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ABSTRACT

Millimeter-wave backscatter can simultaneously support
high-precision sensing and massive communication and rep-
resent one prominent technical evolution in next-generation
wireless systems. The backscatter tags should ideally work
across a wide mmWave spectrum range with consistent sig-
nal strength and angular coverage to accommodate highly
diverse application scenarios. However, existing tags made
of resonant antennas and RFICs only achieve a few GHz of
bandwidth and hardly meet these requirements. In this pa-
per, we present UniScatter, a new backscatter tag structure
based on metamaterials. The key design of UniScatter is a
graphene-based modulator and a lens-based retroreflector,
which have consistent electromagnetic responses across an
extensive frequency range and wide angular field-of-view.
We have developed a robust fabrication process for UniS-
catter, and tested it on various mmWave sensing and com-
munication devices. Our field tests show that UniScatter
can backscatter signals across a wide frequency band from
24 GHz to 77 GHz with consistently high signal strength and
wide angular coverage in 3D space.
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Figure 1:UniScatter and one of its representative use

case, intelligent transportation infrastructure.

is heralding a new technology evolution in next-generation
wireless systems [85]. By sharing spectrum and hardware be-
tween communication and radar sensing, JCAS can substan-
tially lower the device cost and reduce the form factor while
embedding intelligence into network infrastructures. One
prominent form of JCAS is radar backscatter communication
[7, 15, 43, 59, 75], where a łtagž can convey information to the
radar by reflecting andmodulating the radar signals. Leverag-
ing the abundant spectrum resources, such radar backscatter
communication technologies could simultaneously support
high-precision sensing and reliable communication. Consid-
ering the ubiquitous deployment of automotive radar and
the forthcoming standardization of dual-function radar/radar
communication devices [52], such radar backscatter commu-
nications could witness a wide range of usage scenarios.
For example, the tag can be installed on roadside infras-

tructures to facilitate intelligent transportation. It could act
as all-weather smart signage to deliver dynamic information
to automotive radars without requiring separate transceivers.
The tag can also serve as an information kiosk, ubiquitously
deployed in grocery stores, urban streets, etc., which can
be read by JCAS-compatible devices, such as the 802.11ay
WLAN radar [31, 86]. To accommodate the highly diverse ap-
plication scenarios, the radar backscatter tag should ideally
be able to communicate with devices across a wide spectrum
range, e.g., to accommodate both 24 GHz and 77 GHz radars
or 60 GHz WiGig and 28 GHz 5G/6G mobile devices. The
tag size must remain fixed to compensate for the increased
path loss at higher frequencies. For example, the path loss is
about 10 dB higher at 77 GHz than at 24 GHz. In addition, it
should bear a sufficiently wide angular coverage to cater to
devices coming from different directions.
Unfortunately, state-of-the-art radar backscatter tags do

not yet meet these requirements. Existing tags are commonly
built from patch antennas and RFICs. Such RF electronics
are fundamentally crippled by the tradeoff curve between𝑄-
factor and bandwidth. To ensure the signal loss is acceptable,
they can only achieve a few GHz of bandwidth, an order of

This work is licensed under a Creative Commons Attribution International 4.0 License.

https://doi.org/10.1145/3570361.3592526
https://doi.org/10.1145/3570361.3592526
https://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1145%2F3570361.3592526&domain=pdf&date_stamp=2023-07-10


magnitude narrower than the ideal use cases. In addition, ex-
isting tags adopt retroreflective antenna arrays, such as Van
Atta arrays (VAAs) [75] and Rotman lens [20], to retroreflect
mmWave signals, but the retroreflection is constrained on a
2D plane. Moreover, the number of antenna elements of a
retroreflective antenna array is limited by the wide mmWave
bandwidth [64]. Given a fixed number of antenna elements
limited by the bandwidth, the size of the tag shrinks with
the frequency and cannot compensate for the increased path
loss at higher frequencies.
In this paper, we propose UniScatter, a reconfigurable

metamaterial-based mmWave tag, as a new paradigm to
transcend these limitations. UniScatter comprises meta-
materials with consistent electromagnetic (EM) responses
across an extremely wide frequency range.UniScatter over-
comes the increasing path loss at higher frequencies with a
frequency-independent size. Moreover, it has a wide angular
field-of-view (FoV), covering both the azimuth and elevation
directions. Fig. 1 illustrates how UniScatter fits in the use
case of intelligent transportation infrastructure. As an ultra-
wideband backscatter tag, UniScatter can communicate
with both 24 GHz and 77 GHz radars on different automotive
models. Thanks to the 3D coverage, a single UniScatter tag
can communicate with radars in different 3D directions, e.g.,
vehicles at different lanes with different heights.

Designing a wideband radar backscatter tag poses many
unique challenges. Such a tag generally consists of two mod-
ules, a modulator and a retroreflector. The modulator mod-
ulates the magnitude/phase of the backscatter signals by
changing the reflection coefficient of the tag. The retrore-
flector concentrates signal power into a directional beam
backward the radar to compensate for the high attenuation
at mmWave frequencies. To realize a wideband modulator,
we design a graphene metasurface with uniform reflection
coefficients across a wide band from 20 GHz to 90 GHz. Prior
research in material science [84] demonstrated that the re-
flection coefficient of graphene changes with electrochemical
doping, i.e., exposing graphene to an electrolyte and apply-
ing a bias voltage. However, a large graphene sheet responds
slowly to the on/off voltage, resulting in a low modulation
rate. We build a distributed circuit model and identify the
root causeśthe low surface conductivity of graphene. To
overcome the hindrance, we coat metallic patterns onto the
graphene sheet through a sputtering process. This improves
the conductivity and hence modulation rate substantially.

To achieve wideband 3D retroreflection, UniScatter uses
a Luneburg lens [56] as the retroreflector. Theoretically,
Luneburg lens retroreflects signals at any frequency, thanks
to its frequency-independent gradient refractive index (GRIN)
profile [56], i.e., distribution of permittivity. Unfortunately,
the standard Luneburg lens is spherical and cannot be aligned
with the flat graphenemodulator. To overcome this challenge,
we adopt transformation optics (TO) to reshape the spherical
lens into a flat-bottom lens while retaining its retroreflec-
tivity. Based on the coordinate transformation between the
two lenses, the GRIN profile of the deformed lens can be

obtained. The GRIN profile of the lens is inhomogeneous,
and composing natural materials with arbitrary permittivity
is extremely challenging. Instead, we discretize the lens into
sub-wavelength unit elements. Each unit element comprises a
tiny 3D printable dielectric structure and the air gap around
it. By tuning the dielectric and air ratio, we can achieve arbi-
trary permittivity for each unit element and construct the
entire lens through standard 3D printing.
Fabricating UniScatter is not straightforward. We ex-

plored various recipes and finally developed robust fabrica-
tion processes for both the modulator and the retroreflector.
Specifically, modulator fabrication involves graphene trans-
fer, metal coating, modulator assembly, and control circuit
assembly. For the retroreflector, we adopt a commercial 3D
printing service, i.e., Multi Jet Fusion [77].We have fabricated
UniScatter with different modulator configurations. We
further conducted extensive field experiments with various
mmWave JCAS devices, including a commercial 24 GHz [34]
and a 77 GHz automotive radar [81], and a 60 GHz 802.11ay
JCAS radar [31]. Our experiments show that UniScatter
can backscatter signals across a wide frequency band from
24 GHz to 81 GHz, and cover a wide angular range of over
70◦ in 3D space. UniScatter can modulate signals at 100 Hz,
which suffices for many application scenarios, such as intel-
ligent transportation infrastructure and information kiosks.

In summary, the main contributions of UniScatter are:
(i) We design UniScatter, the first metamaterial-based

mmWave tag that supports backscatter communication over
the ultra-wide mmWave band. UniScatter retains consis-
tently highmodulation efficiency and retroreflection strength.
With a 3D FoV, UniScatter can meet the coverage require-
ment of practical applications more flexibly.
(ii) We develop model-driven optimization solutions to

improve UniScatter performance to meet the requirement
of practical mmWave backscatter. For the modulator, we
develop a metal coating scheme to improve the modulation
rate. For the retroreflector, we adopt a reshaping scheme to
make the classical Luneburg lens compatible with the flat
modulator without compromising its retroreflectivity.

(iii) We propose a robust fabrication process for UniScat-
ter. Our experiments verify the feasibility and usefulness of
UniScatter for mmWave radar backscatter communication.

2 RELATED WORKS

MmWave backscatter. Backscatter communication tech-
nologies [53, 54] can connect low-power IoT tags to various
wireless networks, such as Wi-Fi [37, 95], FM radio [83],
LoRa [26, 29, 65], and RFID [57]. Owing to the massive spec-
trum bandwidth, mmWave backscatter can achieve both high
communication efficiency and location resolution. Existing
work [15, 40, 78] generally adapts microwave backscatter tag
design to the mmWave band. For example, using a 24 GHz
automotive radar, MilliMetro [75] can localize mmWave tags
at cm-level accuracy, and OmniScatter [7] can identify hun-
dreds of tags in a similar way to RFID. MmTag [59] achieves



1 Gbps backscatter bit rate with a 24 GHz mmWave tag.
However, existing mmWave tags only work at a single

frequency band which cannot meet the requirements of the
aforementioned applications. The fundamental reason lies
in the conventional mmWave antennas, whose achievable
bandwidth is less than 10% of the resonating frequency [9],
i.e., at most several GHz at mmWave frequencies. Moreover,
existing mmWave tags commonly use VAA [30] or Rotman
lens [20] to retroreflect signals, to circumvent the sophis-
ticated beam alignment with the directional interrogators.
However, these retroreflective antenna arrays have a lim-
ited bandwidth due to unequal lengths of signal propagation
routes. Specifically, as the signal frequency deviates from the
designed frequency, the phase shifts of signals at different
antennas diverge, which corrupts the retroreflectivity. Thus,
given the bandwidth requirement, the size of these retrore-
flective structures, and thus their RCS, are severely limited,
ultimately limiting their detectability. For example, a VAA
for 77 GHz radar can have at most three antenna pairs given
the 5 GHz bandwidth [64]. This VAA only has an RCS of -38
dBsm, equivalent to a tiny 1.5 × 1.5 cm2 metal reflector. To
increase the RCS, existing designs [7, 64, 75] group multiple
patch antennas as a single element which, however, reduces
the main beam width and scarifies the angular coverage. Last
but not least, the RFICs used for signal modulation only have
limited bandwidth due to parasitic capacitance. UniScatter
transcends the bandwidth and coverage limitations using a
metamaterial-based modulator and retroreflector.

Intelligentmetasurfaces.Metasurfaces are artificial struc-
tures that can abruptly change the propagation properties of
EM waves, such as reflection [68, 79, 89], transmission [6, 14,
71], absorption [3, 49], and polarization switch [17, 35, 64].
By deploying metasurfaces to alter ambient wireless signals,
a pervasive intelligent environment can be constructed to
facilitate communication and sensing. Such metasurfaces
can be either passive or active. Passive surfaces can reflect
signals towards anomalous directions [68], encode a fixed
segment of data into their geometrical shapes [23, 48, 64]. In
contrast, UniScatter exploits the metamaterials that can
actively switch between states to deliver an arbitrary stream
of binary data continuously. Thus, UniScatter can employ
frequency modulation schemes to easily filter out the static
ambient interference and expand the coding capacity with
coding sequences. On the other hand, active metasurfaces
are mainly used to facilitate existing wireless communica-
tion links through beamforming, polarization matching, or
relaying [6, 17, 49, 89]. The UniScatter modulator is essen-
tially an active metasurface, built on a graphene structure
and used to convey additional information to radar.

Joint communication and sensing (JCAS). JCAS presents
the opportunity for simultaneous high sensing accuracy and
large communication capacity, especially with mmWave sig-
nals, thanks to their large bandwidth and short wavelength
[52, 85, 94]. Integrating two systems into one can achieve
more efficient radio spectrum usage while reducing device
size, power consumption, and cost. Most works either add

the other function to existing communication [41] and sens-
ing systems [70] or jointly design systems from the start with
new waveforms [62] and beamformers [51]. Radar backscat-
ter communication [7, 75] extends the scope of JCAS by
letting passive targets actively communicate with radars and
communication radios. Compared with existing backscatter
systems,UniScatter achieves a muchwider communication
spectrum with a metamaterial-based tag design, which can
accommodate more highly diverse application scenarios.

3 UNISCATTER TAG DESIGN

In general, the detection and decoding accuracy of a radar
backscatter tag depends on the received signal strength (RSS)
variation between different modulation states of the tag,
which follows the Friis law:

Δ𝑃𝑟 =
𝑃𝑡𝐺𝑡𝐺𝑟𝜆

2
Δ𝜎

(4𝜋)3𝑑4
, (1)

where 𝑃𝑡 ,𝐺𝑡 ,𝐺𝑟 , 𝜆, and 𝑑 are the transmit (Tx) signal power,
Tx gain, receive (Rx) gain, signal wavelength, and radar-to-
tag distance, respectively.Δ𝜎 is the Radar Cross Section (RCS)
variation caused by the tag’s modulation. RCS measures how
large and detectable an object is by the radar. It shows that the
backscatter performance depends on the tag’s RCS variation
Δ𝜎 . Recall that the UniScatter tag consists of a modulator
and retroreflector. So its ΔΣ can be further factorized as:

Δ𝜎 =ΔΓ𝜎𝑚, (2)

where 𝜎𝑚 is the maximum RCS of the retroreflector and ΔΓ

is the variation of reflection coefficient due to the modulator.
Eq. (2) implies that the tag should retain consistently high

ΔΓ to support the whole ultra-wide mmWave band. Besides,
according to Eq. (1), the RSS variation decreases with the
square of the signal frequency. The tag must compensate for
this frequency loss with increasing RCS. In what follows, we
introduce the design of the UniScatter modulator (Sec. 3.1)
and the retroreflector (Sec. 3.2) to meet these requirements.
We also introduce how to detect the tags using standard sig-
nal processing on mmWave radar or JCAS devices (Sec. 3.3).

3.1 Modulator Design

3.1.1 Choices of Modulating Materials. To manipulate RF
signals as they are reflected by a surface substrate, various
tuning mechanisms have been studied in the literature [1, 28,
82]. Considering the commercial availability and fabrication
difficulty, we mainly investigate four types of reconfigurable
materials, i.e., RF diodes and switches [7, 59, 75], nematic
liquid crystal (LC) [21, 58, 91], piezoelectric materials [2, 24,
67], and graphene [10, 39, 45].

RF diodes and switches modulate wireless signals by cre-
ating impedance mismatch between RF circuits and anten-
nas [7, 59, 75]. As a result, varying reflection coefficients are
applied to re-radiated signals, thus modulating their magni-
tudes. However, due to parasitic capacitance, these transistor-
based modulators have limited operational bandwidth, out
of which signals can experience significant loss. Besides, a
diode or switch usually controls a small number of antenna



Figure 2: Model of the graphene modulator.

elements. A mmWave tag with sufficient RCS requires hun-
dreds or even thousands of antenna elements. Thus, a large
number of diodes/switches and complex multi-layer wire
routing make it challenging to fabricate.

Nematic LC has electrically tunable permittivity due to its
rod-shaped molecules. By sandwiching an LC cell between
two electrodes and applying bias voltages, the orientations
of LC molecules vary between the perpendicular and the
parallel state, resulting in a continuous change of permit-
tivity. LC has been used in reconfigurable antennas [58].
However, these antennas only work within a limited band-
width around the resonant frequency. A simple LC cell could
be used for wideband reconfiguration. However, the permit-
tivity variation of common LC is less than 1 [91], and the
LC cell thickness is usually at the 𝜇m level. At frequencies
with mm-level wavelength, the phase shifts introduced by
LC cells are too small to separate different modulation states.
Piezoelectric materials create mechanical displacements

upon applying electrical fields, known as the converse piezo-
electric effect. However, withmicrometer-level displacements,
piezoelectric transducers cannot generate sufficient EM vari-
ations for mmWave backscatter communication [66].
Graphene is a 2D nanomaterial with only one carbon

atomic layer. By applying electrochemical doping, i.e., ex-
posing graphene to an electrolyte and applying a bias volt-
age [84], the resistivity of graphene can be tuned. Graphene
has been exploited as the tunable component in a wide range
of RF devices, such as antennas [39, 60], diodes [45], and
metasurfaces [88, 93], at mmWave and THz bands. How-
ever, these designs are either confined to 2D or have limited
fractional bandwidth. In contrast, UniScatter uses a sim-
pler graphene capacitor structure [10] to achieve wideband
reconfigurability (Sec. 3.1.2). With large graphene sheets
available [74], UniScatter can easily scale up to provide suf-
ficient RCS for mmWave backscattering.UniScatter further
explores novel metasurface structures to achieve wideband
and fast modulation (Sec. 3.1.3).

3.1.2 Graphene Modulator. To tune the surface resistivity of
graphene, we apply the electrochemical doping by sandwich-
ing a layer of ionic liquid electrolyte between two graphene
sheets, as shown in Fig. 2. The sandwich structure forms a
parallel plate capacitor, where the two graphene sheets act as
conductive plates and the electrolyte is the dielectric. With
different bias voltages applied to the graphene sheets, the
density of high mobility charge carriers on the graphene is
changed, which varies their surface resistances. The elec-
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Figure 3: RF reflection property of graphene modulator.

(a) Reflection coefficient. (b) Reflection loss.

trolyte layer is formed by a thin optical tissue (about 50 𝜇m)
soaked with electrolyte, whose impact on mmWave signals is
negligible. Meanwhile, the graphene sheets must attach to a
substrate to be robust for fabrication and deployment.We use
laminating films as the substrates for both graphene sheets.
These laminating films are only about 80 𝜇m thick, which has
a negligible impact on the interrogating mmWave signals.
Thus, the transmission line model of the whole graphene
capacitor can be approximated by two variable resistors with
resistance 𝑍𝑔, contributed by two graphene sheets.

The graphene capacitor is flexible and must be attached to
a rigid support, such as plastics, for a stable modulation effect.
The support also impacts the reflection coefficient of the
modulator. In the transmission line model, the support can be
characterized by its thickness 𝑡𝑠 and characteristic impedance
𝑍𝑠 . Finally, an additional load can be attached to the bottom
of the support, introducing an additional resistance 𝑍𝑙 . For
example, as shown in Fig. 2, when a metal ground is used,
𝑍𝑙 = 0. When nothing is attached, 𝑍𝑙 is the impedance of free
space, i.e., 𝑍0≈376.73 Ω.

Consider all the components, the input impedance of the
UniScatter modulator is the parallel impedance of the two
graphene layers and the input impedance at the upper surface
of the support 𝑍𝑑 , i.e.:

𝑍𝑖 =
1

2
𝑍𝑔

+ 1
𝑍𝑑 (𝑓 )

=

𝑍𝑔𝑍𝑠𝑍𝑙 + 𝑖𝑍𝑔𝑍
2
𝑠 tan(𝑘𝑡𝑠 )

𝑍𝑠 (𝑍𝑔 + 2𝑍𝑙 ) + 𝑖 (𝑍𝑔𝑍𝑙 + 2𝑍 2
𝑠 ) tan(𝑘𝑡𝑠 )

,

(3)

where 𝑍𝑑 =𝑍𝑠
𝑍𝑙+𝑖𝑍𝑠 tan(𝑘𝑡𝑠 )
𝑍𝑠+𝑖𝑍𝑙 tan(𝑘𝑡𝑠 )

following the lossless transmis-

sion line model, and 𝑘 = 2𝜋
𝜆

is the wave number. Thus, the

reflection coefficient of the modulator is Γ(𝑓 ) =
𝑍𝑖 (𝑓 )−𝑍0

𝑍𝑖 (𝑓 )+𝑍0
.

The model implies that the reflection coefficient of the
modulator is controlled by two parameters, i.e., the support
thickness 𝑡𝑠 and the load impedance𝑍𝑙 . Given the specific use
cases, we can tune these two parameters to achieve the max-
imum variation of the reflection coefficient (i.e., ΔΓ) across
the required frequency bands, in order to optimize the tag’s
decoding performance, according to Eq. (2). We elaborate on
such design choices through example use cases.

To begin with, we consider a single carrier frequency. If no

load is applied, i.e., 𝑍𝑙 =𝑍0, ΔΓ is maximized when 𝑡𝑠 =
𝜆
2 . In

this case, the support is known as a half-wave plate (HWP).
As shown in Fig. 3a, the reflection coefficient with HWP
varies between 0.65 and 0.07 (i.e., ΔΓ =0.58), as 𝑍𝑔 varies
between 200 Ω and 5, 000 Ω. If a metal ground is applied
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Figure 4: Performance of the graphene capacitor. (a) Ef-

fective capacitance. (b) Phase angle.

as the load, i.e., 𝑍𝑙 =0, a local minimal reflection coefficient
appears and approaches 0 as 𝑡𝑠 =

𝜆
4
. In this case, the support

is known as a quarter-wave plate (QWP). As shown in Fig. 3a,
a larger ΔΓ of 0.74 is achieved with the QWP.

Then, we consider the performance of themodulator across
a wide band, e.g., from 20 GHz to 90 GHz, given the QWP and
the HWP designed at 24 GHz. As shown in Fig. 3b, while the
QWP achieves higher ΔΓ at most frequencies, ΔΓ drops to 0,
and backscatter fails around the even multiples of 24 GHz
(e.g., 48 GHz). In contrast, despite smaller ΔΓ on average,
the HWP achieves relatively consistent ΔΓ across the whole
frequency band from 20 GHz to 90 GHz.

Based on the frequencies of the use cases, we can choose
different configurations. For example, to communicate with
both 24 GHz and 77 GHz automotive radars, we can use the
QWP at 24 GHz for higher ΔΓ. In contrast, to communicate
with both 5G mmWave (28 GHz) and WiGig (60 GHz) JCAS
devices, a QWP at 28 GHz results in almost zero ΔΓ at 60
GHz. Instead, the HWP at 28 GHz is a better choice.

3.1.3 Modulation Optimization. The graphene modulator
can modulate signals by switching between different states.
The switching rate is a crucial metric. First, it determines
the maximum modulation bitrate of the tag. Second, in dy-
namic scenarios, e.g., whenUniScatter acts as an intelligent
road sign for moving vehicles, the switching rate must be
sufficiently high to ensure the tag’s Doppler spectrum is
separable from the object’s.
The switching rate is essentially limited by the transient

delay of the graphene capacitor. To characterize this, we fab-
ricate a 5×5 cm2 graphene capacitor (Sec. 4.1) and conduct
an electrochemical impedance spectroscopy (EIS) measure-
ment with a potentiostat [11]. Fig. 4a shows the effective
capacitance of the graphene capacitor as the switching rate
varies between 1 Hz and 100 Hz. The capacitance of the orig-
inal graphene capacitor decreases dramatically from 27 𝜇F
at 1 Hz to only 4 𝜇F at 100 Hz, indicating that most portion
of the graphene capacitor does not take effect. As a result,
the surface resistances of the graphene sheets are not fully
changed to generate the theoretical maximum ΔΓ, resulting
in a low-efficiency modulator.
The response time of a capacitor can be characterized

by its phase angle, where a larger phase angle represents
a faster response. Generally, the phase angle of a capacitor
decreases as frequency increases due to the existence of the
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Figure 5: Model of the graphene capacitor. (a) Top

view of a graphene capacitor. (b) Equivalent distributed-

element circuit of the capacitor.

internal resistance [87]. The phase angle of 45◦ indicates
the cutoff frequency, only below which most portion of the
capacitor takes effect. It also determines the switching rate
of the graphene modulator. As shown in Fig. 4b, the cutoff
frequency of the default graphene capacitor at 45◦ is less
than 10 Hz, indicating a low modulation efficiency.

To figure out the root cause, we model the large graphene
capacitor with a distributed-element circuit. Fig. 5a shows
the top plate of the graphene capacitor. Two metal strips
(golden) on the opposite edges of the graphene sheet con-
nect the plate to one of the electrodes of the power source.
For clarity, we denote the distance between the two source
strips as the gap size and the length of the strips as the strip
size. Fig. 5b shows the circuit model of the whole graphene
capacitor. Specifically, we split the whole graphene sheets
into 𝑁 segments in series. Each segment can be modeled
by a two-port network consisting of the resistors 𝑅 of the
two graphene pieces and the capacitor 𝐶 between them. We
denote the input voltage and the current injection of the 𝑘-th
two-port network as 𝑉𝑘 and 𝐼𝑘 , respectively.

Then the transmissionmatrix of the𝑘-th two-port network
can be formulated as follows:

[

𝑉𝑘
𝐼𝑘

]

=T

[

𝑉𝑘
𝐼𝑘

]

,T=

[

𝑖𝜔𝐶𝑅 + 1 2𝑅

−𝜔2𝐶2𝑅
2

+ 𝑗𝜔𝐶 𝑗𝜔𝐶𝑅 + 1

]

, (4)

where 𝜔 is the frequency of the power source applied to the

circuit. According to Eq. (4), we have the relations

[

𝑉𝑁
𝐼𝑁

]

=

T𝑁

[

𝑉0
𝐼0

]

. Meanwhile, we assume the power source connects

to both ends of the capacitor, which provides the boundary
conditions 𝑉𝑁 =𝑉0 =𝑉𝑠 . Thus, we can solve for the circuit
parameters 𝐼𝑁 and 𝐼0. According to Kirchhoff’s circuit laws,

the impedance of the whole capacitor is 𝑍𝑐 =
𝑉𝑁

𝐼𝑁 −𝐼0
.

The foregoing model allows us to examine the capacitor
design through numerical simulation. For clarity, we denote
the length between the two source poles as the gap size and
the length of the strips as the strip size. Fig. 6a shows the
phase angle of the capacitor with respect to the gap/strip
size at 100 Hz. While the strip size has a minor impact on
the phase angle, the gap size impacts the phase angle sig-
nificantly. When the gap size is smaller than a threshold
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Figure 6: Simulation results of graphene capacitor. (a)

Phase angle of the capacitor. (b) Voltage distribution

along the graphene sheet.

(e.g., 15 mm in Fig. 6a), the whole capacitor becomes fully
charged as the gap size reduces. However, when the gap size
exceeds the threshold, the portion of the capacitor that is
more than half of the threshold away from the source poles
is not charged at all, and the phase angle reduces below 45◦.
Fig. 6b further shows the voltage distribution along the

graphene capacitor with different gap sizes. When the gap
size is 50 mm, the central part of the capacitor has nearly
zero voltage, leading to a negligible modulation effect. When
the gap size is reduced to 5 mm, the voltage variation of the
whole capacitor remains close to the source voltage, i.e., 3V.

The foregoing model indicates that a smaller gap size is

required to achieve a higher switching rate. We propose to
coat metal wires on the graphene sheets (Sec. 4.1) to reduce
the gap size while retaining the total size of the graphene
capacitor. The metal wires distribute equally between the
two source poles and also connect to the source, as illustrated
in Fig. 11a. Thus, the part of the graphene capacitor that is
far away from the source poles now becomes close to the
metal wires and thus can be charged faster. Fig. 4 shows the
capacitance and phase angle of the metal-coated graphene
capacitor. It has a much larger capacitance than the original
capacitor and achieves a cutoff frequency of over 100 Hz. In
other words, it can achieve a switching rate of 100 Hz, which
can provide sufficient modulation bitrate and separation be-
tween the Doppler spectrum of the tag and the object, given
that the common Doppler peak width is less than 50 Hz [69].

3.2 Retroreflector Design

3.2.1 Design Choices for Retroreflectors. Retroreflectors re-
flect EM waves back to the incident direction. Considering
the frequency, bandwidth, angular coverage, and scalability
of RCS, we mainly investigate four types of retroreflectors,
i.e., Van Atta array (VAA) [73], trihedral corner reflector [19],
cat’s eye retroreflector [63], and Luneburg lens [56]. The
VAA is ruled out due to the aforementioned bandwidth and
coverage limitations (Sec. 2).
A trihedral corner reflector consists of three electrically

conductive surfaces, which are welded at an angle of 90◦.
Incoming EM waves are retroreflected after specular reflec-
tions from three surfaces consecutively. The trihedral corner
reflector applies to any frequency and can arbitrarily scale
up its dimensions to increase RCS. But it only has limited
angular coverage of about 50◦ [44]. More importantly, in-

tegrating it with the graphene modulator is challenging. A
simple assembling method is to replace one surface of the
corner reflector with the graphene modulator. However, the
Δ𝜎 reduces to zero as the signal’s incident direction deviates
from the modulator’s normal direction, resulting in an even
smaller angular coverage of the tag.

A cat’s eye retroreflector consists of a convex lens and an
electrically conductive mirror at the focal plane. With the
mirror’s specular reflection and the lens’s forward-backward
refraction, incoming signals can be retroreflected. Such a
retroreflector could be integrated with the graphene mod-
ulator by simply replacing the mirror with the modulator.
However, the angular coverage of a cat’s eye lens depends
on the permittivity of the lens [63]. Using plastics with low
permittivity, the angular coverage of the lens is quite small
(e.g., < 40◦). Whereas a lens with large permittivity increases
the angular coverage, it also has a large reflection coeffi-
cient, leading to an additional insertion loss and hence the
attenuation of the incoming signals.

A Luneburg lens is a spherically symmetric gradient-index
lens [56] with permittivity profile 𝜀 (𝑟 ) =2 − ( 𝑟

𝑅
)2, where 𝑅

is the radius of the lens, and 𝑟 is the distance of any point to
the sphere center. The Luneburg lens has consistent RF re-
sponses at all frequencies due to the frequency-independent
permittivity profile. The radially decreasing permittivity pro-
file turns any surface point of the Luneburg lens into a focal
point. The Luneburg lens has been exploited for designing
beamforming antennas [42, 46, 50] and reshaped to align
with flat antenna arrays [12, 33, 47]. UniScatter adopts
the Luneburg lens as the retroreflector, where the lens is
reshaped to have a flat-bottom focal plane to align with the
reflective graphene modulator surface.

3.2.2 Flat-Bottom Luneburg Lens. To reshape the Luneburg
lens into a flat-bottom lens while retaining its retroreflectiv-
ity, we adopt the transformation optics (TO) method [61, 72].
Intuitively, TO can reshape a geometrical structure with the
coordinate transformation between the source and target
coordinate spaces:

[

𝑢

𝑣

]

=A(𝑥,𝑦)

[

𝑥

𝑦

]

, J=

[

𝜕𝑢
𝜕𝑥

𝜕𝑢
𝜕𝑦

𝜕𝑣
𝜕𝑥

𝜕𝑣
𝜕𝑦

]

. (5)

where (𝑥,𝑦) and (𝑢, 𝑣) represent the coordinates in the source
and the target spaces.A is the coordinate-dependent transfor-
mation matrix. J is the Jacobian matrix of the transformation.

To retain the EM propagation characteristics of the origi-
nal structure, the impact of coordinate transformation can
be compensated by modifying the permittivity E and perme-
abilityM profiles in the target space:

E′(𝑢, 𝑣) =
JE(𝑥,𝑦)J𝑇

|J|
,M′(𝑢, 𝑣) =

JM(𝑥,𝑦)J𝑇

|J|
, (6)

For clarity, we define the longitudinal axis of the Luneb-
urg lens as the 𝑧-axis. Fig. 7a shows the standard spherical
Luneburg lens and its permittivity profile in the 𝑥-𝑧 plane.
Note that the permittivity of the 3D lens is symmetric to the
𝑧-axis. Fig. 7b shows the target flat-bottom structure. The
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Figure 7: Modification of Luneburg lens. Permittivity

profile of (a) default Luneburg lens, and (b) flat-bottom

Luneburg lens. Monostatic RCS of (c) default Luneburg

lens, and (d) flat-bottom Lunburg lens.

target structure’s permittivity matrix can be calculated once
the coordinate transformation A is known.
Unfortunately, a coordinate transformation between so-

phisticated structures as such usually does not bear an ana-
lytical form. Instead, we find A numerically by solving the
Laplace’s equations:

𝜕2𝑥

𝜕𝑢2
+
𝜕2𝑥

𝜕𝑣2
=0,

𝜕2𝑦

𝜕𝑢2
+
𝜕2𝑦

𝜕𝑣2
=0, (7)

with zero and first-order boundary conditions [32]:
(𝑢, 𝑣) |A′B′, E′F′, F′A′ = (𝑥,𝑦) |AB, EF, FA,

(𝑢, 𝑣) |B′C′, D′E′ = (𝑥,𝑦) |BC, DE, (𝑢, 𝑣) |C′D′ = (𝑥,𝑦) | ⌢
CD

,

𝜕𝑥

𝜕𝑣
|A′F′ =

𝜕𝑥

𝜕𝑣
|B′C′ =

𝜕𝑥

𝜕𝑣
|D′E′ =0,

𝜕𝑦

𝜕𝑢
|A′B′ =

𝜕𝑦

𝜕𝑢
|E′F′ =0.

(8)

The result guarantees that the solution is derivable every-
where, i.e., the Jacobian matrix J always exists, as required
by calculating the modified permittivity profile using Eq. (6).

The Laplace equations can be solved by the iterative finite
difference method [13]. The solution is a numerical inverse
coordinate transformation A−1:(𝑢, 𝑣)→ (𝑥,𝑦), from which A

can be obtained. GivenA, the numerical Jacobianmatrix J can
be calculated, and the permittivity profile E′ can be obtained
according to Eq. (6). Fig. 7b shows the 2D permittivity profile
within the vertical cross-section of the flat-bottom Luneburg
lens. The 3D permittivity profile can be obtained by rotating
the 2D profile around the central axis of the lens.
For the UniScatter prototype, we set the arc 𝐶𝐷 to 70◦.

Correspondingly, the flat-bottom Luneburg lens has an angu-
lar coverage of 70◦, which is sufficient to cover unidirectional
lanes in the transportation use case. The angular coverage
can be further increased by increasing the length of the arc
𝐶𝐷 , at the cost of a larger modulator. The trade-off has to be
made according to specific application scenarios. To verify
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Figure 8: Element design for 3D printing Luneburg lens.

(a) Model. (b) Effective permittivity.

the effectiveness of this model-driven design, we conduct
finite-difference time-domain (FDTD) simulations for both
the standard and the flat-bottom Luneburg lenses using EM-
Pro [38]. Since the continuously varying permittivity profiles
of the lenses cannot be modeled in numerical simulations
with finite precision, we need to segment the lenses into
small units with uniform permittivity. Specifically, the stan-
dard lens is divided into a series of shells, each of which has
uniform permittivity determined by the radius of the shell.
A hemispherical metal shell is coated on the opposite side of
the incoming EM waves. The flat-bottom lens is discretized
into small cubes, each characterized by the permittivity at its
geometrical center. A flat metal ground is placed at the bot-
tom of the lens. Fig. 7c and Fig. 7d compare the monostatic
RCS pattern of the two lens structures. The standard Luneb-
urg lens has omnidirectional coverage. The flat-bottom lens
has a consistent angular coverage of about 70◦ by design
across a wide frequency band, e.g., 24 GHz and 77 GHz. If
needed, the angular coverage of the flat-bottom lens can be
further increased by increasing the arc 𝐶𝐷 .

3.2.3 3D Printing Luneburg Retroreflector. Fabricating the
flat-bottom Luneburg lens is not straightforward in practice,
due to the delicate structures and the continuously changing
permittivity within the 3D shape. We circumvent this prob-
lem by approximating the lens using a single material with
uniform permittivity, which is thus 3D printable [8, 46, 50].

First, the continuously changing permittivity profile of the
flat-bottom Luneburg lens must be discretized for practical
fabrication. Similar to the FDTD simulation (Sec. 3.2.2), the
flat-bottom lens is discretized into small cubes, each charac-
terized by the permittivity at its geometrical center.

Then, each cube with specific permittivity must be approx-
imated with a unit element structure that consists of a single
material. Although the unit element is inhomogeneous, it
can be treated as a homogeneous medium filling the entire
cube, as long as the cube size is smaller than half-wavelength
in the material [36]. Therefore, the size of the unit element

determines a cutoff frequency, below which the lens always has

retroreflectivity. At this scale, the effective permittivity of the
unit element is the average permittivity of the material and
the air weighted by their respective volume ratio [50]:

𝜀 = (1 − 𝛼)𝜀𝑎 + 𝛼𝜀𝑚, (9)

where 𝜀𝑎 =1 and 𝜀𝑚 are the permittivities of the air and the
material. 𝛼 is the volume ratio of the material.
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Figure 9: Modulation scheme. (a) Amplitude shift key-

ing. (b) Frequency shift keying.

We adopt a 3D crossing structure as the unit element.
As shown in Fig. 8a, the six rods with fixed size 𝑐 connect
the element to adjacent elements. The small central cube
with tunable size 𝑏 controls the effective permittivity. We
simulate the 𝑆 parameters of the structure in Ansys HFSS [4]
and derive its permittivity [18]. Fig. 8b shows the theoretical
permittivity calculated according to Eq. (9) and the simulated
permittivity, whichmatch each other within the tuning range
of the central cube size 𝑏. By generating crossing structures
for all discretized cubes, we have a structure made of a single
material, thus suitable for 3D printing.

3.3 Modulation and Detection

3.3.1 Modulation Scheme. UniScatter modulates the am-
plitude/phase of the backscatter signal by applying different
bias voltages to the graphene capacitor. A straightforward
modulation scheme is amplitude shift keying (ASK), where
several amplitude levels are used to represent different sym-
bols. However, the amplitude of the received signal at the
radar depends on not only the backscatter signal from the tag
but also reflections from surrounding objects. Fig. 9a shows
the RSS from UniScatter at two different places. Specifi-
cally, we increase the bias voltage of the modulator from 0
to 3V at a rate of 0.1 V/s and use a 24 GHz radar to measure
the RSS. At place 1, ambient reflections are weak, so the RSS
variation follows the theoretical ΔΓ (Fig. 3a). However, at
place 2, due to stronger ambient reflections, the trend of the
RSS is distorted significantly. This experiment implies that
ASK will fail under practical channel dynamics, e.g., when
the radar moves in a multipath-rich environment.

Instead, we find that frequency shift keying (FSK) is more
robust against strong ambient reflections. Specifically, we
configure UniScatter to switch between two reflection
states at a predefined rate, e.g., 100 Hz. Accordingly, the
backscatter signal will experience a positive/negative fre-
quency shift at the switching rate. A mmWave radar can
thus separate the backscatter signal from ambient reflec-
tions in the Doppler frequency spectrum. Fig. 9b shows the
Doppler frequency spectrum of the tag. Here the bias voltage
of the modulator is switched between 0.5 V and 3V at a rate
of 100 Hz. The peaks of the backscatter signal (coding peaks)
are obviously separated from the peak of the ambient reflec-
tions (carrier peak). While the ambient reflection changes
between places, the doppler spectrum of the backscatter sig-
nal remains consistent. Thus, UniScatter adopts FSK as the
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Figure 10: Tag detection. (a) Range Doppler profile of

Radar. (b) Doppler frequency spectrum of a tag.

modulation scheme. It maps each data bit to an FSK symbol
and switches the modulator to generate the symbol at the
predefined frequency, i.e., 100 Hz. The radar can detect the
frequency shifts in the Doppler frequency spectrum, convert
them into FSK symbols and map them back to data bits.

3.3.2 Tag Detection and Demodulation. Backscatter commu-
nication with UniScatter can be directly implemented into
existing JCAS devices without hardware modification. We
take mmWave FMCW radar as an example. To begin with,
a mmWave FMCW radar transmits successive chirps with
equal time intervals and receives the echoes from the tag
and surrounding objects. The radar first applies 1D Fourier
transform to each received chirp to obtain the range pro-
file. Then, it applies a second 1D Fourier transform to the
range profiles of successively received chirps to obtain the
2D range-Doppler profile. Note that the relative movement
between an object and the radar creates non-zero Doppler fre-
quency shifts. Thus, a prominent peak in the range-Doppler
profile corresponds to an object at a specific distance and
with a specific relative speed. Fig. 10a shows an example of
the range-Doppler profile generated by a moving automotive
radar, where the hood of the ego vehicle, some static objects,
a moving vehicle, and a tag are visible.
Next, the radar applies the 2D constant false alarm rate

(CFAR) detection to the range-Doppler profile to identify
all prominent peaks. For each peak, it aggregates the mea-
surements across multiple receiving antennas to estimate
the angle of arrival (AoA) of the peak. With both the range
and the AoA, an object can be detected and localized in the
2D horizontal space. For a typical automotive radar, all the
detection results are fed into a multi-object tracker to keep
tracking the surrounding objects.
To decode the UniScatter backscatter signals, no modi-

fication to the standard processing flow is needed. Instead,
the system can fetch all detected peaks and their Doppler
frequency spectrum from the radar. Then it can separate the

tag from other objects with matched filtering. Fig. 10b shows
the Doppler frequency spectrum of the tag. In contrast to
the static tag (Fig. 9b), the whole spectrum only shifts by the
Doppler offset between the moving radar and the tag, while
the spacing between the coding peaks and the carrier peak
does not change. Thus, given the predefined switching rate
of the tag, a Doppler frequency template can be generated.
The maximum cyclic cross-correlation value between the
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Figure 11: Implementation of UniScatter. (a) Graphene capacitor. (b) Stand. (c) Power management circuit. (d)

3D printing flat-bottom Luneburg lens.

template and the Doppler frequency spectrum of each detec-
tion can be used as an indicator to detect the tag. Similar to
standard radar processing, a separate tracker can be allocated
to track the tags. The modulated frequency shifts of the tag
can be extracted from its Doppler frequency spectrum and
demodulated as FSK symbols.
The same process is applicable when a communication

device is used as the interrogator. The channel impulse re-
sponse (CIR) measurements from such devices are equivalent
to the range profiles of radars [25]. So the above demodula-
tion workflow can be applied similarly.

4 IMPLEMENTATION

4.1 Graphene Modulator

We now discuss the fabrication process of the three key
components in the graphene modulator, i.e., the graphene
capacitor, support, and power source, as modeled in Fig. 2.

4.1.1 Graphene capacitor. Commercial monolayer graphene
is grown on copper foil via chemical vapor deposition and
sold with the copper foil [16]. So we need to transfer the
graphene from the copper foil to 3 mil laminating film, using
a high-temperature lamination method [74]. Specifically, the
copper foil with single-layer graphene is placed on a piece of
laminating film, where the adhesive layer of the film contacts
the graphene. Then, two paper sheets cover the top and
bottom of the sample to ensure uniform pressure. Next, the
sample slowly passes through a laminator at 110 ◦C. During
the lamination, the adhesive layer melts and forms a strong
binding with the graphene. After cooling down to room
temperature, the laminating film and the copper foil bind
together with the graphene sandwiched in between.

Next, the sample is treatedwith an ultraviolet ozone cleaner
for 10 minutes to remove the graphene residue on the other
side of the copper foil. Then the sample is cut into the de-
sired size and immersed in 0.5M FeCl3 solution to dissolve
the copper foil. After the copper foil is fully dissolved, the
laminating film with the graphene is washed with deionized
water, and isopropyl alcohol to further remove the residual
Fe3+, Fe2+, and Cu2+ ions, and dried at room temperature.
The sample is then coated with metal, following the de-

sign in Sec. 3.1.3. We use an electron beam evaporator [80]
to coat a 50 nm metal layer on the graphene at a deposi-

tion rate of 0.05 nm/s. We select gold for its stability against
oxidation. The metal coating has a comb pattern with the
teeth separated by the gap size, as discussed in Sec. 3.1.3.
E-beam evaporator deposits metal atoms uniformly at the
target platform. To confine metal coating to the desired re-
gions, we fabricate metallic shadow masks where only the
coating region is hollowed out.
The capacitor is fabricated by using top graphene as the

cathode, two optical tissues as the separator, and bottom
graphene as the anode. The ionic liquid, Diethylmethyl(2-
methoxyethyl)ammonium bis(trifluorometnylsulfonyl)imide
[deme][Tf2N], is used as the electrolyte due to the low vapor
pressure and high stability in the atmosphere. Finally, we fix
the four corners of the two laminating films to each other
with tape. Using a potentiostat to measure the cyclic voltam-
mogram of the capacitor, we confirm that the capacitor can
work stably within a 3V potential window in the atmosphere.

While the fabrication involves heavy manual operations,
we only find minor non-uniformity in the finished graphene
capacitors. The variation comes from the quality of trans-
ferred graphene, whose measured resistance at 0 V ranges
around several kΩ. Nonetheless, we find that its impact on
the modulation depth of the graphene capacitor is minor
since the reflection coefficient variation diminishes as the
surface resistance becomes very large, as in Fig. 3a. Fig. 11a
shows a finished graphene capacitor. The effective area of
the capacitor is 5 × 5 cm2. It can be easily resized according
to the size of the lens and the target angular coverage. Based
on the simulation result in Fig. 6a, the gap size is set to 1 cm
to ensure the capacitor operates at a switching rate of 100
Hz. Using a potentiostat to measure the cyclic voltammo-
gram of the capacitor, we confirm that the capacitor can
work stably within a 3V potential window in the atmosphere.
One graphene capacitor costs about $175, mainly due to the
under-commercialization of graphene. The material costs of
electrolyte and gold are $15 and $0.4, respectively.

4.1.2 Deploying the UniScatter Tag. We use a stand as the
support for the modulator and the holder for the retroreflec-
tor. We 3D print two stands with different support configura-
tions, i.e., the QWP and the HWP at 24 GHz, as analyzed in
Sec. 3.1.2. The 3D printing material is Nylon 12, with an ap-
proximate permittivity of 2.6 between 20 GHz and 100 GHz.
Fig. 11b shows the front view of the stand. A rectangular



Figure 12: Experimental setup. (a) Bird’s eye view of

the testing parking lot. (b) Setup for the automotive

driving scenario. (c) Assembling of UniScatter.

marker is carved on the support for alignment with the ca-
pacitor. At the back of the QWP support, a piece of 5× 5 cm2

conductive tape is attached to create a zero load. For the
HWP support, no load is added.

4.1.3 Power Management Circuit. The power management
circuit provides periodic voltage changes to the capacitor. As
shown in Fig. 11c, the circuit consists of two switches, U1
and U4, for capacitor charging and discharging, respectively.
When the charging enabling signal, EN, is activated, the
charging path from VIN to VOUT is turned on via switch
U1, and the external power source charges the capacitor.
When EN is inactive, the discharging path from VOUT is
turned on via switch U4, and the capacitor is connected to the
ground for discharge. When the voltage level of the capacitor
is lower than a predefined threshold, the discharging path
is turned off to keep the low voltage level of the capacitor
for signal modulation. The voltage threshold is determined
by the varactor VR1, and the voltage comparison logic is
achieved by the comparator U3 and the NOR gate U2.

4.2 3D Printing Retroreflector

We use a commercial 3D printing service [77] and the Nylon
12 material to fabricate the flat-bottom Luneburg lens. A
python script is implemented to translate the permittivity
distribution of the lens to the model file used for 3D printing.
Fig. 11d shows a 3D-printed retroreflector that consists of
many unit-element crossing structures. The lens is about
94 mm in width and 90 mm in height. The lens price is
about $200, with the material cost of about $20. The current
commercial 3D printing services are mainly for printing daily
objects instead of high-resolution mmWave components. So
the printing resolution is relatively low (around 0.8 mm). We
thus set the rod size 𝑐 of the elemental structure (Fig. 8a)
to 1 mm and the cube size 𝑎 to 3.6 mm. With this cube size,
the lens printed by the commercial service only has a cutoff
frequency of 26 GHz. Nonetheless, printing smaller cube
sizes to support higher frequency is feasible [36, 42, 90, 92],
and already supported by some commercial 3D printers [22,
76] with tens of 𝜇m resolution, which is more than enough

Frequency/𝑓 (GHz) 24 60 77

Bandwidth/𝐵 (GHz) 0.25 3.52 3.66

Chirp duration (ms) 0.1

Tx power/𝑃𝑡 (dBm) 5 14 12

Tx gain/𝐺𝑡 =𝐺𝑡𝑠 +𝐺𝑡𝑎 (dB) 13.5+3 5+15 12+3

Rx gain/𝐺𝑟 =𝐺𝑟𝑠 +𝐺𝑟𝑎 (dB) 13.5+6 5+15 15+6

Processing Gain (dB) 27

Table 1: Key parameters of experimental devices.

for UniScatter (e.g., 0.3 mm at 77 GHz).

5 EVALUATION

5.1 Experimental Setup

We fabricate UniScatter following the process in Sec. 4 and
conduct field tests in an outdoor parking lot, as shown in
Fig. 12a. Fig. 12b shows the setup of the representative auto-
motive driving scenario, where we mount a UniScatter tag
on a tripod to emulate an intelligent road sign. Fig. 12c shows
a complete assembly of the UniScatter tag. Specifically, the
flat-bottom Luneburg lens retroreflector is placed in front
of the capacitor and on the holder. The graphene capacitor
(Fig. 11a) is placed at the front side of the support, aligning
to the marker there (Fig. 11b). The cathode and anode of the
graphene capacitor connect to the output ports, i.e., VOUT
and GND, of the power management circuit (Fig. 11c). An
Arduino Due [5] supplies the power and sends binary modu-
lation signals to the graphene capacitor. The switching rate
of the graphene modulator is set to 100 Hz, and the duration
of each modulation symbol is 50 ms, which leads to a Doppler
frequency resolution of 20 Hz and a bitrate of 20 bps.

We mount a 24 GHz radar [34] on a sedan to conduct mov-
ing experiments. Besides, we also test the graphene modula-
tor with a 77 GHz TI radar [81], and a 60 GHz JCAS device
[31] from QualComm. The JCAS device reuses an existing
802.11ad/ay communication system as a radar sensor and
provides CIR measurements to decode UniScatter signals
(Sec. 3.3). Tab. 1 summarizes the parameters of the experimen-
tal devices. The Tx/Rx gain𝐺𝑥 consists of the single antenna
gain𝐺𝑥𝑠 and the antenna array gain𝐺𝑥𝑎 = 10log10𝑁𝑥 , where
𝑁𝑥 is the number of Tx/Rx antennas. In addition, we use
𝑁𝑐 =500 chirps to calculate each Doppler spectrum, which
provides an additional processing gain of 10log10𝑁𝑐 =27dB.

During the experiments, we record the RSS and the noise
floor at the receiver (within the tag’s modulation band) and
derive the SNR. Then we can calculate the SNR and estimate
the modulated bit-error rate (BER). Specifically, as UniScat-

ter adopts FSK, its BER= 1
2
erfc(

√

SNR
8 ). For example, an SNR

of 10 dB corresponds to a raw BER of 5.7%.
Given the RSS, we can estimate the differential RCS of

the tag using the device parameters (Tab. 1) and the radar
equation (Eq. 1). In contrast, directly measuring the RCS of
the tag requires sophisticated equipment, e.g., an anechoic
chamber for the retroreflector and ammWave vector network
analyzer for the modulator. Hence, we leave the accurate
characterization of individual components as future work.
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Figure 13: Performance of tag detection.

5.2 Performance of Tag Detection

Detection distance. To measure the tag detection range,
we move the radar along the broadside direction of the tag.
Fig. 13a shows the RSS and noise at sampled locations. The
RSS decreases from -41 dBm to -83 dBm as distance increases
from 2 m to 34 m, roughly following the free-space path loss
model with a few exceptions. The possible reasons for the
outliers are multipath reflections from the ground or radar
tilting due to bumpy ground. Meanwhile, the noise floor of
the radar dramatically decreases from -70 dBm to -85 dBm
when the distance is less than 6 m, and gradually decreases
below -90 dBm thereafter. The high noise at short distances
is due to the harmonics generated from the FSK modulation
of the tag. The gradually decreasing noise partially compen-
sates for the increased free-space path loss. Overall, UniS-
catter can communicate at a maximum distance of around
30 m, with SNR over 10 dB and corresponding BER lower
than 5.7%. Additional coding (e.g., BCH code) can be applied
to correct the bit errors. We expect this suffices for typical
use cases such as smart roadside infrastructures.

Impact of radar mobility. To represent a mobile sce-
nario, we repetitively drive the sedan at various speeds from
5 mph to 50 mph, and sample the RSS and noise when the
vehicle is about 10 m away from the tag. As shown in Fig. 13b,
the RSS remains at around -75 dBm when the speed is lower
than 30 mph and gradually decreases as the speed increases.
The RSS degradation at high speed is mainly due to the
spreading effect of the Doppler frequency shift. Specifically,
since the tag is not straight in the moving direction of the
radar, its Doppler frequency offset drifts even if the vehicle
moves at a constant speed. As a result, the width of the peaks
in the Doppler frequency spectrum increases, and the peak
power decreases. Nonetheless, UniScatter still achieves an
acceptable SNR of 10 dB at 50 mph.

Impact of environmental interferences. Traffic occa-
sionally around the tag may cause interference. To evaluate
its impact, we let common traffic, such as cars, cyclists, and
pedestrians, pass by the tag. We find that the interference
only occurs when moving objects are very close to the tag,
where the radar cannot separate them in its range spectrum.
Fig. 13c shows the Doppler spectrum when objects just pass
by the tag. Each moving object creates a dominant peak in
the Doppler frequency spectrum. When objects move at high
speed, such as vehicles and cyclists, their Doppler frequency
shifts are very different from the coding peaks of the tag, so
that the radar can still detect the coding pattern. However,

when the Doppler frequency shift of the object is close to the
coding frequency, such as a pedestrian, the coding pattern
is distorted and cannot be correctly detected. Nonetheless,
the interference caused by the objects passing by is transient
and can be overcome with a longer observation period.

Then, we evaluate the interference when pedestrians cross
the road, so that they may block the tag or create background
reflections. Fig. 13d shows the range spectrum when the
pedestrian is at different distances from the tag. A negative
distance (e.g.-2.5m) means that the pedestrian blocks the
tag, where the radar fails to detect the tag due to blockage.
Such blockage can be easily avoided by lifting the tag and
exploiting the wide elevation coverage of the tag. In contrast,
when the pedestrian is behind the tag, it hardly impacts
the coding pattern. When the pedestrian is very close to
the tag (i.e. +0.5 m), although the radar cannot separate the
pedestrian from the tag, the pedestrian creates a near-zero
Doppler frequency shift only, and the coding pattern of the
tag remains unchanged.
The analysis of moving objects also applies to possibly

co-located tags. When multiple co-located tags cannot be
separated by the radar, the tags need to be configured in
time or frequency division multiplexing modes. TDM re-
quires synchronizing tags, which is feasible when tags are
co-located and share a controller. FDM requires a wide modu-
lation bandwidth to achieve higher modulation rates, whose
potential solutions are discussed in Sec. 6.

5.3 Performance of Tag Coverage

The flat-bottom Luneburg lens is designed to achieve an
angular coverage of 70 ◦ in both azimuth and elevation. To
test its actual coverage when combined with the graphene
modulator, we use a laser level and a protractor to align the
tag at the broadside direction of the radar and rotate the tag,
which effectively varies its directions relative to the radar.

Azimuth coverage. Fig. 14a shows that, with the lens,
the RSS increases and then decreases slightly as the azimuth
angle increases from 0◦ to 35◦. The RSS change near the
broadside direction matches the simulated monostatic RCS
pattern (Fig. 7d). At larger azimuth angles, the RSS degra-
dation may be due to the partial blockage of the stand. In
contrast, without the lens, only the RSS at the broadside
direction is as high as that with the lens. As the tag slightly
deviates from the broadside, the RSS drops dramatically by
about 25 dB. The RSS rises again as the azimuth angle fur-
ther increases because a corner reflector is formed by the
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Figure 14: Performance of retroreflector.

graphene capacitor and the side wall of the stand. Nonethe-
less, the RSS with the lens is still more than 10 dB higher.

Elevation coverage. To measure the elevation coverage,
we rotate the UniScatter tag vertically by 90 ◦ and repeat
the above experiment. Fig. 14b shows the RSS at different
elevation angles. Similar to the azimuth direction, the lens
has an elevation coverage of about 70◦, which matches the
specs by design. The RSS drops by around 10 dB as the angle
increases from 30◦ to 35◦. This may be due to the fabrication
inaccuracy of the 3D printer. In contrast, the RSS without
the lens is similar to that along the azimuth direction. These
two experiments together verify the effectiveness of the flat-
bottom Luneburg lens design.

Although we cannot directly measure the RCS of the lens,
we are still able to estimate the loss of the lens based on
Fig. 14. By comparing the RSS with and without the lens at
0◦, we observe a loss of about 3 dB, which is due to fabrication
inaccuracy and dissipation in dielectric materials.

5.4 Performance of Tag Coding

To evaluate the graphene modulator, we place the tag in the
broadside direction of the radar, and vary its switching rate
from 0.1 Hz to 500 Hz.

Effectiveness of metal coating. We first verify the im-
pact of the metal coating design on the modulation efficiency.
Fig. 15a shows that the RSS decreases with the switching rate
since the graphene capacitor is less likely to be fully charged
with a shorter charging cycle. As a result, the actual bias
voltage between the graphenes is smaller than the designed
voltage, resulting in a smaller ΔΓ. When the switching rate
goes above 10 Hz, the metal-coated modulator experiences a
much lower RSS dropping rate than the default modulator.
At 100 Hz switching rate, the coated modulator outperforms
the default by 7 dB. These results demonstrate the necessity
and effectiveness of the metal coating.

Impact of support configuration. We then evaluate
the performance of the modulator with different support
configurations. We fabricate the QWP and HWP according
to Sec. 3.1.2 and evaluate their performance with different
switching rates. As shown in Fig. 15b, the two support con-
figurations have similar RSS decrease trends as the switching
rate increases. It indicates that the RSS drop is an intrinsic
property of the graphene capacitor. Meanwhile, the RSS of
the HWP is consistently lower than that of the QWP by
about 5 dB, which matches the theoretical difference of ΔΓ
between QWP and HWP (Fig. 3a).

Impact of operating frequency. Finally, we evaluate
the performance of the modulator (with QWP) at different
operating frequencies, using the aforementioned 24 GHz and
77 GHz automotive radars and the 60 GHz JCAS device. As
stated in Sec. 4.2, the lens currently fabricated only supports
frequencies lower than 26 GHz, due to the fabrication limita-
tion of the 3D printer used. Thus, we remove the lens and put
the RF devices in the broadside direction of the tag. Since
the radar sensing hardware have different hardware configu-
rations, e.g., transmit power, noise figures, bandwidth, array
aperture size, antenna gain, etc., we only report the SNR
metric, as shown in Fig. 15c. The RSS variation trends are
similar across the three devices, indicating that the modula-
tor works consistently across an extremely wide mmWave
band. Despite the different hardware configurations, UniS-
catter achieves similar SNRs of about 47 dB, 38 dB, and
46 dB at 24 GHz, 60 GHz, and 77 GHz, respectively, at 2
m. The comparable SNR between the 24 GHz and 77 GHz
is mainly because the RCS of UniScatter scales with 1

𝜆2
,

which compensates for the increased path loss proportional
to 𝜆2. The lower SNR at 60 GHz is partly because the ΔΓ at
60 GHz is smaller than that at other frequencies, with the
QWP (Fig. 3b). The results show that similar detection dis-
tances will be achieved at 24 GHz and 77 GHz, and a shorter
distance with a factor of 0.6 is achieved at 60 GHz.

5.5 Reliability against Environment

One key advantage of RF sensing is that it is robust under
adverse weather and lighting conditions, which is important
for vehicular use cases. To showcase such scenarios, we use a
heavy-duty fog effect generator to emulate fog and conduct
measurements during day and night. To emulate a light fog,
we generate the fog intermittently and let the fog disperse
in the space. For a heavy fog, we keep generating the fog
so that it remains dense. Fig. 16 shows that the weather and
lighting conditions have almost no impact on the RSS of the
tag, demonstrating the robustness of UniScatter.

5.6 Impact of Device Configuration

In practice, mmWave sensing devices such as radar usually
avoid fully using their entire bandwidth and large array
aperture, in order to reduce data transferring and compu-
tation overhead. We evaluate the impact of such hardware
parameters and identify key factors for further improving
UniScatter’s performance.

Bandwidth. We configure the 24 GHz radar to operate
with different bandwidths from 50 MHz to 250 MHz, with a
fixed number of samples per chirp. Fig. 17a shows that, both
the RSS and noise floor increase proportionally with band-
width. Consequently, the SNR remains constant, indicating
that a large radar sensing bandwidth cannot improve the
performance of UniScatter.

Antenna array size. To evaluate the impact of array aper-
ture size, we configure the radar to use different numbers of
Tx-Rx antenna pairs from 1 to 8. As shown in Fig. 17b, the
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tag RSS increases proportionally with the number of antenna
pairs, while the noise remains almost invariant. So the SNR
of UniScatter can be significantly improved with multi-
antenna radar, leading to a more extended communication
distance or a smaller BER.

6 DISCUSSION AND FUTUREWORK

Higher switching rate. A higher switching rate can in-
crease the maximum data rate, and make the UniScatter
more robust against the Doppler spreading effect in dynamic
scenarios. However, a higher switching rate also increases
the spacing between the coding peaks and the carrier peak
in the Doppler frequency spectrum. These coding peaks may
be recognized as fake objects by legacy radars without the
backscatter communication function, and pose safety and se-
curity risks. The modulation rate of our current UniScatter
prototype is 100 Hz, but it can be further improved in two
ways. First, the gap size of the graphene capacitor can be re-
duced to improve the response time of the capacitor. Second,
the graphene capacitor can be replaced by other graphene-
based components with potentially faster responses, such as
graphene transistor [27]. We leave the exploration of such
mechanisms as future work.

Longer detection distance. The detection distance of
UniScattermainly depends on the RSS of the coding peaks,
which can be improved in twoways according to Eq. (2). First,
a larger lens leads to a larger RCS of the tag. For example,
increasing the lens size of UniScatter from 10 cm to 20 cm
can further extend the detection distance from 30 m to 60 m.
Second, a higher switching rate leads to a larger ΔΓ, which
can also translate into a longer distance.

Smaller tag size. The size of UniScatter is limited by
the detection distance, as discussed above. Nonetheless, it is
noted that only the transverse area of the lens determines
the received signal power and hence the maximum distance
of the tag. Thus, we can thin the lens along the longitudinal

axis (𝑧-axis in Fig. 7) by transforming the original spherical
lens into a cylindrical flat lens. With a smaller lens volume,
larger permittivity is required to properly refract signals,
which can be achieved using 3D printing ceramics [55].

Low power consumption. The power consumption of
UniScatter is about 50 mW at the switching rate of 100 Hz,
mainly due to the large capacitance of the graphene capac-
itor. Two main factors contribute to capacitance. First, the
power consumption is proportional to the size of the ca-
pacitor. UniScatter has a large 5 × 5 cm2 capacitor area to
achieve 70◦ coverage along both azimuth and elevation direc-
tions. In practice, the shape of the graphene capacitor can be
customized based on the coverage requirement. For example,
an intelligent road sign needs wide azimuth coverage but nar-
row elevation coverage while a traffic light vice versa. Thus,
a thin and long graphene capacitor can be used to reduce
power consumption dramatically. Second, we find that the
metal coating consumes much power but does not contribute
to ΔΓ. We believe more advanced fabrication techniques can
isolate the metal coating from the electrolyte and thus re-
duce power consumption. Besides, the capacitor size can
be reduced by further shrinking the flat area of the lens us-
ing the TO technique. Finally, new tuning mechanisms with
lower power consumption, e.g., graphene transistor [27], can
potentially replace the graphene capacitor. We leave such
power optimization mechanisms for future work.

7 CONCLUSION

We have designed, fabricated, and validated UniScatter, a
metamaterial-basedmmWave tag formulti-frequencymmWave
backscattering. We explore the design space of the retrore-
flector and the modulator of a mmWave backscatter tag and
propose a novel backscatter tag architecture for the mmWave
band. UniScatter can communicate with not only mmWave
radar, but also communication-centric JCAS devices such as
WiGig and potentially 5G. UniScatter can accommodate
a wide range of use cases such as intelligent transportation
and information kiosks.
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