
REITS: Reflective Surface for Intelligent Transportation Systems

Zhuqi Li∗
Princeton University

zhuqil@cs.princeton.edu

Can Wu∗
Princeton University
canw@princeton.edu

Sigurd Wagner
Princeton University

wagner@princeton.edu

James C. Sturm
Princeton University
sturm@princeton.edu

Naveen Verma
Princeton University

nverma@princeton.edu

Kyle Jamieson
Princeton University

kylej@cs.princeton.edu

Abstract
Autonomous vehicles are predicted to dominate the trans-
portation industry in the foreseeable future. Safety is one of
the major challenges to the early deployment of self-driving
systems. To ensure safety, self-driving vehicles must sense
and detect humans, other vehicles, and road infrastructure
accurately, robustly, and timely. However, existing sensing
techniques used by self-driving vehicles may not be abso-
lutely reliable.

In this paper, we design REITS, a system to improve the
reliability of RF-based sensing modules for autonomous ve-
hicles. We conduct theoretical analysis on possible failures
of existing RF-based sensing systems. Based on the anal-
ysis, REITS adopts a multi-antenna design, which enables
constructive blind beamforming to return an enhanced radar
signal in the incident direction. REITS further increases the
signal-to-noise ratio (SNR) of the return signal by canceling
out irrelevant reflections from the environment. Preliminary
results show that REITS improves the detection distance of a
self-driving car radar by a factor of 3.63.

1 Introduction
Autonomous vehicles are becoming ever more attractive due
to their potential to enable more efficient transportation by
reducing traffic congestion, fuel consumption, and air pollu-
tion. To realize widespread adoption, autonomous vehicles
must meet extremely high safety standards. For example, an
autonomous driving system that is comparable to human dri-
vers should achieve a failure rate of less than 1.09 fatalities
per 100 million miles [3].

In order to meet the high safety standard, a lot of previous
works have improved the autonomous control systems with
deep learning based algorithms [4]. However, the reliability of
those algorithms heavily depends on the signal input from sen-
sors. A safe autonomous vehicle must reliably sense humans,
other vehicles, and proximate road infrastructure accurately
and robustly. Therefore, autonomous vehicles are typically
equipped with two categories of sensors. One category is light-
based sensors, i.e., cameras or Lidar. However, light-based
sensors suffer from excessive absorption or scattering of the
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probing signal during inclement weather. Specifically, light-
based sensors may fail when light is blocked or scattered by
fog, rain, or snow. The other category is RF-based sensors, i.e.,
radar. RF-based sensors are more reliable in extreme weather,
but they also may fail to detect the object of interest when
the surface of the target is not perpendicular to the incident
wave. In such a case, most of the probing signal is reflected to
a direction different from the incident wave, making the radar
system receive a subthreshold return signal. This causes irrel-
evant reflections from the environment to dominate the return
signal and significantly degrade its SNR. Since both types
of sensors are not absolutely reliable, the self-driving sys-
tem, therefore, may fail to sense the surrounding environment,
which often leads to deadly consequences [1].

In this paper, we conduct an in-depth study of the failure
of the RF-based sensors for self-driving vehicles. With the
insight of root cause for sensor failures. we propose REITS, a
system designed for robust detection of objects by RF-based
sensing. REITS augments existing radar systems for self-
driving vehicles, and includes two design components: (1)
a surface based on a Van Atta type array reflector [14] that
beamforms the return signal from the object by constructive
interference, and (2) programmable RF switches that alternate
between constructive and destructive beamforming. When set
to constructive interference, the return signal contains both the
signal from the object and noise due to unwanted reflections
from the environment. When set to destructive interference,
the return signal contains only the noise from the environment.
By subtracting the noise, the SNR of the return signal is en-
hanced. Thus, an object equipped with REITS maximizes its
radar cross section (RCS) and returns a signal with high SNR.
Wide-spread deployment of REITS in self-driving vehicle ap-
plications is anticipated from its reduced complexity and cost,
because only passive antennas and switches are needed in the
design, in contrast to conventional radar reflectors based on
sophisticated active electronics [2, 16].

By attaching REITS to the surface of vehicles, road in-
frastructures, and clothes, commercial self-driving systems
will be able to detect objects of interest in a more reliable
manner. To achieve such a design, we make the following key
contributions in this paper:
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• We study the root cause of RF-based sensor failure for self-
driving vehicles and propose an RF circuit design based on
a Van Atta type array, which automatically beamforms the
signal back to the radar receiver of self-driving vehicles.

• We propose a method to further enhance the signal SNR
for radar receiver by enabling environmental reflection
cancellation with a programmable surface.

• We verify the design of REITS with SIMULIA CST, a
time-domain 3D full-wave electromagnetic solver based
on finite integration and conduct a preliminary evaluation
of the performance of REITS on 24-Ghz self-driving radar
band. The results show that a four-antenna REITS improves
the signal strength by 11.2 dB and correspondingly extends
the radar detection range by 3.63×.

2 Related Work
REITS is related to two lines of research. One is the research
effort to improve the accuracy and robustness of self-driving
sensing. Another is the endeavor for long-range passive com-
munication.

2.1 Sensing for self-driving vehicles
Self-driving vehicles depend on accurate and reliable sens-
ing capability to detect obstacles on the road. Existing works
have used vision-based methods [5, 8] to extract the infor-
mation from images captured by the camera. Vision-based
methods can provide rich context information for self-driving
vehicles. But it might fail due to adverse weather [18] or
cyber-physical attack [10]. To deal with the failure of vision-
based sensing, self-driving vehicles are also equipped with
radars as a backup mechanism since it is more reliable in in-
clement weather. Many works also investigate the methods to
improve the detection accuracy and robustness of self-driving
vehicle radars [12, 13] with signal processing techniques.

Different from existing work, which focuses on optimiza-
tion from the view of self-driving vehicles, REITS uses a
different approach to improve the safety of self-driving vehi-
cles from the infrastructure perspective. In addition, REITS
focuses on improving the signal itself. It is complementary
to existing work, which applies various signal processing
techniques to achieve accurate sensing.

2.2 Passive communication design
Research efforts also focus on the design and implementation
of reliable passive tags for communication. One line of re-
search is to extend the communication range of passive RFID
tags. PushID [19] uses a distributed beamforming approach
to extend the range of RFID communication. mmTag [9] uses
a blind beamforming approach to increase the throughput of
millimeter tag readers. The design of REITS is also a type
of passive hardware. Different from those, REITS focuses on
extending the range of sensing.

FMCW signal

Signal received
Signal 

not received

Figure 1: Self-driving car radar detects objects of interest by
measuring the reflected signal. But the majority of radar

signal might not be reflected back to the incident direction.

Another line of research pushes the range of passive tags to
long-distance [11, 17] by integrating backscatter techniques
with LoRa. These techniques enable backscatter communica-
tion even if the signal strength is below the noise floor. But
the tag should be deployed close to the excitation signal so
that the backscattered signal can reach receivers at distance.
REITS targets on self-driving radar applications, where the
distance from the tag to the signal source and the receiver
are the same. At the same time, the latency of long-range
backscatter is too high for the self-driving application, since
long-range backscatter techniques have to aggregate dozens
or hundreds of readings to boost the signal to noise ratio.

3 Failure Analysis for Self-driving Radar
Self-driving radar uses Frequency-Modulated Continuous-
Wave Radar (FMCW) technique to detect objects of interest.
As shown in Figure 1, the radar sends a chirp signal that
swipes a wide frequency band as the probing signal. After
sending the chirp signal, the radar captures the signal reflected
by the objects of interest. If the reflected signal strength ex-
ceeds a threshold, the self-driving radar can calculate the
distance, direction, and speed of the target objects by apply-
ing radar detection algorithm. Since the radar signal receiver
and transmitter are co-located at the same vehicle, the radar
system can only capture the signal that is reflected back in
the incident direction. As shown in Figure 1, the signal might
also be reflected into a different direction, which cannot be
received by the radar receiver. In order to have a reliable sens-
ing capability, the signal captured by the radar receiver must
always exceed the detection threshold.

The signal reflection follows Snell’s Law, as shown in
Figure 2. If the object is made of a dielectric material, part of
the incoming RF signal penetrates and the other part bounces
off the surface and heads in a different direction, symmetric
by the surface normal to the incoming angle, i.e. , \ ′ = \ .
When the object is made of metal, nearly the entire RF signal
(𝐸 ′ ≈ 𝐸) bounces off like a ball hitting a wall. In order to
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Figure 2: Reflection of an RF signal at
objects made of (a) dielectric; (b) metal.

have the energy reflected back to the original direction, the
incoming angle of the signal has to be zero (\ = 0𝑜 ). But in
most cases, the surface of the target is not perpendicular to the
incoming signal. In such cases, only a small portion of the RF
signal returns along the incoming path, resulting in a small
signal at the receiver. The signal strength returning to the
radar receiver becomes weak, which significantly degrades
the detectable distance of radar systems and leads to failure
of radar detection.

Based on the analysis, the returning signal strength of the
self-driving radar depends on the area of the surface that
is perpendicular to the incoming wave. Such impact to the
robustness of radar signal detection is typically modeled as
Radar Cross Sector (RCS). An object may not always have a
large RCS in the view of self-driving car radar. In a real road
scenario, the RCS of a target depends on its position, shape,
and orientation. Therefore, the RCS of the object changes
constantly along with dynamic road environment, leading to
uncertainty in radar detection.

REITS is designed to eliminate the uncertainty of RF-based
sensing for self-driving vehicles. It makes the target object
have consistently good RCS regardless of its position, shape,
and material so that the radar receiver can always capture
strong reflection from the object of interest for sensing and
detection.

4 REITS Design
REITS is a programmable surface that can be attached to the
surface of an object so that it can have consistently high RCS
in the view of the self-driving car radar. As shown in Figure 3,
REITS can reflect most of the signal back in its incoming
direction so that the radar system can collect a high SNR
signal for sensing and detection.

To realize such a goal, REITS’ design includes two criti-
cal components: a programmable surface that can beamform
the radar signal back in the incident direction (§4.1), and a
mechanism that boosts signal to noise ratio by canceling out
irrelevant reflections (§4.2). REITS’ design does not require
any hardware modifications to the existing self-driving radar
system. It is anticipated to be deployed where a maximal RCS

FMCW signal

Primary signal
reflection

REITS surface
Figure 3: REITS enables robust sensing for self-driving car
radar by reflecting the radar signal to its incoming direction.

is desired for enhancing radar detection, such as pedestrians,
cyclists, and vehicles. In addition, the design of REITS does
not involve any active electronic elements so that the whole
surface can operate at an extreme low-power constraint.

4.1 Design of the programmable surface
With mirror-like reflection (as shown in Figure 2), the majority
of the TX signal is reflected at an angle different from the
incoming direction (unless the incident wave is perpendicular
to the target surface). In order to maximize the RCS of a target
surface, we need a mechanism that controls the propagation
path of the signal.

An obvious approach is to collect the energy, manipulate
the signal, and send it back. However, a single antenna does
not collect sufficient power to amplify the RCS for two rea-
sons: (1) the millimeter-wave signal used by self-driving car
radars experiences high propagation loss; (2) antennas op-
erated at millimeter-wave band are small in size, typically
1.97-6.25 mm (half wavelength for 24 − 76 GHz radio). Such
small antennas do not receive enough power for enabling
active operations such as signal amplification.

To raise the intercepted power, the target can be equipped
with an array of antennas, where the array beamforms the sig-
nal back into the incident direction. However, implementing
beamforming by traditional methods requires either multiple
radio chains [15] or a phased array [7], which typically ex-
ceeds the energy budget of a low-power device. REITS takes
a different approach by implementing a blind beamforming
design to enable an array of antennas beamforming the radar
signal back to its incident direction. We first illustrate the idea
of blind beamforming with a one-dimensional array (§4.1.1)
and then scale up the design to a two-dimensional surface
(§4.1.2). We also introduce programmability to the surface,
for signal modulation and SNR enhancement (§4.1.3).

4.1.1 Blind beamforming array. REITS adopts a blind
beamformer that makes the return signals constructively in-
terfere in the incident direction. Figure 4 is an example of
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Figure 4: The blind beamformer
as a one-dimensional array.
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Figure 5: The blind beamformer
as a two-dimensional surface.
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Figure 6: The blind beamformer
with programmability.

a blind beamformer design using a linear four-antenna ar-
ray. 𝑎1, 𝑎2, 𝑏1, 𝑏2 are antennas, and 𝑠1, 𝑠2 are transmission lines.
The gap between each pair of adjacent antennas is 𝑑 . Suppose
the distance between signal source and 𝑎1 is 𝐿𝑎1 . In prac-
tice, the incident wave can be approximated as a plane wave
since 𝐿𝑎1 ≫ 𝑑. The distances between the signal source and
𝑎2, 𝑏2, 𝑏1 can be expressed as 𝐿𝑎1+𝑑𝑠𝑖𝑛(\ ), 𝐿𝑎1+2𝑑𝑠𝑖𝑛(\ ), 𝐿𝑎1+
3𝑑𝑠𝑖𝑛(\ ) respectively. The total length of signal propagation
path that goes through antenna 𝑎1 and antenna 𝑏1 is

2𝐿𝑎1 + 3𝑑𝑠𝑖𝑛(\ ) + 𝑙𝑠1 ,

where 𝑙𝑠1 is the electrical length of the transmission line 𝑠1.
Similarly, the length of the path that goes through antenna 𝑎2
and antenna 𝑏2 is

2𝐿𝑎1 + 3𝑑𝑠𝑖𝑛(\ ) + 𝑙𝑠2 .

We can control the transmission line length 𝑙𝑠1 and 𝑙𝑠2 in the
board design so that they differ by a wavelength. With such
a design, the signals from the four antennas constructively
interfere in the incident direction.

The characteristic of the blind beamformer can be general-
ized as long as the configuration of the antenna array satisfies
the following two requirements:
• All pairs of antennas are centrosymmetric to the same cen-

tral point. This requirement ensures that the total distance
between the signal source and any pair of antennas (𝑎𝑖 , 𝑏𝑖 ),
𝐿𝑎𝑖 + 𝐿𝑏𝑖 , equals twice the distance between the signal
source and the central point. Therefore, this part of path
length is independent of the incident angle, making the
beamformer work for any incident direction.

• The length difference of any two transmission lines 𝑠𝑖 and
𝑠 𝑗 satisfies |𝑙𝑠𝑖 − 𝑙𝑠 𝑗 | = 𝑘_, where 𝑘 is an integer and _

is the wavelength. This requirement ensures that any two
propagation paths have identical phase delays. Therefore,
the signals that travel through all propagation paths con-
structively interfere with each other at the radar receiver.

4.1.2 Scale to a two-dimensional surface. We proceed to
scale up the blind beamforming design from a one-dimensional

array to a two-dimensional array. To harvest sufficient en-
ergy for radar detection, the deployment of antennas on the
surface should be dense. Figure 5 shows the design of the
two-dimensional surface for REITS. All antennas are placed
on concentric circles. Any pair of antennas is connected by
a 180-degree arc transmission line placed on one of the con-
centric circles. The radius difference of any two circles is 𝑘_

𝜋
,

which ensures that the lengths of the transmission lines differ
by 𝑘_. In addition, the antennas are spaced apart by at least
_/2 to ensure minimal crosstalk.

4.1.3 Enable programmability. REITS can be made pro-
grammable for controlling the reflected signal strength. As
shown in Figure 6, for this purpose, REITS is provided with
RF switches on the transmission lines that are labeled with
even indexes. Switching-in a second propagation path in-
creases the length of the transmission line by half a wave-
length. Therefore, the phase of the signal increases by 𝜋 . This
mechanism enables destructive interference between differ-
ent antenna pairs. By changing the number of paths that are
switched into the destructive phase, the surface controls the
total signal strength that is reflected into the incident direction
from the target.

4.2 Environmental signal subtraction
REITS further boosts the SNR for the target by cancelling out
irrelevant reflections. REITS switches between constructive
beamforming state and destructive beamforming state, so that
the radar can receive the signals at the two different states. In
the constructive beamforming state, the radar receives both
the signal from REITS and the environmental reflections. In
the destructive beamforming state, REITS inserts an extra
phase of 180 degrees to half of the signals, by reconfiguring
the switches that alter the lengths of the transmission lines
(as shown in Figure 5). It forms destructive beamforming in
the incident direction. As a result, the radar can only receive
the environmental reflections. With measurements in the two
states, radar system subtracts the result of the destructive state
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Figure 7: Simulated electric-field patterns for a four-element REITS design.

11.2 dB
12.2 dB

Figure 8: Amplitude of the electric field in
the incoming direction (\ = 30𝑜 ) vs. distance,

when the incident amplitude is 1𝑉 /𝑚.

from that of the constructive state, such that the outcome con-
tains only the signal from the target, excluding the irrelevant
reflections from the environment.

5 Preliminary results
We evaluate the design of REITS with SIMULIA CST, a 3D
electromagnetic simulator. We characterize the performance
gain of REITS against a blank metal baseline on 24-GHz self-
driving radar frequency band. In addition, we examine the
controllability of REITS by comparing the signal strengths
under constructive and destructive settings of the blind beam-
former.

Figure 7 shows simulated electric-field patterns for REITS.
The three figures correspond to the cases where the incoming
EM wave (\ = 30𝑜 ) is reflected by (1) a blank metallic rectan-
gle; (2) a linear four-element beamformer in the constructive
setting; (3) a linear four-element beamformer in the destruc-
tive setting. These devices share the same dimension (2.5 cm
× 0.9 cm). As illustrated in Figure 7(a), when hitting a metal
object, the EM wave is reflected into the angle identical to that
of the incoming wave (\ ′ = \ ) but symmetric by the surface
normal. Overall, when striking REITS approximately 82% of
the EM wave power is absorbed by the four antennas and
then re-radiated, forming either a constructive or a destructive
beam at the incoming angle, depending on the switch settings.
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Figure 9: The performance gain of REITS
scales linearly with the number of antennas.

Figure 8 shows the amplitude of the electric field in the in-
coming direction (the data is extracted from a one-dimensional
cut in Figure 7 with \ = 30𝑜 , and then scaled to larger dis-
tances according to the 1/𝑟 scaling law for the electric field
in far field [6]). Compared to a blank metal surface, when
REITS is configured constructively, the return signal strength
is enhanced by 11.2 dB. The gap indicates that REITS can
improve the detection distance of the target by 3.63×. The
difference between constructive and destructive settings indi-
cates a 12.2 dB modulation in signal amplitude.

We further investigate the scalability of our design, as
shown in Figure 9. The grey dashed line is the upper bound,
where the signal strength increases linearly with the number
of antennas. We can see that REITS can achieve close to linear
scale-up as the number of antenna increases. In contrast, the
signal reflection in the incident direction by a metal surface
remains low.

6 Discussion
In this paper, we have investigated the design of a programmable
surface that enables robust sensing by self-driving vehicle
radar. Our preliminary results show that the surface can ex-
tend the detection range of self-driving vehicles significantly.
Nevertheless, in order to build a practical system based on the
design the following topics require further study:

Frequency trade-off Self-driving radar is licensed on two
frequency bands by FCC: 24-GHz band and 76-GHz band.
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Currently, the design of REITS is based on the 24-GHz fre-
quency band. It is also meaningful to scale the design to
76-GHz frequency. At the higher frequency, the dimension of
antenna is smaller. Therefore it can capture less energy with
a single antenna. Besides, the high-frequency signal typically
has a higher loss in the transmission line. In order to achieve
the same performance gain, the surface at 76-GHz needs to
have more antennas compared with the surface at 24-GHz.
Therefore, we need a design that can deploy more antennas
on a surface.
Multiple reflective surfaces The current design of REITS
focuses on improving the robustness of radar detection for
a single REITS surface. But in the real world, there might
be multiple REITS surfaces in the view of a self-driving
vehicle. It is challenging to perform environmental signal
subtraction since multiple surfaces might change their state
from constructive beamforming to destructive beamforming
at the same time. We need to continue to investigate how to
distinguish those multiple surfaces even if they are located
close to each other.
Surface identification REITS is a programmable surface that
can switch between constructive beamforming to destructive
beamforming states. It is possible to make the surface tran-
sit between two states at different frequencies so that the
self-driving car radar can identify different surfaces. For ex-
ample, the self-driving car may know whether the object is
another vehicle or a cyclist. With surface identification, the
self-driving car can have fine-grained information about the
road environment for better decision making.

7 Conclusion
In this paper, we propose and verify the design of REITS, a
system to improve the robustness of detection of objects for
autonomous vehicles by maximizing the RCS of the objects.
Results of a preliminary evaluation show that REITS enhances
the return signal strength by 11.2 dB and extends the detection
distance by 3.63×.
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