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Abstract

Millimeter-wave (mmWave) backscatter has emerged as a com-
pelling low-power communication paradigm for high-bandwidth
IoT applications. However, existing systems rely on specialized
readers, such as FMCW radars, which limits their scalability and
practical deployment. On the other hand, commodity mmWave
backscatter integrates the tags directly into the mmWave networks
with devices like APs and clients, and the protocol frames are retro-
fitted to enable seamless communication with the tags. Despite its
potential, such bistatic backscatter communication suffers from
low SNR and short communication range. In this work, we present
B3, a bistatic backscatter beamforming framework that operates
entirely on commodity mmWave infrastructure such as 802.11ad/ay.
B? introduces a lightweight multibeam backscatter technique that
enables tags to embed both ID and channel information directly
into standard beamforming frames via pulse position and on-off
keying modulations. The design yields high-gain beams towards
the tag in bistatic settings and supports concurrent multi-tag beam-
forming within a single training round. We prototype a multibeam
60 GHz backscatter tag and achieve a 13 dB SNR improvement
compared to codebook-based beamforming, supporting backscatter
communication at distances of up to 11 m with BER < 1073. Our
evaluation shows that B> enables high-SNR backscatter even with
blockages and NLoS conditions. Our tag prototype consumes only
2.5 mW of power, making it a practical and scalable solution.
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Figure 1: (a) mmWave backscatter using radar or full-
duplex transceiver as dedicated readers; (b) bistatic mmWave
backscatter where the tags are integrated in existing
mmWave networks.
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1 Introduction

mmWave backscatter [8, 51] has emerged as a novel, promising
paradigm that leverages the large bandwidths available at mmWave
bands for improved sensing and high-speed communication, while
ensuring low-power operation through backscattering. Recent re-
search has explored mmWave backscatter across a range of appli-
cations. Millimetro [47], SuperSight [4], Hawkeye [5], and many
others [10, 17, 26, 30, 46, 63], leverage mmWave’s short wavelength
and directionality to achieve fine-grained sensing and localiza-
tion using mmWave FMCW radars. Systems such as BiScatter [39]
Omniscatter [3], MilBack [32], and others [22, 34, 40] exploit the
large mmWave bandwidth to support high-throughput and massive-
scale concurrent communication, capabilities that are often beyond
legacy IoT systems. These systems typically rely on mmWave radars
as backscatter readers and use retro-reflective antennas on the
backscatter tags, as shown in Fig. 1(a).

Different from these radar-based mmWave backscatter solutions,
recent works [6, 7, 22, 27, 60] have integrated mmWave backscatter
tags directly into mmWave wireless networks (e.g., 802.11ad/ay
WiFi and 5G NR). As shown in Fig. 1(b), such commodity mmWave
backscatter systems leverage a bistatic setup where WiFi access
points (APs) or cellular base stations (BSs) collaborate with client
devices (STAs/UEs) to communicate with backscatter tags. Here,
the APs/BSs typically act as the transmitters (Tx) of the query sig-
nal, which are essentially protocol frames that are received by the
STAs/UEs (Rx) after being backscattered from the tag, which also
embeds its data during backscattering. These commodity mmWave
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backscatter have been shown to achieve high-speed, low-power
communication (for example, 55 Mbps at 87 microwatts as in [7]).
Commodity mmWave backscatter systems eliminate the need to de-
ploy dedicated radars or transceivers with full-duplex functionality,
which is not commonly available in today’s off-the-shelf devices.
With direct integration of backscatter tags into mmWave networks,
arange of new applications can be enabled. For example, a client de-
vice can retrieve video frames or a high-speed sensor stream from a
low-power, camera/sensor-equipped tag using a nearby AP’s query
signal. These systems create a new era of IoTs that are also low-cost,
as they reuse existing network infrastructure without the need for
specialized hardware (such as mmWave radars) deployment.

Despite its potential, commodity mmWave backscatter suffers
from short range and low SNR due to high attenuation at mmWave
frequencies and losses incurred by backscatter hardware (e.g.,
switch insertion loss). For example, prior works [6, 7, 35] demon-
strate reliable communication only within a range of 8 meters at
24 GHz (5 meters at 60 GHz). Beamforming is a natural solution
to the problem; however, beamforming in a bistatic setup (AP to
tag to STA, as shown in Fig. 1(b)) necessitates separate beam align-
ments for both the AP and STA towards the tag, which not only
complicates the beamforming process but also doubles its overhead.
More importantly, the backscatter tags are designed for low-power
operations and cannot directly demodulate the protocol frames or
measure the channel to provide feedback, as typically done in beam-
forming protocols. Additionally, commodity mmWave devices often
rely on wider codebook-based beams designed for better coverage,
rather than narrow, high-gain beams necessary to support low-
power tags. Such wider beams also increase multipath interference,
which can be detrimental to mmWave backscatter communication.
As the number of backscatter tags increases, the complexity and
overhead of beamforming can become a key limiting factor in the
future adaptation of mmWave backscattering. Existing solutions,
such as [7], are limited to beamforming on one endpoint and do
not scale well with the increasing number of tags.

To address these challenges, we introduce B in this paper. B? is a
novel bistatic beamforming framework that enables robust and scal-
able mmWave backscatter communication using existing mmWave
infrastructure. Our key design objective in B? is to move the bur-
den of the beamforming process from the low-power, resource-
constrained tags to regular mmWave devices such as the APs and
STAs. Instead of requiring the tag to measure signal strength or
channel, and decode frames, B® uses a multi-beam backscattering
that enables the tags to implicitly convey the channel information
directly during the standard beamforming process. Furthermore,
each tag encodes its unique identifier during the backscattering
to support simultaneous multi-tag beamforming. The multi-beam
operations ensure reliable communication from tags without any
prior knowledge of the receiver’s direction. Both the channel and
ID information are conveyed entirely within the standard over-the-
air beamforming frame, preserving its original functionality and
ensuring protocol compliance. Finally, with the given information,
the transmitter (i.e., AP) and receiver (i.e., STA) can collaboratively
create high-gain beams towards the backscatter tags for reliable
backscatter communication. B> supports detection and beamform-
ing for multiple tags within a single beamforming process, elimi-
nating the need for separate beam alignment for each tag. Since B>
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embeds tag channel and ID information in the preamble of wireless
packets, it can be easily extended to a wide range of beamforming-
based mmWave networks. It enables reliable high-speed backscatter
communication. High-speed backscatter can support transmission
of a large amount of data from sensors such as a video camera (i.e.,
video streaming over backscatter [38, 57, 58]). The wide bandwidth
of mmWave can improve localization, gesture tracking, occupancy
detection, and other sensing tasks via accurate tag angle estimation
in B3. In Industrial IoT, tags can facilitate simultaneous monitoring
and tracking of multiple items without wiring or frequent battery
replacement. Therefore, this design enhances the practicality and
scalability of mmWave backscatter communication in real-world
deployments.

Challenges. Designing a bistatic backscatter beamforming re-
quires us to address the following challenges: (1) In order to enable
the Tx and Rx to create high-gain beams towards the tag, it is nec-
essary for the tag to implicitly convey its observed channel during
backscattering. How can a resource-constrained tag, which is inca-
pable of directly measuring the channel, backscatter such that the
receiver devices can infer its channel and use that for beamforming
towards it? (2) Furthermore, the tag should explicitly convey its ID
to support scenarios with multiple coexisting tags. How can the
tag encode the ID while preserving compatibility with the existing
mmWave beamforming frame structure and without modifying
the BF protocol? (3) Using omni or quasi-omni backscattering on
tags significantly reduces the SNR, while using narrow transmit
beams on tags requires prior knowledge of the receiver’s relative
position, which is infeasible for a resource-constrained tag. How
can a passive tag backscatter using its directional beams, but with-
out prior knowledge of the receiver’s direction? (4) Commodity
mmWave phased arrays often produce non-uniform beams with
large sidelobes [49], resulting in the receiver observing a mixture of
backscatter and multipath signals. How can the receiver accurately
isolate the backscatter path from these interfering components to
reliably extract the channel and calculate the corresponding beam
weight vectors that can increase the gain from AP/STA to the tag?
(5) Performing separate bistatic beamforming for each tag intro-
duces significant overhead, which grows rapidly with the number
of tags. How can we support simultaneous multi-tag detection and
beamforming in the given commodity bistatic setup?

H3 solutions. To address these challenges, B® introduces a multi-
beam backscattering technique that forwards signals without know-
ing the receiver’s direction, allowing the receiver to obtain the same
result irrespective of its relative position. The tag rapidly switches
between different beam directions to simultaneously modulate its
ID and encode channel characteristics. This multibeam switching
is performed within the Short Training Field (STF) symbols of the
BF frame preamble, leveraging their redundancy to embed infor-
mation without altering the BF frame structure. This ensures full
compatibility with existing standards and preserves critical pre-
amble functionalities such as packet detection, carrier frequency
offset (CFO) estimation, and boundary detection. The multibeam
backscattering creates a composite signal at the receiver that com-
bines pulse-position modulation (PPM), used to convey the tag’s
ID, with on-off keying (OOK), used to isolate the backscatter path
from multipath. By analyzing the pattern of these modulated STF
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symbols, the receiver can determine both the backscatter channel
and the associated tag ID. To achieve this, B3 provides a simple yet
effective solution through which it can identify prominent paths
of reflections and backscatter from noisy cross-correlation of STF
symbols. The backscattered STF symbols include carefully chosen
reference symbols that can help demodulate the ID of different
tags, enabling the receiver to simultaneously receive the mmWave
channel from multiple tags. The extracted channel for each tag is
then used to estimate the Angle of Departure (AoD) from AP and
STA to the tag, which in turn yields high-gain beam weight vectors
that improve the bistatic backscatter SNR compared to the default
codebook-based beams.

Prototyping, implementation, and evaluation. We develop
a 60 GHz PCB tag prototype! (2 cm x 4 cm) enabling tag channel
and ID modulation through multi-beam operation using Hadamard
matrices. We implement the backscatter channel and tag ID extrac-
tion on the mmWave software radio. The B> beamforming process
is demonstrated using the BF frames transmitted by off-the-shelf
802.11 ad/ay devices. Our evaluation shows that B> achieves up
to 13 dB SNR gain compared to codebook-based WiFi beam pat-
terns and maintains < 10™% BER with an effective communication
range of up to 11 m. (1.5X improvement over the state-of-the-art
[7], 3% improvement over the codebook-based WiFi beam patterns.)
We evaluate B> in real-world indoor scenarios with tags blocked
with different objects/materials. We find that B> achieves an SNR
improvement of 8 dB on average compared to the default codebook-
based beamforming, making mmWave backscattering possible even
in scenarios with high attenuation losses, including blockages from
obstructions like glass and wood and NLoS conditions. Our multi-
tag experiments further demonstrate that B3 can successfully embed
and extract tag IDs within BF frames to support concurrent bistatic
beamforming. Additionally, B*> embeds backscatter signals within
the preamble without degrading packet reception or CFO estima-
tion, and outperforms baselines lacking backscatter path extraction
by improving SNR by 13 dB through more accurate beamforming.
Lastly, our low-power prototype consumes only 2.5 mW, including
frame detection and modulation, demonstrating its practicality for
mmWave IoT deployments.

Contributions. Our main technical contributions are:

e We present a first-of-its-kind bistatic backscatter beamforming
framework for improving backscatter SNR while ensuring protocol
compliance.

o B® employs a novel multi-beam backscatter tag design that can
embed a tag ID and channel information in the preamble using
unique PPM and OOK modulations to support concurrent multi-tag
beamforming.

o We implement and evaluate B3 using tag prototypes with software
radios, and COTS APs, and show that it can determine a high-SNR
beam even in practical scenarios with rich multipath and blockages.

2 Background

Commodity WiFi backscatter. A backscatter system typically
consists of a reader and a tag. The reader transmits an excitation or
query signal, which the tag reflects after modulating it to encode

!https://github.com/Wireless-IoT-Sensing-Lab/B3-Bistatic-Beamforming-mmWave-
Backscatter.
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data. The tag modulates the signal by switching between different
impedance states, thereby altering the amplitude, phase, and/or
frequency of the reflection to convey information. To decode the
backscattered signal, the reader operates as a transceiver, comparing
the original transmission with the reflected response. To eliminate
the need for specialized hardware and reduce the deployment costs
of the reader, commodity WiFi backscatter systems have been intro-
duced. In these systems, existing WiFi devices—such as APs acting
as RF sources and STAs serving as receivers—function as readers
within a bistatic configuration. Here, standard WiFi protocol frames
can be repurposed to act as query signals. B> leverages mmWave
WiFi devices and protocol frames to enable scalable and reliable
bistatic mmWave backscatter communication through beamform-
ing.

BF
frame

BF
frame

BF

frame Feedback

@

o,
<

BF BF BF
frame | frame [~ | frame

Quasi-omni RX &) Directional TX

ACK

STA

Figure 2: 802.11ad/ay beamforming training process.

mmWave WiFi beamforming. To achieve high-gain directional
links, WiFi devices must identify the best (i.e., highest SNR) beam
from a set of predefined beam patterns. As shown in Fig.2, the beam-
forming training process is used to determine the best transmit
sector (i.e., beam pattern) pair between an AP and a STA. During
this process, the AP first transmits beamforming (BF) frames se-
quentially across its available sectors, while the STA measures the
received signal-to-noise ratio (SNR) for each beam with a Quasi-
omni beam. Once the AP completes its sweep, the roles are reversed:
the STA becomes the transmitter and performs its own sector sweep
while the AP acts as the receiver. After both sides complete their
respective sweeps, they exchange measured SNR values through
feedback frames. Based on this mutual feedback, the AP and STA
select the transmit sectors with the highest SNR and conclude the
beam alignment with an acknowledgment.

3 H® Overview

Fig. 3(a) illustrates the design of B3, which consists of four phases.
(1) Phase 1: When AP initiates the beamforming process with a STA,
it sends out beamforming frames across different sectors one by one.
A B tag receives these frames using a quasi-omni receive beam and
backscatters them. As shown in Fig. 3(b), during the preamble of
each beamforming frame, the tag performs a multibeam operation
by alternating between beam directions. It encodes both its tag ID
and channel information using a unique combination of PPM and
OOK. Specifically, PPM across the preamble slots encodes the tag ID,
while OOK within each slot captures variations in the backscatter
path’s channel state. Notably, this multibeam operation serves a
dual purpose: it is used to encode tag ID and channel information,
and it also enables the B3 tag to transmit directionally without the
need for prior knowledge of the receiver’s location or orientation.
After receiving the backscattered signals, the STA then extracts the
backscatter path channel for each tag by cross-correlation-based
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(a) Bistatic backscatter beamforming process

(b) Phase 1 in action

Figure 3: H3 performs bistatic backscatter beamforming
within a single beamforming training process: (1) Phase 1:
measuring the backscatter channel between AP and tags
at STA, (2) Phase 2: measuring the backscatter channel be-
tween STA and tags at AP, (3) Feedback: exchanging feedback,
including tag IDs and AoD information, and (4) creating a
TX/RX beam for bistatic backscatter communication with
each tag.

channel extraction and separates them using the embedded tag IDs.

Given the cross-correlation result, the STA estimates the AoD from
the AP to the tag by comparing the extracted backscatter channel
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the BF frame from AP can traverse through multiple paths (includ-
ing the backscatter path) before being received by a receiver due
to the non-uniform beam patterns created by commaodity phased
arrays [13 45 48 64. This is demonstrated in recent mmWave
backscatter works such a3] Hence, the backscattered signal and
other multipath can combine constructively or destructively at
the receiver, and the resultant signal's SNR can be very di erent
from the SNR of just the backscattered signal (we evaluate this in
Sec. 9.5). Furthermore, the tag is unaware of the relative position
of the receiver, which means that it has to rely on omnidirectional
transmissions when backscattering. This can result in a low SNR
of the backscattered signal at the receiver, making it di cult to ex-
tract and use it for the backscatter channel extraction. Lastly, such a
naive solution cannot achieve concurrent beamforming for multiple
tags. To overcome these issues, we introduce a novel multibeam
operation for mmWave tags.

4.1 Multibeam operation

3 tag employs directional transmit beams with a multibeam oper-
ation. Instead of backscattering with a low-gain omnidirectional
pattern, 3tag cycles through multiple high-gain directional beams,
enabling it to cover a broader spatial region and ensuring that the
STA receives the backscattered frame. Odrtag uses a quasi-
omnidirectional receive pattern to receive BF frames and switches
through multiple directional beams to transmit while backscatter-
ing.

Fig. 4 illustrates ¥'s multibeam operation using an example
where the tag alternates between two transmit beams (we choose
two for ease of explanation, but the design generalizes to more
beams as we show in evaluation). In this setup, the tag receives a
signal from the AP and backscatters it by switching between trans-
mit beams 1 and 2, each directing the signal in a di erent spatial
direction. This multibeam strategy provides three key advantages:

with its respective codebook beam patterns. (2) Phase 2: The same

process is repeated in the reverse direction from STA to AP. As
a result of this process, the AP nds the AoD from the STA to
the tag. (3) Feedback: Both the AP and STA share this information
(tag ID and AoD) via feedback. (4) Bistatic beamforming: Using the
estimated AoD, both AP and STA generate high-gain beam patterns
towards the tag, which is optimized for bistatic beamforming, by
computing the appropriate steering weight vector for their phased
arrays.

4 Multibeam Backscatter Channel Encoding

A naive solution for embedding the backscatter channel is that the
tag backscatters the incoming BF frame in an unmodi ed form to
the receiver, which measures the SNR of the incoming BF frames.
Since the power of the backscattered signal is proportional to the
incoming signal from AP to the tag, the sector for which the BF
frame is received with high SNR at the receiver can also be ob-
served with high SNR from AP to the tag. However, in practice,

(a) Tag Beam 1 (T1) (b) Tag Beam 2 (T2)

Figure 4: Channel change observed by a receiver due to the
tag's multi-beam operation.

(1) It removes the requirement for the receiver to be in a specic
direction relative to the tag. By sweeping across multiple beams,
the tag increases the likelihood that the backscattered signal will
reach the receiver, regardless of its position. (2) From the receiver's
perspective, the tag's beam switching creates a distinct on-o pat-
tern in the received signal, enabling the receiver to distinguish the
backscattered component from other multipath signals, even in the
presence of original frames directly received from the AP (Fig. 4).
(3) The tag can encode data using PPM, where the beam switching
pattern carries bit information. For example, switching from Beam
1to Beam 2 could represent a binary '0', while switching from Beam
2 to Beam 1 could represent a '1'. Here, the received signal at the
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receiver can be described ag4248e42' cos, <pD:cs20c® G
where cogdenotes the channel corresponding to the backscatter
path and <«p.cg20c represents the channel for other multipath,
excluding the backscatter path. As shown in Fig~44248gAxill
either be' coe, <p;cgroc® GoOr' <«p.cgroc® G while

<D:c8 20c femains constant in both cases. If the receiver can esti-
mate! «p.cgo0c® Gitcanisolate cogwhich can be leveraged
to precisely determine the SNR of the backscattered signal and, in
turn, use that to estimate the AoD of a transmitter. We note that
depending on the receiver's position, it can receiveosthrough
beam 2, but the underlying operations remain unchanged.

4.2 Embedding taglD on the preamble

To enable multi-tag backscatter communication, it is crucial to incor-
porate tag identi cation (tag ID) within the backscattered BF frames

while embedding the tag's channel information. We achieve this
by encoding the tag ID into the preamble symbols of the BF frame,
while simultaneously leveraging the known preamble symbols to

convey the tag's channel information. However, embedding the
tag ID using multibeam operation introduces abrupt channel varia-
tions within the preamble and presents two primary challenges: (i)
preserving the original structure and functionality of the preamble,

and (ii) ensuring that the receiving station can consistently detect
the same tag ID regardless of the tag's spatial position.

(a) Tag ID embedded on STF symbols

(b) Tag ID regardless of the position/direction of receiver

Figure 5: Slot-based multi-beam tag operation.

3 addresses the rst challenge by leveraging the STF within
the frame preamble. The STF consists of 50 known Golay symbols
(Fig. 5(a)), where the rst 2 symbols detect a frame, the last 2 sym-
bols detect the boundary (the end of the STF), and the remaining
46 symbols are employed for CFO estimation. To exploit the re-
dundancy within these 46 Golay symbols, we draw from recent
studies indicating that 7 Golay symbols su ce for robust CFO esti-
mation [15 25 29 31]. Remarkably, even under low SNR conditions
of less than 5 dB, the CFO estimation incurs less than 2% efirgr [
when using 7 Golay symbols only ¢ 9). To embed our tag ID,
we utilize the remaining 39 Golay symbols in the CFO estimation
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section ( 10 48), Minimizing the impact of our tag's operation

on the existing 802.11ad/ay function. Additionally, recognizing that
the backscatter signal is weaker than other multipath signals, the
in uence of the backscatter channel on CFO estimation is minimal.

The second challenge is addressed by introducing a slot-based
tag ID where the multibeam switching in a speci ¢ way creates a
PPM modulated signal across di erent slots. We partition the 39
Golay symbols into slots, where each slot consists of N (humber of
tag beams) symbols. As shown in Fig. 5(a), N symbols immediately
following the CFO estimation symbols serve as a reference slot.
During the reference slot, the tag switches sequentially over the N
beams for backscattering. Following that, during the tag ID slots, if
the tag ID bitin a slot is "1, the tag uses the exact same switching
sequence as the reference slot (i.e., beam pattern 1 to N). If the
tag ID bitin a slot is "0, the tag sequentially switches from beam
pattern 2 to N and then back to 1 in that order. For example, when
a tag has four beams, the reference slot cycles through beams 1 4
in order. In the following tag ID slots, the tag sweeps beams {1, 2,
3, 4}ifthe bitis 1, or {2, 3, 4, 1} if the bit is 0. This is demonstrated
using an example with 2 beam patterns in Fig. 5(b). Depending on
whether the receiver is located in the direction of beam 1 or beam
2, it will experience di erent sequences of channel variations as
shown in Fig. 5(b). However, the receiver can receive the same tag
ID because bits are demodulated compared to the reference slot.
We also see that within each slot, the resultant signal has both ON
and OFF, which is leveraged by the receiver for calculating the
backscatter channel of each tag.

Detecting BF frames and synchronization at tags. 3 makes
sure that the tags backscatter only BF frames and not any other
types of frames, such as data frames, to avoid interfering with
ongoing communication. However, directly demodulating the frame
on the tag is not possible due to hardware constraints and power
limitations. To address this problem, we integrate a power detector
into our tag. The power detector is a passive device that can provide
the voltage readings of incoming received signals. Although the
power detector has a limited bandwidth (0.5% of 802.11ad channel
bandwidth), we nd that the distorted signal received using the
power detector still exhibits di erent patterns for STF and following
Channel Estimation Field (CEF) due to the use of di erent Golay
symbols in the two. Since the length of the STF is much shorter for
data frames (1.22B) compared to the control frames (3.68), as
shown in Fig. 6, we use the length to determine the type of the frame
by calculating the auto-correlation of the output voltage, achieving

a 98.5% true positive rate and a 1.4% false negative rate. When the
power detector observes the short STF (i.e., data frame), the tag
stops embedding its ID to avoid corrupting a data payload. We note
that the high-correlation detection approach with a power detector
can be extended to 5G NR, where the Synchronization Signal Block
(SSB) also uses an M-sequence o ering strong correlation.

Given that the tag lacks the ability to demodulate the received
signal, achieving perfect synchronization with Golay symbols (72.9
ns) also poses a challenge. This out-of-sync operation can lead to a
reduced SNR of the backscattered signal as received on the respon-
dent. 3 adopts a strategy by setting the length of the switching
period to twice the length of the Golay symbol, ensuring complete
coverage of at least one Golay symbol even in the worst case. If
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(a) Control/BF frame

(b) Data frame
Figure 6: Using a power detector for BF frame detection.
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(a) Constructive and destructive combining of backscatter and mul-
tipath signals

each tag has 2 beams, which means each slot (i.e., bit) occupies 4

Golay symbols with a doubled length of the switching period, 39
Golay symbols can support 8-bit IDs . In principle, 8-bit IDs provide
a theoretical upper limit of 256 tags for beamforming.

5 Extracting Channel and Tag ID at Receiver

In this section, we propose a novel backscatter channel and tag ID
extraction technique for mmWave tags.

5.1 Extracting channel information

3receiver (STAin Phase 1 & AP in Phase 2) is designed to estimate
the channel between a transmitter (AP in Phase 1 & STA in Phase
2) and a tag by receiving a packet forwarded by the tag. A straight-
forward approach would be to estimate the channel by directly
measuring the signal variation caused by multibeam operations.
However, in practice, accurately estimating the channel is chal-
lenging because BF frames from the AP can travel along multiple
paths including both direct and backscatter paths before reach-
ing the receiver, along with the complex and non-uniform beam
patterns of commodity phased array$3 45 48 64. This behavior
is further con rmed by recent mmWave backscatter studies such
as [7]. As a result, the backscattered signal and other multipath
can combine constructively or destructively at the receiver, and the
resultant signal's channel can be very di erent from the channel
of just the backscattered signal, as depicted in Fig 7(a). The im-
pact of multipath can be severe, especially when the beamforming
sectors in the codebook are non-uniform and have non-trivial side-
lobes. This means that simply measuring the amplitude of each STF
symbol at the receiver and using that to determine the backscatter
channel from the transmitter to the tag can result in incorrect AoDs.
To validate this, we measure the SNR for di erent transmitter sec-
tors directly on the tag and compare that with the SNR measured
at a receiver. Fig. 7(b) shows that the two SNRs have very di erent
patterns for di erent sectors, indicating the role of multipath. This
means that for correct backscatter channel estimation, we need to
isolate the backscattered signal from multipath.

5.2 Cross-correlation-based channel extraction

To separate each path from the combined signal received at a re-
ceiver, we employ cross-correlation using STF. The STF (50 Golay
symbols) is composed of predetermined identical 48 Golay symbols
(1 129, followed by one 1 1pgand 0 128 We leverage the fact

(b) SNR measured at tag (backscatter only) and at receiver (backscat-
ter + multipath)

Figure 7: Impact of multipath and the need for backscatter
channel extraction

that each path, having distinct propagation delays, produces a high
correlation during the cross-correlation process, which can help
us extract di erent paths. Furthermore, due to the presence of an
ample number of symbols within the STF, the method remains
robust even in the presence of noise. However, extracting precise
channel information from the STF is still challenging because the
STF does not use a complementary set of Golay symbols like the
CEF. The complementary set of CEF generates its out-of-phase
aperiodic autocorrelation coe cients, which sum to zero, except
for the zero shift (Fig. 8(a)). The CEF performs a one-time channel
measurement of a frame, and it presents combined channel infor-
mation, including multi-path and backscatter. Since it is di cult

to distinguish between the multipath and the backscattering path
with only the one-time channel measurement, at least two beam-
forming processes are required to detect the channel change if we
use CEF instead of STF. However, we cannot guarantee the channel
coherence during the two beamforming processes. Therefote,
uses STF instead of CEF for beamforming.

(a) CEF

(b) STF

Figure 8: (a) Auto-correlation coe cient of CEF; (b) cross-
correlation coe cient of STF.
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When a receiver performs a cross-correlation of STF, the same
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preserving the backscatter peaks (also shown with measurement

cross-correlation result is repeated because of a sequence of 48data in Sec. 9.3), essentially performing OOK demodulation.

repeated symbols. However, the STF su ers from the residual ape-
riodic correlation coe cients. As shown in Fig. 8(b), the cross-
correlation coe cient contains two types of peaks: prominent
peaks, which are due to multi-path and backscatter signals, and
non-prominent peaks, which correspond to residual aperiodic corre-
lation coe cients. We observe that STF cross-correlation produces
signi cantly more non-prominent peaks than the autocorrelation
of the CEF, which explains why STF is typically avoided for chan-
nel estimation. In 3, however, these non-prominent peaks can be
e ectively suppressed during the backscatter channel extraction

(2) Backscatter channel extraction: The receiver can then use
the time and amplitude from the backscatter peaks to calculate the
backscatter channel (cog.

(3) Tag ID extraction using PPM: To map the measured channel to
speci c tags, the receiver performs slot-based PPM demodulation
to extract the tag ID bits received in the subsequent slots after
the reference slot by comparing the received symbols in each slot
with those of the reference slot. Because our PPM demodulation
depends on the reference symbols, the same tag ID can be observed
irrespective of the beam through which the receiver is reachable

processas our objective is to capture channel variations induced by(beam 1 or 2 in Fig. 9). Furthermore, just like the modulation, the
tag activity rather than reconstructing the complete channel responsedemodulation also naturally extends to any number of beams on

This approach will be elaborated in the next section.

5.3 Backscatter-channel isolation and Tag ID
extraction

With all paths extracted from STF,3 receiver isolates the backscat-
ter channel and tag ID using the following process (shown for 2
beams in Fig. 9):

(a) Case 1: receiver reachable through beam 1

(b) Case 2: receiver reachable through beam 2

Figure 9: Regardless of receiver location/direction (which is
unknown to the tag), a receiver can (1) observe the backscatter
peak position and amplitude during the reference slot, and
(2) extract the same ID information.

(1) Identifying backscatter peaks using OOK: While the tag
backscatters, the receiver identi es only backscatter peaks using
OOK from the cross-correlation of the reference slot. As shown
in Fig. 9, the receiver can observe xed and changing peaks dur-
ing the reference symbols. This is because the multipath and non-
prominent peaks appear in all symbols of the reference slot, while
the backscatter peak only appears in one of them due to OOK mod-
ulation. Thus, by calculating the di erence in the cross-correlation
results of each Golay symbol in the reference slof,can e ec-
tively remove strong multipath and non-prominent peaks while

the tag without any modi cations.

Beyond tag identi cation and channel estimation, the receiver
can also infer the tag's best transmit beam by identifying the beam
corresponding to the highest peak observed in the reference slot.
For example, in Case 1 and Case 2, the strongest peak aligns with
Beam 1 and Beam 2, respectively, indicating that these beams are
best aligned with the receiver. Since each symbol index in the
reference slot can be translated into a speci ¢ beam index, the
receiver can directly map the peak amplitude to the corresponding
tag transmit beam. Crucially, this is required to enable the tag to
utilize its strongest beam for backscatter communication instead of
multibeam operation once the beamforming process is complete.

6 Concurrent Multitag Channel Extraction

3 enables simultaneous detection of multiple tags, signi cantly
reducing the beamforming overhead in the bistatic con guration as
the number of tags increases. There are two main reasons why
facilitates concurrent multitag operation. First, we note that since
di erent tags may have di erent propagation delays (i.e., di erent
traveling distances) based on their locations, the timing of the peaks
can be used to separate di erent backscatter paths. This is especially
true considering that 802.11ad/ay has a 1.76 GHz sampling rate,
which can provide a high resolution of cross-correlation. Second,
due to the directionality of each transmission beam, only a small
number of tags respond in each BF frame. This means that although
there can be many tags, only a few tags within the beam coverage
actually backscatter for a given sector.

Fig. 10(a) shows an example of multiple tags, and Fig. 10(b) shows
the measurement results of a receiver. Since the receiver is reachable
through beam 2 0f06 3, its peak appears in the 11th symbol. On
the other hand, responses froj®6 1 and) 06, are observed in the
same symbol. However, due to the di erent traveling distances,
the peaks appear at di erent delays, enabling us to distinguish
the tags' responses. Furthermore, as depicted in Fig. 10(c), due to
the di erent coverage of each sector, not all tags respond in all
sectors as their backscattering depends on how much signal they
receive for a given sector. This enabledto operate with little to
no inter-tag interference, as we show in our evaluation.

7 Bistatic Backscatter Beamforming

As illustrated in Fig. 3, the STA measures the backscatter channel
across multiple beam sectors from the AP to the tag during Phase 1.
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signal gain toward the tag, achieving high performance under prac-
tical hardware constraints. To initiate reliable and high-throughput
backscatter communication, the transmitter shares the tag's best
beam information with the tag using packet-level downlink sig-
naling. Leveraging its knowledge of the tag's AoD, the transmitter
embeds beam information by switching among di erent beam pat-
terns. These changes produce measurable amplitude variations at
the tag, which are detected using a simple power detector. Based on
this feedback mechanism, the tag selects its best transmit beam and
starts backscatter modulation. After completing bistatic beamform-
(a) Example topology with 3 tags ing, the tag can employ various modulation schemes for payload
data. We note that 3 mainly focuses on bistatic beamforming and
does not explore di erent modulation schemes. Extending our de-
sign, the tag can implement amplitude modulation for payload data
by switching beams. In our prototype, the hardware supports a 40
MHz beam-switching rate, enabling 40 Mbps amplitude modula-
tion. Other modulation schemes, such as the phase modulations
proposed in prior works 7, 65, can also be supported by3. Fur-
thermore, the achievable SNR gain can help improve the data rates
of such modulations during data communication.

(b) Peaks in signal of reference symbols measured at receiver

8 Implementation

(c) Multitag operation for a given AP sectof 1+ (2 "}

Figure 10: Simultaneous multi-tag beamforming in ~ H3.

It then compares these measurements to a prede ned codebook of
transmit beam patterns to infer the AoD from the AP to the tag. The
AoD is estimated by solving the following maximization problem:
* +
2

tgge
1de\® = arg max S
a2 *\g2 krk kt

(@) 3 prototype

1
QS°\9k @
wherer denotes the received signal strength vector ayg , is
the reference transmit beam pattern corresponding to candidate
azimuth @g) and elevation\(g) angles. Similarly, in Phase 2, the AP
estimates the AoD from the STA to the tag using the same procedure.
After exchanging AoD estimates along with the tag's best beam di-
rection toward the receiver via feedback (as detailed in Sec. 5.3), both
the AP and STA obtain (i) directional information toward the tag
and (ii) the tag's best beam toward a receiver as described in Sec. 5.3.
For AP and STA beamforming, the AoD informatict\'®, is then
used to steer high-gain beams aimed at the tag. While computing
the optimal beamforming vector for a given AoD is straightforward  Figure 11: (a) The front side of prototype; (b) Four beams of
intheory, real-world deployment is constrained by the limited phase  prototype; (c) Commodity 802.11ad/ay TX AP and mmWave
resolution of commodity mmWave phased arrays, which typically SDR STA; and (d) Control board with a tag prototype.
support only coarse (e.g., 2-bit) phase quantization. This constraint
introduces non-convexity into the beamforming problem, rendering  H3 prototype.  We have developed a PCB prototype of out tag
the optimization problem more challenging to solve. To address this, as shown in Fig. 11(a). The PCB prototype is printed on the Rogers
we adopt a lightweight, quantization-aware optimization method R04003C and Rogers RT/Duroid 5880 PCB. We have printed 14 such
based on gradient descent with projectiof], 61]. The algorithm tags. The tag consists of linear patch array antennas for transmis-
iteratively re nes a continuous beamforming vector and projectsit  sion with 4 beams and a single receive patch antenna, covering the
onto the nearest supported discrete phase values. This approach frequency range of 56 to 63.5 GHz. The tag forwards the backscat-
creates new high-gain transmit and receive beams to maximize ter signal towards0® to 18C. The transmission block comprises

(b) Tag beam patterns (c) 3devices (d) 3 control



B3: Bistatic Backsca er Beamforming for mmWave loTs SenSys '26, May 11 14, 2026, Saint Malo, France

a4 4patch antenna array, an SP4T switch (ADRF5054BCCZN-
R7) L7, and a4 4Hadamard beamforming matrix. The switch

o ers 40 MHz of switching speed, which is higher than the nec-
essary switching speed of 14 MHz (Golay symbol rate) as per
design. Each sub-array of the 4 array antenna consists of a linear
array of four patch antennas. To maximize the gain using a high
permittivity material (Rogers RT/Duroid 5880 PCB), an element
spacing of 0.63 wavelength is used. The antenna array is impedance-
matched across the 56 71 GHz frequency band, ensuring e cient
operation within the 60 GHz range. Thé¢ 4 Hadamard matrix
creates a passive beamforming network, which is switched using
the SP4T switching block. It generates one central be@mand
three split beams with two main lobes (atl¥, 31°,and 57°) of-
fering 3.5 dBi-gain coverage ofd(® and the main lobe gain greater
than 10.5 dBi combined with the array antenna. Fig. 11(b) shows
the coverage of our prototype antenna. The beam pattern is opti-
mized using the FIT ( nite integration technique) solver of CST
Microwave Studio 20241[l]. As shown in Fig. 11(c), the AP is a
standard 802.11ad Mikrotil3[] device equipped with the Qual-
comm QCA6310 chipset and &Bantenna array. The receiver uses

a SiversIMA 60 GHz RF front-end withda 16element phased
array. Channel extraction is performed via cross-correlation on 1/Q
samples collected from a Keysight MSOS404A oscilloscope con-
nected to the SiversIMA. Modern wireless networks sub-6GHz (b) SNR results for distance  (c) SNR resullts for angle
WiFi, mmWave WiFi, and 5G NR already apply cross-correlation in

their signal processing pipelined 8, allowing integration without

hardware modi cation. Lastly, as shown in Fig. 11(d), we use a Tera-

sIC Cyclone V GX Starter Kit FPGA board with a microcontroller

(SAM4SD32C) to control our3 tag.

(a) lllustration of the tag deployment at 88m 15mindoor
lab

9 Evaluation

We evaluate 2 under various scenarios to understand (i) the read (d) BER results at di erent distances

range and angle for bistatic backscatter, (ii) performance under Figure 12: Experiment setup and results for 40 di erent tag

tag blockages, (i) multi-tag beamforming and scalability, (iv) the positions with random distance and angle

impact on preamble functionality, and (v) the need for backscatter

path extraction. (2) mmComb [7]: This con guration uses a transmitter beam
from the codebook similar to the default codebook case, but
calculates a narrow beam from the receiver towards the tag.
However, mmComb does not support tag-side beams and
multibeam operation, requiring the receiver to be at a xed,

9.1 HSread range and angle
We evaluate the performance of the? tag across various distances

and angles withinari8 m 15 mindoor space, as shown in Fig. 12(a). pre-known location.

We conduct an experiment by varying the incident angle of the (3) 3 In comparison to the above two schemes,con gura-
backscattered signal at the tag side. Over 400 measurements are tion creates bistatic high-gain beams towards the tag using
collected across 40 di erent locations, which are randomly selected the AoD estimation and backscatter channel extraction, en-
to introduce variations in both incident angle and distance. The hancing backscatter communication reliability.

positions of the AP and STA devices are kept xed as they nd
their beams towards the tag using? procedure. The signal incident
angle for the tag varied from 90 to, 90 .

To understand the impact of di erent beam patterns, we consider
three transmitter-receiver con gurations:

Figure 12(b) presents SNR as a function of distance under the
three con gurations. The default codebook beams result in a steep
SNR drop as the distance increases, limiting the e ective backscatter
communication range to just 3 meters (10 3 BER) due to low
antenna gain. mmComb improves the SNR performance and read
(1) Default codebook beams: In this setting, the transmitter em- range compared to the default case with the addition of receiver side

ploys the default codebook provided by the MikroTik WiFi  beam, but the range is limited to 6 meters. On the other hand, due
device, while the receiver uses a quasi-omnidirectional beam to 2 ability to estimate the correct AoD and corresponding weight
pattern. This con guration is the typical con guration used vectors, the read range increases to 11 meters, essentially resulting
in 802.11ad/ay WiFi. The transmit beam chosen by the AP in a 3x improvement over the default con guration with 13 dB SNR

in this setting is likely to be suboptimal for the tag. gain. The increase can be attributed to the proper extraction of the
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