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ABSTRACT

Recent advances in 10T, machine learning and cloud computing
have placed a huge strain on wireless networks. In particular, many
emerging applications require streaming rich content (such as
videos) in real time, while they are constrained by energy sources. A
wireless network which supports high data-rate while consuming
low-power would be very attractive for these applications. Unfortu-
nately, existing wireless networks do not satisfy this requirement.
For example, WiFi backscatter and Bluetooth networks have very
low power consumption, but their data-rate is very limited (less than
a Mbps). On the other hand, modern WiFi and mmWave networks
support high throughput, but have a high power consumption
(more than a watt).

To address this problem, we present mmTag, a novel mmWave
backscatter network which enables low-power high-throughput
wireless links for emerging applications. mmTag is a backscatter
system which operates in the mmWave frequency bands. mmTag
addresses the key challenges that prevent existing backscatter net-
works from operating at mmWave bands. We implemented mmTag
and evaluated its performance empirically. Our results show that
mmTag is capable of achieving 1 Gbps and 100 Mbps at 4.6 m and 8
m, respectively, while consuming only 2.4 nJ/bit.
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1 INTRODUCTION

With the advent of cloud computing, billions of devices need to
send their data to the cloud, enabling new applications such as
multi-user augmented reality, federated learning for IoT, and drone
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based video streaming for sporting events and disaster scenarios [33,
37, 38, 45, 52]. While these prospects sound exciting, the reality
is that most of these applications require high data-rate wireless
connectivity while having limited energy sources. Unfortunately,
existing wireless networks can not support high data-rate while
consuming low energy.

Millimeter wave (mmWave) technology promises to revolution-
ize wireless networks [32]. In fact, this technology has been de-
clared as a central component in 5G and 6G cellular networks.
mmWave wireless networks have two main advantages over tradi-
tional wireless networks. First, they provide much higher data-rates
by operating in high-frequency spectrum (24GHz and above). Sec-
ond, they can provide connectivity to many nodes simultaneously
by performing space division multiplexing. Unfortunately, despite
these advantages, existing mmWave networks have high power
consumption which makes them unsuitable for applications with
limited energy sources. For example, recent mmWave platforms
developed by research communities such as OpenMilli, MiRa and
the NI platform consume about 10-20 watts [2, 4, 47]. Commer-
cial mmWave chipsets, such as the Qualcomm QCA9500, consume
several watts [36]. The high power consumption of mmWave net-
works is due to the high power consumption of Radio Frequency
(RF) circuits operating at mmWave frequencies. Unfortunately, this
is a fundamental problem since the power consumption of RF cir-
cuits is proportional to their operating frequencies. Additionally, in
contrast to traditional radios, mmWave radios require steerable di-
rectional antennas (i.e. phased arrays), which significantly increase
the power consumption of these radios.

In this paper, we introduce mmTag, an ultra-low power mmWave
network. mmTag’s nodes consume only a few milliwatts, and hence
they can be powered by a small battery or solar panel. mmTag
enables the creation of low-power mmWave network by combin-
ing mmWave and Backscatter technologies. In particular, mmTag
is a backscatter system which operates at mmWave frequencies.
backscatter technology offers very low-power wireless commu-
nication by enabling nodes to piggyback their data on the radio
frequency (RF) signals of other devices, instead of generating and
transmitting their own signals. Eliminating the need for an ac-
tive transmitter and power-hungry RF components has enabled
backscatter devices to communicate on a very low energy bud-
get. However, to build a backscatter system which operates in the
mmWave frequency bands, mmTag must overcome multiple chal-
lenges.

a) Beam Alignment Challenge: Due to the high frequency
nature of mmWave, these signals experience greater path loss than
low frequency signals. Therefore, mmWave radios have to use
directional antennas to focus their transmitted and received power
into narrow beams to compensate for that loss. Communication
between two mmWave nodes is only possible when their beams are
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well-aligned as shown in Figure 1. Moreover, when a node moves,
it needs to search again for the best beam direction. Although past
mmWave work has proposed different approaches and schemes
for creating a directional beam and searching for the best beam
direction [10, 16, 20, 30], they are not practical for backscatter
devices for two reasons. First, in order to steer a beam, most existing
schemes require phased array antennas. Unfortunately, phased
arrays are costly and consume a significant amount of power which
makes them impractical for backscatter devices [4, 26]. Second,
and most importantly, all existing schemes require both nodes to
transmit and/or measure the received signals. Backscatter devices
can only reflect signals and can neither transmit nor measure the
received signals. Therefore, to build a mmWave backscatter device,
we need to design a beam searching scheme which does not require
the device to have any transmitter or receiver. Moreover, we need
to avoid using power-hungry mmWave hardware in our design,
such as phased array antennas.

b) Self-Interference Challenge: Another challenge in design-
ing a mmWave backscatter network is the self-interference problem.
In particular, an Access Point (AP) device which communicates to
backscatter nodes is required to transmit a query signal and listen
to the node’s response at the same time. This is a challenging task
since the node’s response is a modulated version of the transmitted
signal, and hence it requires the AP to have a full-duplex radio
to decode the backscatter signal. Unfortunately, full-duplex radios
operating at mmWave frequencies, require complex analog and dig-
ital hardware and are not commercially available [40]. Therefore,
we must develop a system which enables the AP to transmit and
receive signals at the same time without complex and expensive
hardware.

c) Mobility Challenge: The third challenge in building a mm-
Wave backscatter network is dealing with mobility. In particular,
communication must be possible regardless of the angle and orien-
tation of the backscatter node. This is challenging since mmWave
networks use directional antennas, as opposed to traditional wire-
less networks which use omni-directional antennas.

mmTag addresses these challenges. In particular, mmTag over-
comes the beam alignment problem by building on the Van Atta
technique [39], developing a directional backscatter node which
modulates and reflects the received signal back in the direction of
arrival, regardless of the incidence angle. This enables the node to
have its beam always aligned toward the AP, even if they move.
mmTag achieves this without using any costly or power hungry
mmWave components such as amplifiers or phase shifters. Fur-
thermore, mmTag uses the polarization property of antennas and
introduces a novel feed network which solves the interference and
mobility challenges. In particular, mmTag’s nodes are able to change
the polarization of the signal by 90° during reflection. This allows
the AP to use antennas with orthogonal polarization for transmit-
ter and receiver beams, and hence can easily separate the received
signal from the transmitted signal regardless of the orientation of
the nodes.

This paper makes the following contributions:

e We introduce mmTag, ammWave backscatter network which
enables high data-rate wireless links while consuming ultra-
low power.
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Figure 1: mmWave devices need to focus their energy into
beams, and align them to establish a communication link.

Node A

e We design a novel backscatter node which modulates, changes
polarization and reflects the received signal back in the direc-
tion of arrival, regardless of the incidence angle and without
using any costly or power-hungry components.

e We built a prototype of mmTag and evaluated its perfor-
mance empirically. Our results show that mmTag can achieve
robust communication links with data-rates of 1 Gbps, 100
Mbps and 15 Mbps at a range of 4.6 m, 8 m, and 14 m, respec-
tively .

2 BACKGROUND AND RELATED WORK

2.1 mmWave Communication

mmWave refers to high frequency RF signals in the range of 24
GHz to 100 GHz. At this frequency range, there is multi-GHz of
unlicensed bandwidth available, 200x more than the bandwidth allo-
cated to traditional wireless networks. The availability of this large
bandwidth promises to enable wireless networks with orders of
magnitude higher throughput than today’s wireless networks [27].
Past work on mmWave communication mostly focuses on applica-
tions that require very high data-rate links, while using substantial
energy and computing power. For example, [8] presented a sys-
tem that enables high throughput links between server racks by
using mmWave technology in data centers. There is also a signif-
icant amount of work on 5G networks which relies on mmWave
technology [11, 32, 34]. mmWave technology has also been used
for Virtual Reality to stream high data-rate video from PC to the
VR headset [3, 9]. In contrast, this paper focuses on designing a
mmWave backscatter network which enables low-power mmWave
communication.

A major challenge in designing a mmWave network is that
mmWave signals decay very quickly with distance, requiring mm-
Wave radios to focus their power into very narrow beams in order
to compensate for propagation losses [31]. These beams are typ-
ically created by using an array of antennas [24]. Luckily, since
the antenna size is proportional to the wavelength, one can pack
many mmWave antennas into a small area, creating a narrow beam.
Although mmWave radios can compensate for the propagation loss
using directional beams, a new challenge arises since communica-
tion is only possible when the transmitter’s and receiver’s beams
are aligned [16]. Hence, mmWave devices need to continuously
search the space for the best beam direction before establishing a
communication link.

There is a vast literature on the area of mmwave beam align-
ment [3, 12, 16, 22, 35, 42, 46]. Most propose different techniques
to speed up the beam searching process, enabling mmWave link
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for mobile applications. However, these techniques require phased
arrays to steer the beam electronically and search for the best beam
alignment. Unfortunately, phased arrays are expensive to build and
have high power consumption [4, 25, 26, 47]. Recent work has pro-
posed a beam searching process without the use of phased array by
exploiting channel blockage [26]. However, previous works require
the node to have an active radio to transmit a signal or measure the
received signal. Unfortunately, active radios significantly increase
the power consumption of a wireless node, and are therefore not
suitable for a backscatter design. In contrast, mmTag performs beam
alignment using only passive components (i.e. without requiring
any phased array, transmitter or receiver).

Finally, there is some preliminary work on designing a backscat-
ter mmWave tag [17, 21]. However, this work focuses on sensing
environment (such as humidity) rather than enabling high-data-
rate, low-power communication links. Moreover, it does not support
mobility truly since it does not work for all orientations of a tag.
Concurrently to our work, the authors of [23, 41] proposed using
mmWave backscatter for localization and intelligent transporta-
tion systems. However, their designs do not address modulation
and self-interference problem, and hence can not be used for com-
munication purposes. In contrast, mmTag focuses on designing a
mmWave backscatter network which supports mobility and enables
a low-power, high-data-rate communication link regardless of the
location, angle and orientation of the node.

2.2 Backscatter Communication

Backscatter technology is the most energy-efficient wireless com-
munication link [6, 18, 48, 50, 51]. A typical backscatter system
consists of two parts: an AP and one or multiple backscatter nodes.
The node communicates to the AP by backscattering instead of
generating and transmitting its own signal. In particular, the AP
transmits an RF signal to the node. The node replies to the AP by
reflecting the signal using a simple modulation scheme. For exam-
ple, in RFID the tag uses On-Off Keying (OOK) modulation where
reflecting the reader’s signal represents a ‘1’ bit, and absorbing the
signal represents a ‘0’ bit. Due to its low-power consumption, this
communication technology is well-suited for applications where
battery replacement is challenging, or the battery life is expected
to be long.

In recent years, RFID sensing systems have been designed in
the research community to target a variety of applications ranging
from food monitoring and smart homes to touch sensing and local-
ization [14, 28, 29, 44]. There is also a significant amount of work fo-
cused on designing wireless networks for RFID tags [43]. However,
existing RFID tags enable throughput of less than a Mbps. Recent
work has proposed designing WiFi-based backscatter tags [5, 19, 51].
Their goal is to design backscatter nodes which communicate with
WiFi devices to enable much higher throughput than traditional
RFID tags, however their throughput is still very limited. For ex-
ample, HichHike can only support 0.3 Mbps in the best case [48].
BackFi tries to solve the throughput problem of WiFi backscatter
systems by using customized full-duplex radios. However, it can
only support up to 5 Mbps at a short range of less than 1 meter

(m) [5].
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Figure 2: mmTag AP scans the space by steering its beam.
When the AP’s beam is toward a node, the node modulates
and reflects the AP’s signal back in the direction of arrival.

3 mmTAG OVERVIEW

mmTag is a low-power high-data-rate wireless network, achieved
by operating at a mmWave frequency band while benefiting from
the low-power nature of backscatter technology. As shown in Fig-
ure 2, mmTag is a system consists of one or more nodes which en-
able high-data-rate, low-power communication links to a mmWave
AP. The AP uses directional antennas to create transmitting and
receiving beams with orthogonal polarization. Then, it steers these
beams together while transmitting a query signal. When the beams
are facing toward a node, the node modulates, changes polarization
and reflects the signal back to the direction of arrival (i.e. direction
of the AP). The AP receives the backscattered signal, separates
it from its own transmitted query signal, and decodes the node’s
message. Note, if the line-of-sight (LOS) path between the node and
the AP is blocked, the AP chooses a non-line-of-sight (NLOS) path
to communicate. The design of mmTag ’s node does not require
expensive or power hungry components such as phase array, DAC,
mixer or baseband hardware. Moreover, it can be directly connected
to a (GPIO) port of a microcontroller or an FPGA which is already
available in user devices such as cameras, augmented reality (AR)
headsets, or IoT devices providing high-data-rate connectivity.

Over the next few sections, we will first discuss how a mmTag
node creates and steers a beam toward the AP without using active
mmWave components and phased arrays. In particular, we explain
how we can build a node which reflects the signal to the direction
of arrival, regardless of the angle of incidence. Then, we explain
how mmTag solves the interference problem and enables the AP
to separate the backscattered signal from the query signal without
using full-duplex hardware. Finally, we show how mmTag’s nodes
perform data modulation and communicate to AP for any angle
and orientation.

4 BEAM ALIGNMENT CHALLENGE

As mentioned earlier, nmWave signals decay quickly as distance
increases. Therefore, to achieve a reasonable communication range
in a mmWave network, mmWave radios need to use directional
antennas to focus their energy into a very narrow beam, compen-
sating for the signal loss. Moreover, mmWave radios must be able to
steer their beams to enable communication between mobile nodes,
as shown in Figure 1. A steerable directional antenna is typically
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implemented using a phased array. A phased array is an array of
antennas, where each antenna is connected to a phase shifter. The
phase shifter controls the phase of the signal on each antenna,
which enables creating and steering a beam electronically. Finally,
in order to find the correct direction for beam alignment, recent
work has proposed different search techniques [10, 16, 22, 42, 46].

Similar to traditional mmWave networks, mmTag requires both
the AP and nodes to use steerable directional beams and search for
their correct direction. However, existing beam alignment schemes
are not suitable for mmTag’s nodes due to two reasons. First, all
of these schemes require nodes to transmit and/or measure the
received signals. However, a backscatter node does not have any
transmitter or receiver radio; it can only reflect signals. Second,
existing schemes require phased arrays which have high power
consumption (a few watts) and are costly [4, 26]. In the following
subsections, we explain how we build on the Van Atta technique
to solve the beam alignment problem of backscatter nodes with-
out using any active block (such as phased arrays, transmitter or
receiver) in mmTag’s design.

4.1 Principles of Antenna Array

Before explaining the solution, we first provide some principles
about antenna arrays. An antenna array is an array of N antennas,
spatially separated by distance d. In an antenna array, the signal
antenna element can be written as:

—jKo-n-d-sin(0) n

received by the n'”
e[0:N-1], (1)

where Kj is the free space wave number and 0 is the angle of signal

Xnp=X0-€

arrival. In a typical antenna array, d = § 4 and Ky = &, where 1 is

the wavelength of the signal. We can simplify Eq. (1) to:

—jmensin(0). e [0: N - 1] (2)

This equation shows that if we want to receive a signal from a
specific direction (), we can multiply the received signal at each

Xn =X0-€

antenna with e/751(9) and then sum them. Similarly, this equa-
tion implies that if we want to use an antenna array to transmit
a signal to a specific direction (), we need to feed the following
signal to each antenna:

+j7z,n,sin(9); nel0:N-1] ®)

where n is the antenna number, and yy is the signal fed to the
first antenna. Note that the only difference between Eq. (2) (i.e.
equation for receiving from direction ) and Eq. (3) (i.e. equation
for transmitting to direction 0) is the inverted signal phases.

Yn="Yo €

4.2 Passive Beam Searching

Now, we explain how we solve the beam alignment problem in
mmTag’s nodes. The backscatter nodes require having two beams,
one for receiving the signal from the AP and one for reflecting the
signal back to the AP. Due to the symmetry of forward and back-
ward channels in backscatter communication, the correct direction
for these two beams are the same. Said differently, the nodes need
to reflect the signal back towards the direction of arrival. Now, the
question here is how can we build a passive reflector which reflects
the received signal back in the direction of arrival, regardless of
the arrival (incidence) angle. Note, this is different from a typical
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Figure 3: Directional reflectors using two different ap-
proaches. The solid arrows show the received signal and the
dashed arrows show the reflected signal of each antenna el-
ement. In (a) each antenna reflects its own received signal,
while in (b) each antenna reflects the signal received by its
mirrored antenna.

reflector (such as mirror) which does this only when the angle of
incidence is 0 degree.

Using principles of an antenna array described in Section 4.1,
we can show that one approach to build such a node is to design
an antenna array where each antenna element reverses the phase
of the received signal, reflecting it back from where it came. This
would give us a backscatter node which reflects the signal back to
the same direction as the incidence angle for any incidence angle.
Now, the next question deals with how we can reverse a phase of
the signal.

A common way to reverse the phase of a signal is to use the
phase reversal circuits, as shown in Figure 3(a). However, these
circuits are complex and power hungry, hence are not suitable
for a passive backscatter node. To solve this problem and build a
mmWave backscatter node which reflects to the same direction
as arrival direction, we design a device using Van Atta which is a
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technique for building reflector array [39]. As shown in Figure 3
(b), we use an array of antennas where each antenna is connected
to its mirrored antenna using a transmission line.! Therefore, each
antenna receives a signal and passes it to its mirrored antenna to
reflect it. Now, if we carefully design the transmission lines to have
the same phase shifts between antenna pairs, the reflected signal
from n,j antenna element will be:

y,=e/? xn_p1;ne0:N—1] (4)

where xnN_p—1 is the signal received by the (N —n — l)th antenna
element, and ¢ is the phase shift caused by the transmission lines.
Then using Eq.1, we can write:

y, =el? . xy- e~ Jm(N-n=1)-sin(8)

— ejgﬁ . e—j~n’~(N—1)-sin(0) - Xp - e+j»7r»n~sin(0)

(5)
- y(/) . e+j~1r~n-sin(9); ne [0 N = 1]

By comparing Eq.5 with Eq.3, we can see that mmTag’s node
creates a directional reflector which reflects the signal back to the
direction of arrival regardless of incidence angle. Therefore, this
design enables the node to reflect the signal back to the same path
through which the signal has arrived from the AP. Note, the path
between the node and the AP can be either LOS or NLOS. mmTag
uses this design to solve the beam alignment problem of backscatter
nodes without using any active components.

4.3 Data Modulation

So far we have explained how mmTag solves the beam alignment
problem. However, to enable the node to send data to the AP, it
must first modulate the signal before reflecting it back to the AP.
Note, the backscatter node needs to do this using a simple and low-
power approach. One naive solution is to use a similar technique
as traditional backscatter systems such as RFID. In these systems,
an RF switch is used to connect the antenna to the ground plane.
When the switch is on, the antenna is connected to the ground
and does not reflect the query signal, and when the switch is off,
the antenna reflects the query signal. Unfortunately, this simple
approach does not work for mmWave backscatter nodes because
RF switches have high leakage at mmWave frequencies when the
switch is off, and hence the the signal reflection does not change
much by turning the switch on or off.

To solve this problem, we use Single Pole Double Throw (SPDT)
switches, where the input port of each SPDT is connected to an
antenna, and the two output ports of SPDTs are connected to two
transmission lines with different length, as shown in Figure 4. The
length of these lines are carefully chosen such that when the an-
tenna is connected to line L1, the antenna is tuned, and hence it
resonates and reflects the signal back. On the other hand, when the
the antenna is connected to the line L2, the antenna is not tuned
and therefore does not reflect the signal back. Therefore, by turning
the switches on or off, the node can change the amplitude of the re-
flected signal. Note, this technique does not impact on the phase of
the signal and hence the reflected signal still goes back to the arrival
direction. Finally, by connecting the data stream to the control line
of switches, a mmTag’s node can modulate the reflected signal and

ITransmission lines can be simply implemented by copper strips on a PCB board.
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Figure 4: Data Modulation. mmTag’s node uses a SPDT to
switch between two transmission lines with different length.
This allows the node to modulate the signal.

embed its data. For example, when the data bit is ’1’, the switches
are in 1 positions and the amplitude of the reflected power is high
at the AP. When the data bit is ’0’, the switches are in 0 position and
the AP receives no reflected signal from the backscatter node. As a
result, the AP can simply decode the node’s data using Amplitude
Shift Keying (ASK) demodulation. Although ASK is not as spectral
efficient as complex modulations such as QAM, it is very attractive
for backscatter devices since it does not require complex hardware
with high power consumption. Furthermore, in Section 7 we will
discuss how mmTag exploits the directional property of mmWave
communication to enable the spacial frequency reuse and improve
the spectrum usage.

5 SELF INTERFERENCE CHALLENGE

So far, we have explained how we build a backscatter node which
modulates and reflects the query signal back to the AP without
using active and power hungry components. Now, the question
is how the AP can separate the node’s signal from its own signal.
Note, this is very challenging since the the reflected signal is much
weaker than the query signal. In particular, when the node is far
from the AP, the reflected signal is orders of magnitude smaller than
the AP’s query signal. Unfortunately, the AP can not amplify the
reflected signal since the self-interference signal also gets amplified,
results in the saturation of AP’s receiver.

One might imagine that since mmWave radios use directional
antennas, the leakage between the transmitter and receiver beam
should be negligible. However, past work shows that there still ex-
ists a significant amount of leakage between their transmitter and
receiver beams [3]. This leakage is problematic since it limits the
amplification gain of the AP’s receiver, and hence it significantly
limits the operating range of our system. One possible approach
to solve this problem is to use a full-duplex radio in the AP side
to enable the AP to cancel the strong interference coming from its
own transmission to the receiver. In fact, past backscatter systems
(such as RFID) which operate at lower RF bands use these technique
to reduce the self-interfering problem. However, full-duplex radios
operating at mmWave frequencies are not commercially available.
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Figure 5: mmTag’s node design. (a) our single element patch antenna with two port which enables operating in two different
polarization. (b) our feed network design which enables the node to change the polarization of the received signal and then
reflect it. (c) final design of mmTag where each antenna is connected to a switch to modulate the reflected signal.

Furthermore, the mmWave full-duplex radios proposed in the liter-
ature require complex and expensive hardware and do not perform
beam searching which is essential for mobile applications [40].

5.1 Polarization Conversion

To solve the self-interference problem, we use the polarization prop-
erty of antennas. In general, antennas have different polarization.
In order for two antennas to hear each other, their polarization
must be aligned. Said differently, if two antennas use orthogonal
polarization, they will not hear each other’s signal. Hence, mm-
Tag’s AP solves the interference problem by using antennas with
orthogonal polarization for its transmitter and receiver. Although
this solves the self-interference problem, it causes a new problem;
the AP does not hear the the node’s signal either. Therefore, for this
idea to work, the node must change the polarization of the signal
before reflecting it back. In other words, if the AP transmits the
signal in polarization A, the node should receive this signal, and
reflect it back in polarization B, which is orthogonal to polarization
A. Note, since the other reflectors in the environment do not change
the signal polarization, and only the signal reflected by the node
has experienced polarization change, the AP can easily separate the
node’s backscattered signal from other signals including its own
transmitted query signal.

In order to change the polarization of the backscatter signal, we
design a patch antenna which has two ports as shown in Figure 5(a).
Each port corresponds to one polarization. In particular, if we feed
a signal into port X, the polarization of the radiated wave would
be in X direction and if we feed the signal into the other port (port
Y), the polarization would be in Y direction. This design enables us
to have an antenna which can operate in two different orthogonal
polarization depending on which port is used. Next, we use multiple
versions of these patch antennas and build a reflector array as
explained in Section 4. However, since each antenna has two ports,
we connect port X of each antenna to port Y of its mirrored antenna
as shown in Figure 5(b). This design enables the node to change the
polarization of the received signal from X direction to Y direction
and vice versa, as shown in Figure 6(a).

So far, we have explained how the node can change the signal
polarization from X direction to Y direction and vice versa. How-
ever, depending on the orientation of the node, the arrival signal
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Figure 6: Polarization Conversion. (a) if the polarization of
the received signal is in X direction, mmTag’s node change
it to Y direction and reflect it. (b) if the polarization of the
received signal has an arbitrary direction, mmTag’s node
change it to the orthogonal direction by exchanging the sig-
nal of X and Y port and performing a 180 degree phase shift
on X.

might be aligned to neither X nor Y direction as shown in Fig-
ure 6(a). Therefore, we need to have a design which converts any
incoming polarization to its orthogonal. To solve this problem, we
found that if we design the transmission lines to have 180° phase
difference, the node converts any incoming polarization to its or-
thogonal. To consider why this works, consider an example shown
in Figure 6(b). In this example, if we exchange the value of X and Y
and rotate X by 180°, the reflected signal will be orthogonal to the
received signal. Therefore, our design enables the node to change
the signal polarization to its orthogonal one and reflect it back
regardless of the angle or orientation of the node respect to the
AP. It is worth mentioning that in most backscatter systems, nodes
have linear polarization and therefore their readers have to use
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circularly polarized antennas to enable robustness to orientation
changes. However, mmTag’s nodes do not use linear polarization
and work with any orientaiton. Therefore, this enables us to use
linear polarization at the reader side and still provide robustness to
orientation changes. Finally, to provide higher radiation gain and
improve the communication range, instead of using a single patch
antenna for each element, we use two cascaded patch antennas as
shown in Figure 5(c). The cascaded patch antennas have around 60
degree beamwidth, and hence there is no need for beam alignment
in the elevation plane.

In summary, mmTag’s node uses a passive beam alignment tech-
nique to hear a query signal from the AP. It then modulates the
signal, changes its polarization, and reflects it back toward the di-
rection of the This enables a mmTag node to communicate with
the AP without requiring complex and power hungry hardware
such as full-duplex radios at the AP and phased arrays at the node.

6 LINK BUDGET ANALYSIS

In previous sections, we have described different parts of our design.
Here, we perform a link budget analysis for mmTag. For our analy-
sis, we make the following assumptions. AP transmission power is
12 dBm which is in accordance with the FCC rules [1]. The receiver
antenna has 20 dBi gain. The Low Noise Amplifier (LNA) at the
receiver side provides 20 dB gain. We also consider 4 dB loss for
cables and connections. Finally, each cascaded patch antenna on
the mmTag’s node provides 8 dBi gain and it has around 1.5 dB loss
due to the transmission lines used for the beamforming.

Considering these parameters, we calculate the power of node’s
signal at the AP side for different distances between the AP and
the node. Figure 7 shows the result of this analysis for different
size of the node’s array. The figure shows that as the number of
antenna elements increases, mmTag can support longer ranges and
higher datarates. Therefore, depending on the range, data-rate and
size constraints of an application, one can design a mmTag’s node
with different number of antenna elements. When the node has 6
elements (where each element is two cascaded patch), the node’s
signal power is -70 dbm and -82 dBm at 5 m and 10 m, respectively.
Note, considering ASK modulation and BER of 1073, these signal
powers are high enough to support 1.5 Gbps and 96 Mbps at 5 m
and 10 m, respectively.

7 SUPPORTING MULTIPLE NODES

So far, we explained how a single mmTag node communicates to an
AP. In this section, we explain how mmTag enables multiple nodes
to communicate to an AP. mmTag uses a combination of spacial-
division and time-division multiplexing to enable communication
to multiple nodes. In the following section, we discuss them in more
details.

a) Spatial Division Multiplexing (SDM) In this technique, the
AP creates a narrow beam and scans the environment while trans-
mitting a query signal. During this time, each node sends a pre-
defined packet which is used by the AP to identify and find the
direction of each node. Once the AP finds the direction of all nodes,
it establishes communication links to them by focusing its beam
toward them in a round-robin manner. This approach enables the
AP to support all nodes. However, it worth mentioning that if an
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Figure 7: Link Budget Analysis

application requires supporting multiple nodes concurrently, one
can simply use MIMO beamforming architecture at the mmTag AP
which enables creating multiple independent beams, each directed
toward a different node.

b) Time Division Multiplexing (SDM) In scenarios where a
large number of nodes are connected to a single AP, there is a
chance that two or more nodes are located in the same direction
respect to the AP. Therefore, their reflected signals collide and
the AP can not decode them. To avoid this, mmTag employs Time
Division Multiplexing. In this scheme, the AP assigns a time slot to
each node to send its data while the other nodes stay silent. The
AP and nodes can use low-power, low-data-rate radios, such as
Bluetooth, to exchange their control information.

8 IMPLEMENTATION

In this section, we describe the implementation of mmTag’s node
and the mmWave AP’s setup.

We design mmTag using ANSYS HFSS software. The node is
then fabricated on PCB using standard Rogers 4835 material with
0.18 mm thickness, as shown in Figure 8. The node is integrated with
ADRF5020 SPDT switches that have very low power consumption.
This is the only mmWave IC used in our node, making the design
simple and low-cost. Our design is tuned to cover the whole 24 GHz
mmWave ISM band with 250 MHz bandwidth. However, the same
method and design approach can be used to design a mmTag’s node
operating at higher frequencies (such as 60 GHz) where 2 GHz of
bandwidth is available. As long as the ratio of bandwidth to center
frequency (fractional bandwidth) is less than 10%, the proposed
beam alignment technique works. The size of mmTag’s node is
6 X5 cm, including 6 antenna elements (where each is two cascaded
path). The node creates a directional beam with 12 degree beam
width. Note, our design can be easily tuned to higher frequency
bands (such as 60 GHz) which results in even smaller antennas.?
For the mmWave AP, we use a signal generator and a spectrum

2The higher the frequency, the shorter the wavelength, and therefore the smaller the
antennas.
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Figure 8: Our mmTag’s node fabricated on PCB. The dimen-
sion of the node is only 6 x 5 cm? (i.e. smaller than a credit
card).
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Figure 9: S11 coefficient of a node’s antenna element for both
states of the switch. In one state, antenna has low S11 at
the carrier frequency of 24 Ghz and hence it receives and re-
flects. In the other state, the antenna’s S11 is high and hence
it does not receive nor reflect.

analyzer, and connect them to directional antennas to transmit
and receive 24 GHz signals. The AP’s average transmission power
(including the transmitter antenna’s gain) is 12 dBm. Note, the peak
transmission power can be higher if the AP performs duty cycling.
We use an LNA with 25 dB gain for the AP’s receiver.

9 EVALUATION

We evaluated the performance of mmTag in different locations,
angles, and orientations. We ran experiments in an indoor environ-
ment where shelves and tables were present around the measure-
ment area.

9.1 Microbenchmarks

Switched Antenna Performance We first evaluate our node’s
ability in modulating and reflecting a signal. As described in Sec-
tion 4.3, we use low power SPDT switches to switch the node
between two modes: reflective and non-reflective. Figure 9 shows
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ZA

AP

Figure 10: Evaluation Scenarios. We empirically evaluated
mmTag for different ranges, orientations and angles of the
node respect to the AP.

the result of our evaluation. The figure shows the S11 of a single
element of the node when its switch is in state 0 and state 1. When
the switch is state 1, S11 is less than -15 dB at the carrier frequency.
This implies that antenna is tuned. Therefore, in this mode, the
antenna works properly and the node receives the mmWave signal
from the AP and reflects it back in the same direction. On the other
hand, when the switch turns to state 0, the figure shows the S11 is
as high as -5 dB at the carrier frequency. Such a high S11 means
that the antenna is not tuned. Therefore, the antenna does not work
in this mode and it does not receive nor reflect the AP’s signal. This
evaluation confirms that our node is able to modulate and reflect
the mmWave signal.

Passive Beamforming: As mentioned in Section 4, mmTag’s
node reflects back the signal toward the AP, regardless of the in-
cidence angle. Here, we empirically evaluate the nodes ability in
performing this. To do so, we run an experiment where we place
the node at 1 m from the AP and rotate the node in the azimuth
direction as shown in Figure 10 while measuring the power of the
reflected signal. Figure 11 shows the normalized received power
from the node versus rotation angles. For comparison, we also show
the received power if we were using a wide-beam single antenna
(yellow plot) or a fixed-beam antenna array (red plot) instead of
our design. The figure shows that our design experiences much
lower power loss in the reflected signal. This implies that the node
can perform passive beam forming toward the AP, regardless of its
angle with respect to the AP.

Polarization Conversion: Here, we evaluate if using orthogo-
nal polarization helps mmTag to solve the self-interference problem
of the AP. We ran an experiment where the AP is continuously
transmitting a query signal while also measuring the power of
the received signal (i.e. self-interference) at the receiver antenna.
We performed this experiment for two scenarios: (a) the AP used
antennas with orthogonal polarization for transmitting and receiv-
ing, and (b) the AP used antennas with the same polarization for
transmitting and receiving. Our results shows that the power of
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Figure 11: mmTag’s Passive beamforming performance.
mmTag’s node reflects the signal back to the direction of the
AP while experiencing minor loss across different angles re-
spect to the AP. The figure also shows that the loss would be
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Figure 12: mmTag’s polarization conversion performance.
mmTag’s node converts the polarization of a signal to its or-
thogonal polarization with minor loss for any orientation
of the node. The figure also shows that the loss would be
much higher if a typical patch antenna was used instead of
mmTag’s design

self-interference signal in the first scenario is 31 dB lower than in
the second scenario. This result implies that mmTag can signifi-
cantly reduce the impact of the self-interference problem, resulting
in a significant improvement in the operating range.

However, for this approach to work, the node must always be
able to change the polarization of the signal. Next, we evaluate the
performance of the mmTag node in changing the signal polarization
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for different orientation angles. As discussed in Section 5, mmTag
uses a novel antenna and feed network design which converts any
incoming signal polarization to its orthogonal, and hence, it can
communicate to the AP regardless of orientation of the node. To
evaluate this capability, we run an experiment where we place
the node at 1 m from the AP. We then measure the power of the
reflected signal from the node at the AP, while we rotate the node
around its x-axis as shown in Figure 10. The normalized received
power is shown in Figure 12. For comparison, we also plot the
received power if we were using a typical patch antenna instead
of our design. This result shows that mmTag’s node experiences
less than 3 dB loss across all different rotation angles. On the other
hand, if we were just using a typical patch antenna which does not
change the polarization, we would experience much higher loss.
This result implies that the node can reflect the signal and enable
robust communication to the AP, regardless of its orientation.

9.2 mmTag’s Range Performance

Next, we evaluate the performance of mmTag as a communication
link for different distances of a node from the AP. In this experi-
ment, the AP transmits a query signal to the node and measures
the power of the signal reflected back from the node. Figure 13
shows the result of this experiment for different distances between
the node and AP. The figure also shows the noise floor of the AP
for different bandwidths as well as the node’s maximum data-rate
for some ranges.? Note, there is currently 250 MHz of ISM band
available at 24 GHz which can support up to 125 Mbps. Therefore,
in order to evaluate our system for higher data-rates, the received
powers are measured empirically and the corresponding data-rates
are computed by substituting the power measurements and the
noise floor into standard data-rate tables based on the ASK modu-
lation and BER of 1073, which is a typical BER for most backscatter
systems. * Note, mmTag’s BER can be improved by increasing the
number of antenna elements on the node, or operating at lower
datarate or shorter range. Our results show that mmTag provides
more than 1 Gbps data rate when the node is less than 4.65 m from
the AP. The figure also shows that increasing the distance reduces
the node’s signal power. However, mmTag can still provide 100
Mbps and 10 Mbps at even 8 m and 14 m, respectively. Note, our
empirical results are based on transmit power of 12 dbm, includ-
ing the antenna gain. In order to achieve longer range or higher
data-rate, one can duty cycle the transmission of the query signal
while keeping the average transmission power at 12 dbm which
complies with FCC regulation [1]. Figure 13 shows the results when
the query signal is 10% duty cycled. In this case, mmTag achieves
the maximum data rate of 1 Gbps even at 8 m distance. Finally, it
is worth mentioning that our current node design has 6 antenna
elements. The range and and data-rate can be increased further by
designing a node with more elements.

3mmTag’s AP uses CMD298C4 LNA which has Noise Figure (NF) of 1.4 dB. The
AP’s noise floor is computed based this Noise Figure and thermal noise at the room
temperature (i.e.300 K).

4 ASK modulation requires SNR of 7 dB to achieve BER of 1073 [13].
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Figure 13: mmTag range performance. The figure shows the power of tag’s signal measured at the AP versus distance between
the node and the AP for (a) AP is continuously transmitting the query signal and (b) AP is performing 10% duty cycling. The
figure also shows the noise floor for different AP bandwidth as well as corresponding data rates for some signal powers.

’ Systems ‘ Maximum Range Data-rate Energy efficiency (nJ/bit) ‘
mmTag 14 m 100 Mbps (at 8 m) 2.4
mmX [26] 18 m 100 Mbps 11
Mira [4] 100 m 1 Gbps (at 18 m) 11.6
WiFi (802.11n) [7, 15] 50 m 120 Mbps (at 18m) 17.5
Bluetooth 10 m 1 Mbps 29
W Fi backscatter [49] 6 m (to TX) 300 Kbps 0.11 (simulation)

Table 1: Comparison of mmTag with other wireless systems

9.3 mmTag’s System Performance

So far, we have evaluated the performance of mmTag for different
distances while it has been facing the AP. Next, we evaluate mm-
Tag’s performance for different distances and orientations together.
Figure 14 shows the received power from the node for different
distances and angles. The figure shows that mmTag can achieve
SNRs higher than 7 dB for all scenarios. The figure also shows the
corresponding bit error rate (BER) for each SNR. This result implies
nodes can communicate to the AP successfully, regardless of their
location, angle or orientation with respect to the AP. Therefore, we
conclude that mmTag supports mobile applications.

9.4 mmTag’s Power Consumption

A key promise of mmTag is that it enables low-power mmWave
communication for devices with limited energy resources. Here,
we evaluate the power consumption of mmTag’s node. The design
of mmTag’s node is mostly using passive traces and transmission
lines, namely the only components used in the design are six SPDT
switches. Our measurement shows that the mmTag’s node con-
sumes 2.4n]J/bit. It is worth mentioning that mmTag’s node design
does not need a DAC, mixer or baseband hardware, and it receives
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Figure 14: mmTag System Performance. mmTag enables
high-SNR communication link between the AP and nodes
for different scenarios (i.e. different range, orientation and
angle of the node respect to the AP.)

a bit stream by directly connecting it to a (GPIO) port of a micro-
controller or an FPGA which is already available in the user device
such as a camera, an Augmented Reality (AR) headset, or an IoT
device.
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10 DISCUSSION

In this section, we compare mmTag with existing wireless systems
such as WiFi, Bluetooth, WiFi backscatter and other mmWave plat-
forms. Specifically, we compare these systems in terms of power
consumption, throughput, and range. Table 1 shows the results of
this comparison.

Past mmWave platforms such as MiRa cost a few thousand dol-
lars and consume more than 10nJ/bit. On the other hand, mmTag
is low cost and consumes only 2.4n]J/bit. It is worth mentioning
that past mmWave platforms provide multi-Gbps throughput and
long range communication links which make them suitable for ap-
plications with substantial energy resources available. In contrast,
mmTag targets applications with limited energy sources.

In comparison to WiFi, the main advantage of mmTag is that it
consumes orders of magnitude lower power. Furthermore, mmTag
utilizes mmWave spectrum (24 GHz) and hence it will remove
a huge strain from today’s WiFi spectrum. Finally, note that the
reported WiFi bit-rate performance is for an ideal scenario. In fact,
most of today’s WiFi networks have much lower performance since
their spectrum is overloaded.

In comparison with Bluetooth and WiFi backscatter, mmTag
provides a much higher data-rate while having similar power con-
sumption. Specifically, Bluetooth and WiFi backscatter provide only
1 Mbps and 300 Kbps, respectively, which are not sufficient for many
applications. On the other hand, mmTag provides 1 Gbps and 100
Mbps at 4.6m and 8m respectively, making it suitable for many
low-power applications which require high-data-rate links.

11 CONCLUSION

In this paper, we present mmTag, a mmWave backscatter communi-
cation system which enables a data-rate similar to other mmWave
networks with power consumption similar to backscatter networks.
Today’s backscatter networks (such as RFID and WiFi baskscatter)
enable low-power wireless communication which is very attractive
for devices with limited energy resources. However, backscatter
networks provide very limited data-rates which are not suitable for
many emerging applications. On the other hand, existing mmWave
network enable very high-data-rate links but have high power con-
sumption. In this paper, we developed and evaluated a backscatter
network which operates in the mmWave spectrum. Hence, it ben-
efits from both low power consumption of backscatter networks
and large bandwidth available at mmWave frequencies. Our results
show that mmTag provides Gbps communication links with nodes
that consume only 2.4nJ/bit. We believe mmTag enables wireless
links for many emerging applications which deliver content in
real-time while having limited energy resources available.
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