :B,2, · · · , 5 :B,- ) computed
in step 3. Besides, this step sets a 2)2 idle interval between
the modulations of two consecutive cells and symbols.
HDD+ Modulation in 1-D and 3-D Spaces. HDD+ mod-

ulation in 1-D and 3-D spaces are the same with that in 2-D
space except that a cell takes the form of a line segment in
1-D space and a volumetric region in 3-D space.

4 Synchronization Protocol
4.1 Protocol Design

Overview. As shown in Fig. 9, Serena follows an intermit-
tent mutual (IM) sync3 protocol, where one tag serves as the
sync master whose sync radio broadcasts sync packets, while
the other tags act as sync slaves that receive such packets
and align their local clocks with that of the sync master. Both
the sync master and slaves operate in alternating states of
executing sync operations (EXE) and sleeping (SLP).

Details.The details of the IM sync protocol are as follows.
SyncMaster.When the syncmaster is powered up, it enters

EXE. In EXE, it first transmits . sync packets, among which
each packet ~ is transmitted at a predefined local time C~
with its payload set as the timestamp C~ . After that, the sync
master sets a countdown timer that lasts for duration g , and
enters SLP, during which it is deactivated to save power.
When the timer expires, the sync master reenters EXE.

Sync Slave.When a sync slave is powered up, it enters EXE.
In EXE, upon receiving each sync packet ~, the sync slave

3Note that the term synchronization is abbreviated as sync hereafter.
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Figure 9: IM sync protocol (2-tag case).

reads its payload C~ , records the current time C ′~ of its local
clock, and computes the offset ΔC between its local clock
and that of the sync master as ΔC = C~ − C ′~ + g2 where g2 is
a constant that accounts for transmission and propagation
delays of a sync packet. After a predefined duration g ′ since
the sync slave receives the first sync packet, it adjusts its
local clock to align with that of the sync master based on
the average offsets in current EXE, sets a countdown timer
lasting for g − g ′, and enters SLP. When the timer expires,
the sync slave reenters EXE.
Sync Packet. Each of the transmitted sync packets takes

the simplest format, which consists of only the indispensable
preamble, sync master address, CRC bits, and a one-byte
payload that contains the timestamp of the sync master.

4.2 Properties of IM Sync Protocol
Property 1. The IM sync protocol suppresses the average

power consumption of each tag’s sync radio to only 10`W-level
even if it is realized using 10mW-level commercial radio chip.
Rationale of Property 1. A core design of the IM sync

protocol is to activate the sync radio only when necessary.
Such intermittent operation enables the sync radio to con-
sume only 10`W-level average power, even if it is realized
with 10<W-level radio chip. Specifically, Serena sets g=5s,
and adopts nRF52832 [16] as its sync radio, which enjoys
tens-of-meters communication distance while consuming
around 17<W power. The duration of EXE is around 10<s
for sync master, and 10∼20<s for sync slave. As illustrated
in Fig. 10, the measured power of the sync master is around
45`W in SLP and 17.4<W in EXE. The duty cycle of the
sync radio is 10<B

10<B+5B = 1
501 . Note that such duty cycle is

carefully selected to balance between communication per-
formance and power consumption. Although lower power
consumption could be achieved by reducing duty cycle, it
would increase sync error and consequently increase BER. As
a result, the average power consumption of the sync master
is 500

501 × 45`W+ 1
501 × 1740`W ≈ 48.4`W. Similarly, the aver-

age power consumption of the sync slave is 48.5`W∼52.1`W.
Note that Property 1 makes it unnecessary to develop new
ultra-low power active radio hardware that meets a tag’s
100`W-level power budget.

Property 2.The IM sync protocol ensures that the master-
slave clock offset is only 10`s-level.
Rationale of Property 2. Such property is guaranteed

by our proper selection of the SLP duration g . Specifically,
the frequency error between the local clocks (i.e., crystal

Figure 10: Power measurement. Figure 11: Offset measurement.

(a) m-Tag. (b) h-Tag.
Figure 12: Radar backscatter tag prototypes of Serena.

oscillators) of the sync master and a sync slave is around
10ppm. Thus, the IM sync protocol sets g = 5s to ensure the
cumulative clock offset between two EXE states is smaller
than 50`s. We also conduct experiment to evaluate the em-
pirical master-slave clock offset. The setup of the experiment
is illustrated in Fig. 11. Specifically, an oscilloscope is con-
nected to the GPIO ports of the sync master and slave, which
is configured to simultaneously generate rising-edge pulses
via their GPIO ports at predefined timestamps. We collect the
clock offset between the pulses, which is identical to that be-
tween sync master and slave. The experiment demonstrates
that such clock offset is persistently lower than 49`s.

5 Performance Evaluation
5.1 Implementation

Tag.This paper implements two kinds of radar backscatter
tags, namely m-tag and h-tag, introduced as follows.

m-Tag. Inspired by [1], this paper builds the m-tag shown
in Fig. 12a, consisting of an ADRF5026 [17] RF switch, two
24�Hz microstrip array (MA) antennas connected to the
RFC and RF1 ports of the switch, as well as a sync-control
board designed by this paper. The sync-control board con-
sists of an nRF52832 [16] radio chip as the sync radio, and a
STM32L4 [18] MCU that controls the RF switch. The power
consumption of m-tag is around 910`W (570`W from the
sync-control board and 340`W from the RF switch). The MA
antennas provide a gain of 22dBi, and their radiation cover-
age is around 10◦ in both azimuth and elevation planes. Such
strong gain and narrow radiation pattern motivate us to use
m-tag in 1-D experiments.

h-Tag.This paper builds the h-tag shown in Fig. 12b based
on open-source files of [19], which consists of a 3-D Van
Atta array (VAA) antenna and 16 PIN diodes [20]. The sync-
control board of h-tag is identical to that of m-tag.The power
consumption of h-tag is around 1920`W (570`W from the
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(a) 1-D experiments. (b) 2-D experiments. (c) 3-D experiments.
Figure 13: Experimental setups for evaluating Serena’s overall performance (a: SC=8; b: SC=2; blue dots: tested radar locations).

(a) Impact of mutual radar interference. (b) Impact of radar orientation. (c) Impact of radar speed.
Figure 14: Experimental setups for evaluating impact of practical factors (blue dots: tested radar locations; circular sector: orientation range).

sync-control board and 1350`W from the diodes). h-Tag has
19dBi VAA antenna gain and a wide radiation coverage of
90◦ and 140◦ in azimuth and elevation planes. Such wide cov-
erage motivates us to use h-tag in 2-D and 3-D experiments.

Radar. Most experiments use an ADI TinyRad [14] radar
operating at 24�Hz-24.25�Hz. In experiments involvingmul-
tiple radars, an Infineon Position2Go [21] radar operating at
the same frequency band is also used. The sampled IF signal
collected by the radar is conveyed to a ThinkPad X1 [22]
laptop, which executes the demodulation technique.

5.2 Main Results
We evaluate the performance of Serena by experiments car-
ried out in 1-D, 2-D, and 3-D space, respectively.

5.2.1 Experiments in 1-D Space. The setup and result of 1-D
experiments for evaluating Serena are as follows.

Setup. The experiments are conducted in an indoor corri-
dor and outdoor roadway in Fig. 13a. In each environment,
we deploy an m-tag which adopts HDD modulation, and
set Δ5 to be an integer times the frequency resolution of
radar IF spectrum. As such integer affects SSR, it is hereafter
referred to as SSR constant (SC). We conduct experiments
with SC ∈ {1, 8, 32}. Under each SC, we divide 1-D space into
multiple cells, and vary the distance between the tested radar
location and tag from 5m to 24m in 0.5m increment. For each
tested location, we configure the tag to deliver symbols to
the cell containing it and record the in-cell BER, and also
configure the tag to deliver symbols to other cells and record
the average out-of-cell BER.

Result. Fig. 17 presents the in-cell BER of Serena in differ-
ent environments, SCs, and SNRs, where SNR is defined as
the ratio between harmonic power to the average power of
the signal in other frequencies in IF spectrum after perform-
ing interference suppression when demodualation. Clearly,

the in-cell BER decreases with SNR and SC. Such trend is at-
tributed to two reasons. First, as illustrated in Fig. 18, higher
SNR enhances the distinguishability of the tag-modulated
harmonic. Second, larger SC corresponds to a larger fre-
quency spacing between adjacent symbols, which reduces
the chance of symbol misclassification. Note that the average
in-cell BER is consistently less than 0.6% in both environ-
ments, whereas the out-of-cell BERs in all experiments across
different environments are around 30% as shown in Fig. 19.

5.2.2 Experiments in 2-D Space. The setup and result of 2-D
experiments for evaluating Serena are as follows.
Setup. Fig. 13b illustrates the setup of evaluating Serena

in 2-D space. We conduct two sets of experiments. In the first
set of experiments, we deploy two h-tags separated by 6m,
and set the testing area as a 10m×6m area in the intersection
of tags’ radiation coverage. We evenly separate the testing
area into 0.5m×0.5m grids. The centers of all the grids are the
tested radar locations. The tags performs HDD modulation
under SC ∈ {1, 2, 8}. Similar to the setup in § 5.2.1, under
each SC, we measure the in-cell and out-of-cell BER of each
tested location. In the second set of experiments, we deploy
an additional h-tag at the middle point between the above
two tags, and measure the in-cell and out-of-cell BER with
the three tags adopting HDD modulation with SC = 1.

Result. Fig. 15 illustrates Serena’s in-cell BER map in 2-D
experiments with the tested locations centered at the grids
and the color of each grid representing the in-cell BER of
the tested location that it contains. Fig. 15 shows that (i)
given SC and number of tags, the in-cell BER increases with
the distances between the radar and the tags, (ii) given the
number of tags, the BER at the same tested location decreases
with SC, and (iii) given SC = 1, the in-cell BER with 2 tags
is lower than that with 3 tags. Specifically, (i) holds because
larger radar-tag distance leads to lower SNR of tag signals,
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(a) SC=1 (2 tags). (b) SC=2 (2 tags).

(c) SC=8 (2 tags). (d) SC=1 (3 tags).
Figure 15: In-cell BER map in 2-D experiments (brighter grid: lower
BER; red dot: tag location; unit: m).

(ii) holds because larger SC indicates larger margin between
the adjacent symbol-representing frequencies, and (iii) holds
because correct demodulation requires to correctly recognize
the harmonics generated by all tags. Fig. 20 illustrates the
impact of tag’s min and mean SNR, SC, and the number
of tags on in-cell BER in quantification, and shows similar
trends as indicated by Fig. 15. Serena achieves less than 0.9%
average in-cell BER, and around 30% out-of-band BER in all
the 2-D experiments.

5.2.3 Experiments in 3-D Space. The setup and result of 3-D
experiments for evaluating Serena are as follows.
Setup. Fig. 13c illustrates the setup of evaluating Serena

in 3-D space. We place three h-tags on the ground, and set
the testing space as a 3m×6m×5m space in the intersection
of tags’ radiation coverage. We evenly separate the testing
space into 1m×1m×1m cubes.The centers of the cubes are the
tested radar locations. We equip the radar on a DJI Matrice
210 [23] UAV, and let the UAV hover at each tested location.
An Intel NUC 11 [24] miniPC on the UAV is connected with
the radar. We conduct experiments with the tags performing
HDD modulation under SC ∈ {1, 2, 4} and measure the in-
cell and out-of-cell BER of each tested location.

Result. Fig. 16 illustrates Serena’s in-cell BER map in 3-D
experiments. Specifically, given SC, each image in Fig. 16
corresponds to BER map of a specific height with the center
of each grid in the image representing the tested location at
such height and the color of grids representing the in-cell
BER. From Fig. 16, we draw similar findings as those in Fig.
15: shorter radar-tag distance and smaller SC lead to lower
in-cell BER. Fig. 21 illustrates the impact of tag’s min and
mean SNR, SC, and the number of tags on in-cell BER. Serena
achieves less than 1% average in-cell BER and higher than
22% out-of-band BER in all 3-D experiments.
5.2.4 Data Rate. The data rate of Serena is jointly decided
by the number of tags - , the interval Δ5 between adjacent
symbol-representing harmonic frequencies, as well as other

(a) H=6. (b) H=7. (c) H=8. (d) H=9. (e) H=10.

(f) H=6. (g) H=7. (h) H=8. (i) H=9. (j) H=10.

(k) H=6. (l) H=7. (m) H=8. (n) H=9. (o) H=10.
Figure 16: In-cell BER map in 3-D experiments (H: UAV height; unit:
m; 1st row: SC=1; 2nd row: SC=2; 3rd row: SC=4).

parameters including 5max, 'max, and chirp duration )2 . Ser-
ena sets 5max = 500:Hz, 'max = 30m, and )2 = 1024`s. We
simulate the data rates of Serena under different- and Δ5 in
Fig. 22. Clearly, larger - and smaller Δ5 lead to higher data
rate by enlarging the number of symbols. Besides, Serena
achieves more than 1:bps data rate under most - and Δ5 ,
which is sufficient to convey byte-level notification messages
to radar-equipped vehicles within<s-level duration.

Fig. 22 compares the data rate of HDD modulation with a
baseline method, harmonic-sharing distributed (HSD) mod-
ulation. HSD is another candidate modulation scheme of
Serena apart from HDD. HSD allows each tag to generate
its symbol-representing harmonic in the whole overall can-
didate frequency band, and allocates exclusive modulation
durations to tags, such that the radar can distinguish the har-
monics generated by different tags based on their different
modulation timings. As shown in Fig. 22, HDD modulation
achieves higher data rate than HSD when - ≥ 2 under the
same setting. This is contributed by HDD’s shorter symbol
modulation time, as it enables multiple tags to modulate
concurrently to deliver a symbol. Note that HDD and HSD
modulation are equivalent when - = 1.

5.2.5 Spatially Selective Resolution. As illustrated in § 3.4,
the SSR of Serena is jointly impacted by - and Δ5 (or equiv-
alently SC). In Tab. 1, we present the SSR of Serena in the
previous experiments by demonstrating the average sizes of
the cells. Note that beyond the values in the table, Serena
can further enlarge the cell size by enlarging SC, or reduce
the cell size by enlarging - .
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(a) Indoor environment. (b) Outdoor environment.
Figure 17: In-cell BER in 1-D experiments.

Figure 18: Harmonic SNR. Figure 19: 1-D out-of-cell BER.

Figure 20: In-cell (a) and out-of-cell (b) BER in 2-D experiments.

Figure 21: In-cell (a) and out-of-cell (b) BER in 3-D experiments.

5.3 Impact of Practical Factors
5.3.1 Impact of Radar Mutual Interference. The setup and
result under radar mutual interference are as follows.
Setup.Multiple nearby vehicles could lead to mutual in-

terference among their on-board radars. We conduct experi-
ments to evaluate the impact of radar mutual interference in
1-D and 2-D spaces with the following setups.

1-D Space. The environment, tag type and placement of
this experiment are identical to those in § 5.2.1. As shown
in Fig. 14a, we place the radar that transmits interference
signals on the line connecting the tag and the radar at the
target location. Such placement maximizes the radar inter-
ference in 1-D space by ensuring that the signals transmitted
by the interference radar and modulated by the tag can be
received by the target radar. We set the distance between
the target radar and the tag as 10m, and that between the
interference radar and the tag as 6m, 4m, and 2m to generate
three interference levels L1, L2, and L3. We also evaluate Ser-
ena in no-interference scenario, where the interference radar
is turned off. We conduct two sets of experiments, where

(a) - = 1. (b) - = 2. (c) - = 3.
Figure 22: Impact of various factors on Serena’s data rate.

Table 1: Serena’s average cell size (1-D: m; 2-D: m2; 3-D: m3).
Exp. 1-D Experiments 2-D Experiments 3-D Experiments

(- , SC) (1, 1) (1, 8) (1, 32) (2, 1) (2, 2) (2, 8) (3, 1) (3, 1) (3, 2) (3, 4)
Cell Size 0.6 4.8 19.2 0.38 1.18 6.94 0.21 0.36 1.13 3.84

TinyRad and Position2Go are respectively used as the target
radar, while the other served as the interference radar. The
two radars adopt the same chirp settings.
2-D Space. As shown in Fig. 14a, we place the target and

interference radar at the same location. Such placement max-
imizes the radar interference in 2-D space by ensuring the
signals transmitted by the interference radar and modulated
by the tag can be received by the target radar. We conduct
two sets of experiments, where TinyRad and Position2Go are
respectively the target radar. The two radars adopt the same
chirp settings. The tested radar locations are P1-P4 and P6-P9
in Fig. 14b. We do not test on P5 and P10, where Position2Go
performs poorly even under no interference due to low SNR.
Result. Tab. 2 and Tab. 3 show that in both 1-D and 2-

D experiments, the in-cell BER with mutual interference is
similar to that without interference for both radars at all the
tested locations. In all experiments, the out-of-cell BERs at
all tested locations are larger than 31%. Such results validate
the resilience of Serena on radar mutual interference. In fact,
such interference would influence the demodulation only if
the difference between the time that the target radar begins
to transmit a chirp and that it receives the interference signal
is `s-level, which seldom happens in practice.

5.3.2 Impact of Radar Orientation. The setup and result for
evaluation under varying radar orientation are as follows.

Setup. As illustrated in Fig. 14b, we select 10 tested radar
locations (denoted as P1-P10) evenly distributed in themiddle
and right side of the testing area of the 2-D experiments in
§ 5.2.2. We do not select the locations on the left side of this
area, because they are symmetric to P1-P5. At each tested
location, we configure the tags to deliver symbols to the cell
containing it, as well as other cells in the testing area. We
change the orientation of the radar placed at each tested
location in 10◦ increments until one of the tags falls outside
its field of view (FoV). The experiments are conducted with
the two tags adopting HDD modulation under SC ∈ {1, 2, 8}.

Result. Fig. 23 illustrates the in-cell BER when the radar
is at P1-P10 under varying radar orientations. Generally, as
long as both tags are in the radar’s FoV, the orientation of the
radar has only minor impact on in-cell BER. Besides, in all
experiments, the out-of-cell BERs at all tested locations are
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Table 2: In-cell BER in 1-D experiments for impact of radar mutual
interference (NI: no radar mutual interference; unit: %).
Target Radar TinyRad Position2Go
Interference NI L1 L2 L3 NI L1 L2 L3

BER 0.058 0..06 0.061 0.065 0.082 0.082 0.085 0.085

Table 3: In-cell BER in 2-D experiments for impact of radar mutual
interference (I: with radar mutual interference; unit: %).

Radar TinyRad
Location P1 P2 P3 P4 P6 P7 P8 P9
BER (NI) 0.002 0.008 0.02 0.32 0.001 0.004 0.046 0.19
BER (I) 0.002 0.012 0.022 0.32 0.001 0.004 0.052 0.21

Radar Position2Go
Location P1 P1 P3 P4 P6 P7 P8 P9
BER (NI) 0.004 0.007 0.055 0.038 0.004 0.008 0.062 0.35
BER (I) 0.005 0.011 0.058 0.04 0.004 0.012 0.063 0.35

(a) SC=1 (P1-P5) (b) SC=2 (P1-P5) (c) SC=8 (P1-P5)

(d) SC=1 (P6-P10) (e) SC=2 (P6-P10) (f) SC=8 (P6-P10)
Figure 23: Impact of radar orientation.

Figure 24: Impact of radar speed on in-cell (a) and out-of-cell (b) BER.

larger than 27%. Such result validates Serena’s robustness
to radar orientation, which benefits from the wide FoV of
around 80◦ of the tested radar. Thus, Serena’s robustness to
radar orientation also holds in 1-D and 3-D spaces.
5.3.3 Impact of Radar Speed. The setup and result for eval-
uation under varying radar speed are presented as follows.
Setup. As illustrated in Fig 14c, we attach the radar on

a Volkswagen [25] automobile, which moves at three levels
of speeds, i.e., 20:m/h, 40:m/h, and 60:m/h in three sets
of experiments, respectively. We deploy an m-tag on the
roadside, and set the testing space as the segment of the
roadway with 5m to 24m distances to the tag. The tag adopts
HDD modulation with SC = 8. At each automobile speed, an
experiment is conducted for each cell in the testing space,
where the tag delivers symbols to that cell and the automobile
traverses the entire testing space. An Ouster [26] LiDAR is
used to obtain the ground truth of automobile location.

Result. Fig. 24 shows Serena’s in-cell and out-of-cell BER
under different automobile speeds. Clearly, Serena achieves
a low in-cell BER of less than 0.7%, and an out-of-cell BER

Figure 25: Serena-HDD+ evaluation (1st column: 2 tags, SC=1; 2nd
column: 2 tags, SC=2; 3rd column: 3 tags, SC=1; orange cycles: tags).

of around 30%, across all the experiments. Besides, given
the SNR level, the automobile speed has minor impact on
Serena’s in-cell BER. In fact, even the vehicle speed reaches
60:m/h, the induced 2.67:Hz Doppler shift remains much
smaller than the interval Δ5 =15.6:Hz between adjacent
symbol-representing harmonic frequencies in the experi-
ment, and thus has negligible impact on demodulation. It
is worth noting that when delivering symbols to radars
mounted on high-speed vehicles, SC should not be set too
small to avoid demodulation errors caused by doppler shift.
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5.4 Serena-HDD+ Evaluation
Setup. To evaluate Serena under HDD+ modulation (re-

ferred to as Serena-HDD+), we deploy h-tags to deliver sym-
bols to 2-D space with specific shapes, including rectangle,
triangle, and circle, as well as alphabetic letters ‘A’, ‘C’, and
‘M’. We conduct three sets of experiments, including deploy-
ing two h-tags modulating with SC ∈ {1, 2}, and deploying
three h-tags modulating with SC = 1, respectively. We parti-
tion the 2-D space in front of the tags into 0.3m×0.3m grids
and measure the in-cell BER at the center of each grid. The
realized communication region is defined as the collection
of grids at whose centers the in-cell BERs are below 1%.

Result. Fig. 25 shows the target region inside the red lines,
and fills the realized region in blue. Clearly, smaller SC and
larger number of tags improves the similarity between the
realized and target region. The rationale behind such results
lies in that smaller SC and larger tag number lead to a smaller
cell size and enable a finer-grained fitting of the target region.
For each region in Fig. 25, the time consumed for Serena to
cycle through all the in-region cells to transmit one symbol
is 20<s-80<s. Note that such time is proportional to the
number of cells in the region.

6 Related Work
Backscatter Communication. Existing works [1–7] de-

vote themselves to develop radar backscatter communica-
tion systems, and have made promising achievements such
as over 100m radar-tag communication distance [1], tens-
of-�Hz compatible spectrum range [2], designing fully pas-
sive tags [3], enabling two-way radar-tag communication
[4, 5], supporting concurrent transmission from over 1000
tags to a radar [6], decreasing the interference between radar
sensing and backscatter communication [7], andmany others.
Moreover, another set of backscatter communication systems
[27–43] are developed for non-radar signals (e.g., WiFi, LoRa,
visible light). Existing backscatter communication systems
lack spatial selectivity, because the signal features that they
use to represent symbols lack location specificity. It is notable
that the objectives of existing works on concurrent tag query
and Serena are highly different. Serena aims to orchestrate
few tags as a whole to cooperatively send message to radar
at specific location, and requires at most 3 tags. However, the
works on concurrent tag query aim to improve the number
of tags that can be simultaneously queried, and they cannot
support spatially selective backscatter communication.

Spatially Selective Communication. Geocasting proto-
cols [44–46] are among the most classic methods for spatially
selective communication, which require the receiver to ac-
tively broadcast its location and the transmitter to check
whether the receiver resides at the target location. Another
set of methods [9–13] utilize range-selective beamforming

to concentrate RF signal strength at target locations. These
methods are inapplicable for radar backscatter, because they
require to install power-intensive components (e.g., phase
shifter, VCO) on tags which could consume 100<W- to W-
level power. Note that there also exist acoustic-based meth-
ods [47, 48], which require either beamforming or power-
intensive neural work inference, and thus their design phi-
losophy are also inapplicable for low-power tags. Besides,
such methods have less than 6m communication distance
and thus are unsuitable for message delivery to vehicles.

Tag Synchronization. One set of works [34, 35] that aim
to synchronize low-power backscatter tags rely on the de-
vice that generates tag carrier signal to also generate clock
reference signal. However, to reliably detect the radar sig-
nal, a tag has to be equipped with 100<W-level always-on
components (e.g., LNA), which are overly power consuming.
Other sync methods could be applied for low-power tags
exploit ambient signals (e.g., power line radiation [49], signal
of dedicated radio transmitter [50, 51]) as reference signal,
which typically only exist in specific environments.

Radar Sensing. Another line of works focus on conduct-
ing sensing tasks with radars, including those with the aid
of radar backscatter tags [19, 52–59], and those without us-
ing the tags [60–67]. As they focus on sensing rather than
communication, they are orthogonal to Serena.

7 Limitation and Discussion
Communication Distance. Serena currently has a maxi-

mum communication distance of 24m, which could make it
unsuitable for long-range communication applications. Two
potential methods can improve Serena’s communication dis-
tance. The first method is chirp extension, which can be re-
alized by extending the chirp duration or stitching multiple
chirps as a super chirp [6]. We conduct an experiment that
extends chirp duration from 1024`s used in § 5.2 to 8192`s,
whose results show that Serena’s maximum communication
distance extends to 40m. However, chirp extension decreases
data rate. The second method is to use antennas with higher
gain. For example, the antenna in [68] offers 8dB more gain
than the antenna of m-tag, which could theoretically roughly
double Serena’s communication range.
Interference with Radar Sensing. Serena could nega-

tively impact the velocity estimation accuracy of the radar,
because such accuracy is proportional to the number of un-
modulated chirps, which is decreased owing to tag modu-
lation. Serena has minimal impact on the radar’s sensing
performance in terms of range and angle, both of which can
be reliably estimated from the unmodulated chirps.
Over-the-Air Tag Configuration. Over-the-air config-

uration is currently not implemented on the tags of Serena.
This can be achieved by reusing the sync radio of Serena as
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the receiver of reconfiguration messages. Such messages can
be broadcast by a low-power radio equipped on a moving
UAV or UGV, which flexibly approaches the vicinity of the
tags and delivers the updated configuration messages.

None-Line-of-Sight (NLoS) Interference. Serena’s de-
sign currently does not involve the mechanism for deal-
ing with NLoS interference. In fact, Serena’s demodula-
tion method would be affected by NLoS signals if the
tag-modulated signals propagating along NLoS paths are
stronger than that along the LoS path, which happens when
the LoS path is blocked. Such problem could be avoided by
properly placing tags to ensure a clear LoS path.

Tag Deployment. A potential limitation of Serena is the
requirement of careful tag deployment. Tags should be placed
properly to ensure that the LoS paths between the tags and
the target location are not blocked. Besides, measuring the
distances between the tags and the target location is typically
required for each deployment of Serena. Onemethod to avoid
such measurement is to calculate those distances from the 3-
D environmental map if such map has been built in advance.

Synchronization Cost. Serena imposes the requirement
of time synchronization between the tags, thereby introduc-
ing additional overhead in terms of power consumption and
hardware complexity. Therefore, a potential direction for im-
proving Serena is to eliminate the need of synchronization.

Security. Serena is not designed for guaranteeing security.
A sniffer outside of the target locations could recover the
message if it can accurately locate all the tags. This could be
one disadvantage of Serena compared with beamforming-
based methods, in which the sniffer can hardly recover the
message if the energy of RF signal is not beamformed to it.

Radar Operating Frequency. Currently, Serena has not
been tested for radars operating at other frequencies. How
ever, Serena’s design principle is independent to radar’s
frequency. In fact, Serena can be seamlessly extended for
radars operating at 60�Hz or 77�Hz by using the tags whose
backscatter modules operating at these frequencies [2, 55],
and integrating them with Serena’s sync radio.

8 Conclusion
This paper presents Serena, the first system that enables
spatially selective radar backscatter communication with
low-power tags. Our experimental results show that Serena
achieves less than 1% average BER at target locations, while
keeping the average BER around 30% at non-target locations.
Serena offers a low-power solution for delivering location-
specific messages to radar-equipped vehicles.
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A Rationales of Location Specificity and
Tag Controllability Mentioned in § 2

The location specificity property mentioned in § 2 holds for
two reasons: (i) in -dimensional space within tags’ radiation
area, the combination of the  distances from a location to
the  tags is unique; (ii) these distances uniquely determine
the harmonic frequencies of the tags according to Eq. (1).
Here, we illustrate (i) by discussing the following cases.
Case 1 ( = 1). As illustrated in Fig. 26a, in 1-D space

where the radar lies along a line with a tag at one endpoint,
each location corresponds to a unique distance to the tag.

Figure 26: Illustration of the uniqueness of the combination of  
distances between a location and  tags in 1-D, 2-D, and 3-D space.

Figure 27: Illustration of the exceptional case forHDDdemodulation.

Case 2 ( = 2). As illustrated in Fig. 26b, a location in 2-D
space whose distances to tag 1 and tag 2 are respectively 31
and32 is the intersecting point of 2 circles, one centered at tag
1 with radius31 and one centered at tag 2 with radius32. Such
intersecting point is unique in the common radiation area of
the tags. Besides, each location in 2-D space corresponds to
only one combination of distances to the 2 tags.
Case 3 ( = 3). As illustrated in Fig. 26c, in the common

radiation area of 3 tags in a 3-D space, a location with dis-
tances 31, 32, and 33 to the 3 tags is the unique intersecting
point of 3 spheres, each centered at tag 8 with radius 38 with
8 ∈ {1, 2, 3}. Each location in a 3-D space corresponds to only
one combination of distances to the 3 tags.
The tag controllability property holds, because the har-

monic frequency generated by each tag is influenced by its
modulation frequency according to Eq. (1).

B Exceptional Case in Demodulation
As illustrated in Fig. 27, the exceptional case occurs when
the tag consecutively deliver the same symbol. In such case,
the HDD demodulation technique will demodulate multiple
consecutive chirps. We deal with such case by utilizing the
fact that the first selected chirp 9 and the subsequent chirps
{ 9 + 4# : # ∈ N+} are also integrally modulated. We only
preserve the integrally modulated chirps for demodulation.
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