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Thanks to the wide bandwidth, large antenna array, and short wavelength, millimeter wave (mmWave) has superior per-
formance in both communication and sensing. Thus, the integration of sensing and communication is a developing trend
for the mmWave band. However, the directional transmission characteristics of the mmWave limits the sensing scope to a
narrow sector. Existing works coordinate sensing and communication in a time-division manner, which takes advantage of the
sector level sweep during the beam training interval for sensing and the data transmission interval for communication. Beam
training is a low frequency (e.g., 10Hz) and low duty-cycle event, which makes it hard to track fast movement or perform
continuous sensing. Such time-division designs imply that we need to strike a balance between sensing and communication,
and it is hard to get the best of both worlds. In this paper, we try to solve this dilemma by exploiting side lobes for sensing. We
design Sidense, where the main lobe of the transmitter is directed towards the receiver, while in the meantime, the side lobes
can sense the ongoing activities in the surrounding. In this way, sensing and downlink communication work simultaneously
and will not compete for hardware and radio resources. In order to compensate for the low antenna gain of side lobes, Sidense
performs integration to boost the quality of sensing signals. Due to the uneven side-lobe energy, Sidense also designs a target
separation scheme to tackle the mutual interference in multi-target scenarios. We implement Sidense with Sivers mmWave
module. Results show that Sidense can achieve millimeter motion tracking accuracy at 6m. We also demonstrate a multi-person
respiration monitoring application. As Sidense does not modify the communication procedure or the beamforming strategy,
the downlink communication performance will not be sacrificed due to concurrent sensing. We believe that more fascinating
applications can be implemented on this concurrent sensing and communication platform.
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1 INTRODUCTION

As the sub-6GHz spectrum is getting overcrowded, we are turning our attention to the millimeter wave (mmWave)
band, where there is plenty of spectrum available. 802.11 ad/ay in the mmWave band supports up to 2 GHz
bandwidth and achieves data rates above 7 Gbps [10, 11]. 5G is also exploring the mmWave band for high-speed
transmission. At the same time, mmWave also has superior performance for sensing, thanks to its nature of short
wavelength, large antenna array, and huge bandwidth. Previous works have shown that we can use mmWave for
indoor mapping, tracking, and material sensing [27, 49-51]. Thus, it is a hot trend to consider the joint design of
sensing and communication in the mmWave band, where we can exploit its capability to the full extreme.

However, in mmWave communication, the transmitter uses beamforming to concentrate the transmission power
towards the receiver, combating the high path loss. Unlike the omnidirectional antenna in sub-6G WiFj, in 802.11
ad/ay, the pencil-like communication beam limits the sensing range. Existing mmWave sensing systems perform
sensing within the beam training period [29, 33], during which the AP sequentially directs the transmission
beams towards different angles. By analyzing the reflected signals, we can track the target at each angle. The
beam training period is originally designed to find the best-aligned beam pattern between the AP and stations.
Following the beam training phase is the data communication phase, where the matched beam pattern is used for
directional communication. Beam training is a low frequency (e.g., 10Hz) and low duty-cycle event, which makes
it hard to track fast movement or perform continuous sensing. This brings the dilemma between sensing and
communication in the mmWave band. When the AP is performing beam training, it can sense the environment
but no data communication; when the AP and stations are communicating, the directional transmission constrains
the sensing scope to a specific sector.

Different from the above time-multiplexing strategy, multi-beam solutions are proposed [3, 6, 34, 60], where
there is a fixed directional beam for downlink communication, and the other sweeping beam for sensing. With
multi-beam design, we can support simultaneous sensing and downlink communication. However, the additional
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Fig. 1. Sidense overview. Sidense performs directional data transmission (with the transmitter’s main lobe) and omnidirectional
sensing (with the transmitter’s side lobes).
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sensing beam may impede the spatial diversity of directional transmission, causing interference to other devices
on the same channel. Moreover, the transmission power is shared between the communication and sensing
beams, and thus the communication link SNR would decline.

We ask the question, can we achieve simultaneous downlink communication and sensing, without degrading
the communication performance? We observe that, in directional transmission, while the most of power is
concentrated towards a desired direction, the remaining power is distributed over all angles, i.e., side lobes. We
can use these side lobes for sensing. Side lobe based sensing will neither reduce the main lobe power nor cause
extra interference. Thus, it will not degrade the communication performance.

Although the idea of side lobe based sensing sounds simple, it is not straightforward to achieve this goal. There
are three challenges need to be tackled. First, the energy of side lobes is always much lower than the main lobe.
Theoretically, for the rectangular aperture antenna, the first side lobe is —13.26 dB weaker than the main lobe [38].
To better understand the side lobe energy distribution, we collect and analyze two different commercial 60GHz
mmWave antennas’ predefined beam patterns over the [—60°, 60°] field of view (FoV) (please refer to Section 3.2.1
for details). We compare the gap of antenna gain between the main lobe and other angles. From Fig. 5, we can see
that for more than 50% of the angles in FoV, the antenna gain is 16dB lower than the main lobe; at some certain
angles, the gap increases to 30dB. When the weak signals propagate in the air, get reflected by the targets, and
propagate back to the AP, the weak target echoes may be overwhelmed by noise. This is a critical challenge for
designing a side lobe sensing system.

Second, it is hard to decouple the mutual interference among multiple moving objects. Although it is a well-
recognized challenge in RF sensing, this problem is more pronounced in this scenario. As the transmission power
has a large variation across the angles, the signals reflected by targets at different angles will also have a large
difference in strength, not to mention the diversity in targets’ Radar Cross Sections (RCS). Weak reflections may
be buried in strong reflections (e.g., reflections from the main-lobe direction), leading to a high target miss rate.

Last but not least, as a common practice in mmWave communication, the AP’s beam direction will track the
client when the client moves. When the AP switches to a new beam pattern, the signal power distribution among
all angles will also change. This will disturb the sensing process where the application requires continuous
monitoring.

In this paper, we take the following steps to address the above challenges:

Adaptive Coherent Integration: To compensate for the low side lobe power, we take advantage of coherent
integration, which is widely used in radar signal processing. With the knowledge of transmitter beam patterns,
we perform adaptive coherent integration, where the integration window length is subject to side lobe power.
Weak lobes will have a long integration window to boost SNR.

Signal Separation and Reconstruction: To extend to multi-target monitoring, we first reshape the receiver
beam to suppress the signal from undesired directions. Then we explore the mixture model for multi-target
signals. We show that the mixed-signal vector is the linear superposition of each component. We reformulate
this problem as Blind Source Separation. We group the observed reflections at adjacent distances and separate
them with Independent Component Analysis (ICA).

Dynamic Background Removal: To address the dynamics of transmitter beam patterns, we propose a time
interleaving manner to remove the background static clutters and avoid interruption to continuous sensing.

In this paper, we design Sidense, a mmWave platform that is capable of simultaneous sensing and downlink
communication. Sidense explores the sensing capability of side lobes, which neither cause extra interference
nor decrease the power of the main lobe. Thus, Sidense performs sensing without sacrificing communication
performance. We summarize our contributions as follows:

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 6, No. 4, Article 191. Publication date: December 2022.



191:4 « Yangetal

o We design Sidense, a mmWave transceiver that can perform directional communication and omnidirec-
tional sensing simultaneously, where the main lobe steers towards the associated station for downlink
communication and the side lobes provide omnidirectional sensing coverage.

o We design packet integration and multi-target decoupling schemes to tackle the low, non-uniform antenna
gain of side lobes. Packet integration can boost the low-quality sensing signals and multi-target decoupling
can recover sensing signals for each individual target. We also handle the dynamics of the transmission
beams to achieve continuous sensing.

o We implement Sidense with Sivers 60GHz mmWave module. We extensively test the performance of Sidense
under different conditions. Results show that Sidense can achieve robust sensing performance given the
weak side lobes. Sidense can achieve millimeter motion tracking accuracy at 6m. We also showcase the
capability of Sidense with a multi-person respiration monitoring application.

2 BACKGROUND

Before we present the design for Sidense system, we first give a brief overview of the mmWave communication
process. While the process is similar for all mmWave communication systems, we present the details according
to IEEE 802.11ad. Another name for 802.11ad is DMG, short for Directional Multi-Gigabit. As shown in Figure 2,
the DMG Basic Services Set (BSS) transmission time is made up of consecutive beacon intervals [28], and for each
beacon interval, it can be separated into two subsets: Beacon Header Interval and Data Transmission Interval.

i€ Beacon Interval (BI) >t
Beacon Header Interval (BHI) : Data Transmission Interval (DTI)
E A-BFT ATI CBAPor SP | CBAPorSP | ...
Sector-Sweep Quasi-Omni  Feedback Data Transmissions Tim&;
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Fig. 2. Directional Multi-Gigabit beacon interval.

Beacon Header Interval (BHI): The main purpose of BHI is to align the beam direction of the AP and clients
so that the communication links have high SNRs to support multi-gigabit data rates. At the beginning of the
BHI, the AP and clients will perform the sector-level sweep to align their communication beams. It works as
follows: First, during the Beacon Transmission Interval (BTI), the AP acts as an initiator and uses a narrow beam
to sweep in all directions. In each beam direction, it will transmit a DMG beacon frame that contains the sector
(or beam) ID. At the same time, the clients (responders) use a quasi-omnidirectional beam to keep listening and
record the sector ID with the highest Signal to Noise Ratio (SNR) value.

Next, during the Association Beamforming Training Interval (A-BFT), the role is reversed. The AP uses a
quasi-omnidirectional beam to keep listening while the client uses a narrow beam to sweep. In this procedure,
clients will randomly select a sector sweep (SSW) slot to perform the sweeping. Before the end of each slot, the
AP and client will inform the best quality sector ID to each other by the SSW-Feedback and SSW ACK.
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The last step in the BHI is the Announcement Transmission Interval (ATI), during which the AP and clients
will exchange requests and responses to initiate and schedule the following data transmission.

Data Transmission Interval (DTI): For DMG STAs, the AP allocates the channel access for each client in
scheduled time slots. If the DMG STA maintains the beam direction during the data transmission, the interval
between two data frames is particularly small, only around 1 + 0.1us [28].

There are two different modulation schemes defined in DMG for data transmission. One is single carrier (SC)
PHY, which is mandatory in 802.11ad/ay devices; the other one is OFDM PHY, which can provide a higher
transmission rate but is optional. Both have the same packet structure and single carrier modulated preamble. The
preamble in each transmission packet serves the purpose of frequency offset estimation and channel estimation.

Dilemma in mmWave Sensing: In BHI, the sector-level sweep can scan the environment and thus perform
RF sensing. Existing mmWave sensing systems (e.g., [29]) exploit the BHI for sensing purposes. In the DTI, the
AP uses the directional beam for communication, and the sensing scope is limited to the direction of the main
lobe. The BHI is a very short period compared with the DTI, which usually lasts for 1ms in every 100ms. The
low sample rate (i.e., 10Hz) and low duty-cycle cannot satisfy the requirement of many applications, such as fast
motion and continuous sensing. This is indeed a time-division manner for coordination, which implies that we
need to strike a balance between sensing and communication, and it is hard to get the best of both worlds. If we
want more time for data transmission, the sensing period/frequency will be suppressed; if we want continuous
sensing updates, the communication process will be frequently interrupted. In the rest of this paper, we will
present Sidense, which enables simultaneous sensing and communication.

3 EXPLORE SIDE LOBES FOR SENSING

In this section, we first present the signal model for side lobe sensing and introduce notations that will be used
for the following discussion. Then we present the sensing model of Sidense and illustrate the challenges that
come with side lobe sensing.

3.1 Signal Model for Sidense

The commercial 60GHz communication devices usually use analog phased arrays, where beamforming is accom-
plished by adjusting the weight (phase) of the signal in each antenna element to steer the beam direction. This
group of weight vectors, called codebook, is usually predefined and stored in the hardware.

Consider two linear phased antenna arrays, the transmitter (TX) and the receiver (RX). We use G;(0)/G,(0) to
denote the TX/RX antenna gain at angle 6. Assume that there are L propagation paths between the TX and RX.
For the I-th path, let a; denote the signal attenuation, 6; denote the Angle of Arrival (AoA), ¢; denote the Angle
of Departure (AoD). The Channel Impulse Response (CIR) k() measured at the RX can be represented as:

L d
h(t) = 3. @G (0)Gi(d)e 2 s (t - ﬂ) M
I=1

where dj represents the propagation distance along the I-th path, f. is the carrier frequency, ¢ is the speed of
light and d;/c is the signal transmission delay.

As we can see, the received signal strength is related to the TX/RX antenna gain at AoD/AoA. We define Ggr
as the integrated antenna gain, which is the integration of TX and RX antenna gain:

Grr (01, ¢1) = G-(0) G (1).

When we write the antenna gain in the unit of dB, Ggr can be written as
Grr (01, ¢1) = G (01) + G (). (2

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 6, No. 4, Article 191. Publication date: December 2022.



191:6 « Yanget al.

For each weight vector in the codebook, it corresponds to different beam directions. We can further expand
Equation (2) when considering that the TX and RX can choose any weight vector from the codebook. When
the TX antenna array steers towards angle ® and RX antenna array steers towards angle ©, Equation (2) can be
written as

Grr (61,9110, ®) = G,(6,|©) + G(¢1|®), ®)

where G,(0;|©) denotes the RX gain at angle 6; when the beam directs toward ©. G;(¢;|®) has the similar
meaning, but for the TX antenna.

3.2 Sensing Model for Sidense

In Sidense, the mmWave AP serves as a dual-function device. It performs downlink data communication with
associated clients, while in the meantime, monitoring ongoing activities in the surrounding. As Sidense does not
modify the communication process of the existing mmWave technology, we focus on introducing how Sidense
provides the sensing capability. We assume that the AP acts as a monostatic radar, where the TX and RX are
co-located, as shown in Figure 3. Please note that in the rest of this paper, we use RX to refer to the receiving
chain of the monostatic radar, but not the AP’s client. As we do not want to modify the communication procedure,
we limit the design space to the RX antenna control strategy and signal processing.

60°

Beam Pattern

x

90° Rx -90°
40 30 20 -0 0

Co-located Gain (dB)

TX/RX

Fig. 3. Sidense provides directional communication and quasi-omnidirectional sensing.

The TX beam is directed towards the client (at angle ®) for communication. When the target is at angle 0,
outside the main lobe of AP’s TX beam, in order to improve the sensing sensitivity, the AP will tune the RX beam
towards angle 0. The TX/RX antenna gains for the target are G;(0|®) and G,(0|© = ), respectively. Thus, the
integrated antenna gain turns out to be

Grr (0,010,®) = G,(010) + G (0])." 4)

For simplicity, we can write Ggr (0, 0|0, ®) as Grr(0|©, ®). Assume that the target is located at —40°, 1° or 45°,
and the client is located at —40°, as shown in Figure 3. Figure 4 shows the beam patterns where the TX main
lobe points towards —40° and the RX main lobe points towards the target. The integrated antenna gains in those
object directions are 0dB, —18dB, and —31dB, respectively.

Next, we illustrate the challenges that come with side lobe sensing.

IThe integration gain is averaged over the receiver’s half power beam width.
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Fig. 4. TX/RX beam pattern in different beam directions and integrated antenna gain for different TX-RX beam pairs.

3.2.1 Challenge 1: Limited Side Lobes Sensing Range. As we show above, when the target is at different angles,
the reflected signal strengths have large variations. We have strong reflections when the object is at the TX/RX
main lobe. As the TX beam is directed towards the client and cannot be controlled for the sensing purpose, we
wonder whether the side lobes can substitute the role of the main lobe in sensing.

To understand the gap between the main lobe and side lobes, we analyze the beam patterns for two commodity
antenna arrays, i.e., BEM06005 and BFM06010 [41]. Both antennas support a codebook with 63 phase vectors that
control the beam steering from —45° to 45° and the FoV is [-60°, 60°]. For each phase vector, the manufacturer
provides the emitted power distribution within the FoV.

For each TX beam pattern, we rotate the RX beam pattern from —45° to 45°, as shown in Figure 4. We distinguish
between two cases:

(1) Case 1: Sensing with the main lobe. In this case, the TX/RX antenna steers towards the same direction, i.e.,
0 = ®&. We have 63 combinations under this scenario, one for each phase vector in the codebook.

(2) Case 2: Sensing with side lobes. In this case, the TX/RX antenna steers towards different directions, i.e.,
© # ®. We have 63 X 62 combinations under this case, i.e., 62 TX phase vectors for each RX phase vector.

For each RX beam pattern, we calculate the integrated antenna gain gap between Case 1 and Case 2. The
distribution is illustrated in Figure 5. As we note, when we rotate the TX beam, although ® # @, the main lobes
of TX and RX may overlap when their beam directions are close. This explains the distribution between —5dB
and 0dB. The median value is 16.04dB. It reflects that sensing with side lobes loses 16.04dB gain compared with
the main lobe. For 5% of the cases, the gap is larger than 25dB. According to the radar range equation:

_ 4 Pth(¢o)Gr(‘90)AZO'
k= \/ P, (47)3 : (5)
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where R, P, P;, G, Gy, A, 0 denote radar-object distance, received power, peak transmitted power, RX gain, TX
gain, signal wavelength, object RCS, respectively. With the same SNR requirement, the low TX gain limits the
sensing range. If the gain decreases by 16.04dB, the detection range reduces by 60%.

Note that the beam pattern is related to the antenna type, and thus these statistical results can not represent
other types of antennas. However, it generally reflects that sensing with side lobes suffers from signal loss
compared with the main lobe.
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Fig. 5. The distribution of integrated antenna gain difference Fig. 6. The distribution of integrated antenna gain difference
between Case 1 and Case 2. between the target A and B.

3.2.2 Challenge 2: Mutual Interference among Multiple Targets. The mutual interference among multiple moving
targets is a well-recognized challenge in RF sensing. This problem is more pronounced in sidelobe sensing.

Assume that there are two moving targets A and B at angles 6, and 6,, respectively. They are at the same
distance from the AP. The AP is communicating with a client C at 6,. Thus, the TX beam steers towards 6. To
track the movement of target A, the AP tunes the RX beam towards 6,. The integrated antenna gain for target A
is

G}?T(Galeaa ec) = Gr(ealea) + Gt(9a|00)~

Similarly, the integrated antenna gain for target B is
G}?T(Oblea, 90) = Gr(eblga) + Gt(9b|9c)-

As the RX beam is directed towards 6,, we have G,(0,|0,;) > G,(6,|6,). But for the TX beam, we can not
determine the relationship between G;(6,|6.) and G;(6,|6.). For every possible combination of 6,, 6, and 6, in
the FoV, Figure 6 shows the distribution of Gj;. — G5... Around 31% of cases where G;. is 10.0dB larger than G5...
However, when considering the variety of targets’ RCS and distance, it is hard to guarantee that the target A
will have a larger integration gain than target B, even though the RX beam is directed towards target A. In the
extreme 10% of cases, when the target B happens to be at TX’s main lobe direction, the reflections from target A
may be overwhelmed by target B.

As the TX/RX antennas are analog phased arrays, they have single input/output. Thus, reflections from all
targets are superimposed on the RX side. This makes it hard to decouple the mutual interference between multiple
targets.
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Fig. 7. Experiment setup of TX beam switching. Fig. 8. Target motion waveforms are interrupted by TX beam
switching.

3.2.3 Challenge 3: Interruptions of Continuous Sensing. To keep the beam aligned for high-speed communication,
the AP may switch the TX beam when the client moves. This changes the signal energy on each propagation
path and will disturb the continuous monitoring of the target. Here, we show the impact of TX beam switching.
As shown in Figure 7, there are two targets A and B at angles 6, and 6, respectively. Both the two targets are
moving back and forth at a predefined frequency. Figure 8 shows the signal phase from the channel impulse
response. When the TX beam steers towards —45°, we can clearly track the motion of both targets. However,
when the TX beam switches towards —43.5°, the continuous tracking for target B is interrupted. When the TX
beam switches towards —42.1°, we can again track target B, but not target A. The dynamics of the TX beam will
interrupt the sensing process.

When the AP communicates with multiple associated clients or the client is moving, the AP needs to perform
frequent beam switching. This will intensify the above problem.

4 SIDENSE DESIGN

In this section, we present the system design of Sidense. Figure 9 gives an illustration of the system overview. The
goal of our design is to achieve robust sensing with side lobes, without affecting the communication performance.
The design of Sidense is divided into four parts: target detection, prepossessing, signal separation, and sensing
output. Sidense first detects the presence of moving targets in the beacon head interval. Then during the data
transmission interval, Sidense performs time-domain integration to increase the sidelobe sensing coverage. After
that, Sidense uses dynamic background removal to extract the motion-related signal components (dynamic
components) and avoid interruptions. To decouple the mutual interference between multiple targets, the dynamic
components are further separated and clustered by phase similarity. Finally, Sidense outputs the filtered phase
waveform and recovers the motion for individual targets.

4.1 Target Detection

Sidense performs target detection in the beacon header interval (BHI). There are two advantages of utilizing BHI
for target detection. First, when the TX/RX steers towards the same direction, the integrated antenna gain is
maximized. Thus, we can have a high target detection rate and a large detection range; it can also avoid the
non-uniform side lobe gain, which may cause obfuscation in detecting moving targets. Second, the beacon header
frame has a longer channel training sequence than the data frame. The STF of the beacon frame is made up of 50
G128 sequences, while the STF of the data frame (single carrier) is made up of 17 G128 sequences. With a longer
preamble sequence, we can have a higher SNR for CIR.

During the BHI, the AP performs the sector-level sweep by transmitting beacon frames in each sector. At
the same time, AP’s co-located RX antenna rotates the beam synchronously with the TX beam. Then Sidense
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extracts the CIR information h(t) from the reflected packets on each beam direction (sector). To detect the
moving target, we calculate the signal variance per range-angle bin over a sliding time window and get the RF
snapshots. Figure 10 shows an example of an RF snapshot for one round of sweep. Next, we use the conventional
2D-CFAR [38] to identify the bins with moving targets from the snapshots. We cluster adjacent bins and retain
the bin with the highest phase variance as the center of the target.

1]

% Multipath Target 1 Target 2

%D .

= —40 —20 0 20 40
Theta: deg

Fig. 10. RF snapshot of Range-Sector Variance.

Sidense further adopts majority voting to improve accuracy in target detection. Over a 6-second voting window,
when the target is detected for more than a certain threshold (e.g., 25%), Sidense decides the presence of a target.
For the following data transmission (DTI) in the beacon interval, AP will switch its RX beam among these sectors
to track the targets.

Note that the duty cycle of BHI is low, occupying about 1ms in every Beacon Interval (around 102ms) [29].
With such a low sampling rate, we cannot capture fast-moving targets such as quick body motion or machine
rotation, whose instantaneous Doppler frequency may be higher than 10Hz [39]. Thus, leveraging the beam
training phase for sensing cannot meet the requirements for some applications. In Sidense, we utilize BHI for
target detection and extend the sensing period to the data communication phase.

4.2 Time Domain Integration

We use N; to denote the number of targets identified. During the downlink data transmission interval (DTI),
the AP directs its TX main lobe towards the client and sequentially switches its RX main lobe among these N;
sections. The targets are likely to be located outside the main lobe of the AP’s TX antenna, and thus the signals
that propagate to the targets are emitted by the side lobes. As we mentioned above, the side lobes have much
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lower and non-uniform gain. To enhance the sensing signal quality, we borrow the idea of coherent integration
from radar signal processing [38].

For conventional radar, coherent integration can improve the detectability by accumulating a certain number
of pulses within the time-invariant interval (coherence time) [38]. Suppose that there are N repeated signal
samples with white noise. After accumulating these samples in coherence time, the signal power will be amplified
by N? times, while the noise power increases by N. The signal SNR after the integration is:

N2A? A?
sy =37 =N (%) ©
O.W O.W

where A2, 62, represent signal power and noise power, respectively. So N packets accumulation can theoretically
improve the SNR by N times.

We note that the mmWave communication devices have some properties that are favorable for coherent
integration. Due to the large bandwidth, compared with sub-6G WiFi, there is a larger number of packets in a
short interval and the inter-packet interval is at the microsecond level, which makes it feasible to accumulate
multiple CIRs within the coherence time.

However, the communication device is different from radar. Radar pulses are sent at a fixed interval, while
the packets are sent by AP at random timestamps. It depends on the upper layer applications. If we set a fixed
integration interval, Sidense has no idea about how many packets would be accumulated within the interval.
To make the problem more complicated, the sidelobes have non-uniform gains. For targets located in different
sectors, it requires different integration gains to achieve the same SNR.

In Sidense, we design a dynamic sweeping strategy to address the above problems. First, Sidense defines a
system parameter Tj, which is the sweeping interval. During the sweeping interval, AP’s RX beam sequentially
switches among the Nj target sectors. It actually defines the sampling rate for the sensing function. That is, for
every Tr seconds, the RX beam will scan all sectors for once. Then, Sidense will allocate the sweeping interval
among the target sectors adaptively according to the integrated antenna gain at that sector. As the phase vectors
in the codebook are predefined, we can estimate the integrated antenna gain at each sector (angle). Assume the
sensing target is located at angle 8, and the associated client is at angle .. The AP will steer its TX beam towards
0. and its RX beam towards ,. The gap Ga(0,, 6.) between main lobe sensing and side lobe sensing is

GA(ea, 90) = GRT(eal‘gas ea) - GRT(9a|9aa 90)

According to the coherent integration theory, if we accumulate N packets, the SNR improves by N times [38]. It
means that if we want to bridge the gain gap, the required number of packets for accumulation can be calculated
from Ga(0,, ;) by converting decibels to magnitude:
Gy (0a0c)
Na(04,0:) =107 10 .
If both TX and RX antennas have 63 phase vectors in the codebook, there are 63 X 63 TX-RX combinations. We
can pre-compute the gain gap for each combination and store the results in a lookup table.

For the N; targets, Sidense will sort the targets according to the number of required accumulation packets and
start with the smallest one. We use Figure 11 to illustrate how Sidense works. There are three targets at Sector S1,
52, and S3, respectively. They require ny, nz, and ns accumulation packets, where n; < ny < ns. Sidense will first
switch the RX beam to S1, then $2, and finally S3. Initially, we set a maximum integration time constraint for
every target, Ty =T, = T; = %, which is evenly distributed among the targets to guarantee fairness. It indicates
that each target should not occupy the integration interval more than its fair share. Then the AP first steers RX
beam towards S1. If either one of the following conditions is met, the AP will switch to the next target:

(1) AP transmits at least n; packets;
(2) The time allocated for S; runs out.
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Fig. 11. Schematic of Time Domain Concentration.

If AP transmits packets back-to-back, e.g., streaming high-quality videos, AP will switch to S; before the time
allocated for S; runs out; if AP seldomly transmits packets in the period, AP will switch to S; when the time
allocated for S; runs out.

For the next sector, AP will update the integration time constraint for S, and Ss, by distributing the remaining
integration interval evenly between them, ie, T, = T, = I ;tl , where t; is the time that RX beam steers towards
S1.In Case 1, t; < Ty; in Case 2, t; = T;. This process continues until all target sectors are scanned.

With such a design, targets with a larger gain gap can have a longer integration interval. As the integration
gain is a logarithmic function of the accumulation number, the more packets required, the smaller the marginal
gain. While for some weak directions, although there may not have enough packets as we expect, it suffers a
minor loss. For example, if 100 packets are required but we only get 50, the integration gain is only 3dB lower
than the expected value.

Note that the targets may be located in the null direction in the TX beam pattern. Assuming that the target is 2
meters away from the AP and the surface of the target facing the AP has a width of 20cm, it forms a circular
sector with the AP whose central angle is about 6°. As the nulls are usually very narrow and sharp, the target
can be radiated with signals from the lobes besides the nulls, as shown in Figure 4. In Sidense, as our targets are
usually human bodies and industrial robots, their sizes are large enough, so that they can still be detected even in
null directions.

4.3 Multi-target Signal Separation

According to Eq. (1), the received signal is a linear combination of the multiple propagation paths. We can further
distinguish them by static or dynamic paths. The static path, denoted as Dy, is the propagation path that the
signals are reflected by stationary objects in the environment, while the dynamic path D,, is the propagation
path that the signals are reflected from moving objects. According to this propagation characteristic, the CIR in
Eq. (1) can be further divided into static component and dynamic component:
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h(t) = hs(t) + ha(t)
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where the d; now represents the one-way signal propagation distance on I-th path. Suppose there are two
signals reflected from different moving targets, the dynamic components are h(li1 (t) and hilz (), respectively.
Figure 12 shows the linear combination relationship for multiple dynamic components in IQ domain. For the

Q h3 (t)

Fig. 12. Signal Composition Model in I-Q domain.

static component hg(t), it can be removed by subtracting the mean value of h(t) as in [24, 55]. The superimposed
signal shows the integrated result of all the moving targets, while the movement of each target is manifested in
its own phase variation. Thus, it is necessary to separate the signals for each target.

As the motion of targets are independent of each other, and if the target displacement features are non-Gaussian,
this problem can be treated as Blind Source Separation [1]. Following, we illustrate how we address this problem
in Sidense.

4.3.1 Observations Selection. The first step is to select high-quality observations for separation. A time series
of observation refers to the signals of a range-angle bin in an RF snapshot (as shown in Figure 10). Although
in Section 4.1, we identify the clustering center of the targets, they may not be good choices here. There may
exist some motion interference (e.g. rotating fan) that is irrelevant to the target, which can have a large signal
variance. So the clustering center in the detection result may be interference. Thus, we need to identify the set of
range-angle bins from which we can recover the target movement with high quality.

To select high-quality observations, we use target movement patterns as indicators. For instance, if Sidense is
tracking human breathing rate, the signal periodicity can be used as an indicator. The normal human breathing
rate at rest is 16 — 25 breaths per minute [31]. Accordingly, Sidense will select range-angle bins whose power
is high within this frequency range. For instance, given the target frequency range [ fi, f2], the frequency ratio
indicator Ir, can be represented as:

o glnl
Niglnl = X2 gln]’

where g[n] is the discrete Fourier Transform (DFT) at frequency n. For non-periodic activities, observations can
be selected by a classifier as in prior recognition work [39].

Iy = 10logy, 8)
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Fig. 13. The observations’ perception accuracy versus the frequency ratio indicator.

Take two periodic moving objects as an example. For each target, we collect 4096 observations and evaluate
their motion period error and absolute displacement error (for details of evaluation metrics, please refer to Section
6). Figure 13 shows the sensing error for observations with different values of Ir,, where the sensing error
decreases as Iy, increases. However, for different targets, the error will converge at different values of Ir,. Thus, a
fixed selection threshold may miss observations from some targets. In order to address this problem, we construct
three types of observation groups as follows:

(1) A coarse observation group: select the observation with the top 50% I, in each sector. We use a conservative
threshold to avoid missing potential high-quality observations.

(2) A refined observation group: select the observation with I, larger than the median value of the coarse
observation group, so that the high-quality observations can have more weight in the following processing
procedure.

(3) Coarse observation sub-groups: these sub-groups are formed by selecting signals on every two adjacent
range bins of the coarse observation group, for the consideration that reflections from one target may
appear in two adjacent bins.

After finishing the selection, the selected signals are assigned to different observation groups, as shown in
Figure 14.
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Fig. 14. Signal separation process.

4.3.2  Waveform Separation and Clustering. We perform complex JADE ICA [7] on each observation group and
get a set of separated components. Since we are interested in the target movement, which is embedded in the
phase of signals (as shown in Eq.(7)), we extract the phase information from the separated complex components.
As shown in Figure 14, we use I, > —6.5dB to filter out the irrelevant components from the decoupled waveforms,
where the threshold is determined empirically. As multiple components may come from the same target, we need
to cluster the components that belong to the same target. Since the number of targets is unknown, unsupervised
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clustering is utilized. In our case, we use DBSCAN [13], which is widely used in waveform clustering [18]. We
define the distance of two phase sequences u, v as follows:

cou(u,v)

dist(u,0) =1—|PCC(u,v)| =1—- , 9)

Ou0y

where cov is the covariance between the two sequences and oy, o, are their variances. The Person correlation
coefficient (PCC) indicates the linear similarity between the two sequences, where a higher correlation represents
the higher similarity. The absolute PCC value is always between 0 and 1. After clustering, we flip the compo-
nent which is negatively correlated in one cluster. Then we average the sequences in the cluster as the target
displacement.

4.4 Interference Suppression

As we can see from Figure 4, the integrated gain at the TX main-lobe direction is equal to or even stronger than
the target direction. Thus, a moving object in the main-lobe direction will overwhelm the reflected signals from
other directions. To suppress the interference from the main-lobe direction, existing works optimize the RX beam
pattern to minimize the RX gain in TX main lobe direction [3]. However, due to quantization error and hardware
imperfection, the results are not satisfactory when applied to the antenna array.

We adopt the windowing to reshape the RX beam, a straightforward but effective way to increase the Peak
to Sidelobe Ratio (PSR). As shown in Figure 15, given a 16-element linear array, the PSR for the conventional
beamforming pattern is 13.46dB. After multiplying this antenna weight with a Kaiser window, the PSR increases
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Fig. 15. RX beamforming before and after windowing.

to 25.72dB, further suppressing the signals from unwanted directions. Note that the sidelobe attenuation is
affected by the Kaiser window Shape Factor f, a positive real scalar. Increasing  will increase the sidelobe
attenuation but will widen the main lobe, which will decrease the angular resolution. Thus, we choose a suitable
parameter = 3 to trade off the beam width and the PSR. After windowing, the half-power beamwidth is around
8.2°, only increased by 2.2°. To avoid the decrease of main lobe gain due to windowing, we carried out the antenna
amplitude correction. After correction, the main lobe gain decreases by around 0.66dB. According to the radar
range equation in (5), the sensing range will decrease by around 3.71%. So the RX beam windowing has negligible
effect on sensing coverage and angular resolution.

4.5 Continuous Sensing with Dynamic TX Beams

When the TX beam switches directions, the energy distribution along all angles will change and the sensing
process will be interrupted. There are two cases where the TX beam will change direction:

(1) When the associated client moves, the AP will update the beam direction to track the client;
(2) When there is more than one client, the AP will steer towards each client in the scheduled time slot.
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These cases are inevitable in mmWave communication. According to Eq. (7), when the TX beam pattern switches,
the CIR for the propagation paths will change and are no longer coherent before and after switching.

Since Sidense works as a mono-static radar, it has the knowledge of the current TX-RX beam combination.
Thus, it can perform coherent integration for packets under the same beam configuration. Figure 16 distinguishes
two cases. In Figure 16(a), the TX beam does not switch. The sweeping RX beam currently steers towards sector
S2. t,, » represents the integration time under the combination of TX beam m and RX beam n. The accumulation
will continue until the required packet number is satisfied or the allocated time #; ; runs out. If the accumulation
process is interrupted by the TX beam switching, as shown in Figure 16(b), the remaining allocated time #; ; will
accumulate packets under the new TX-RX beam combination. As the channel condition has changed, packets
accumulated during ¢ ; and ;; will remove the static component, separately. The final integration result is the
average of the results from t; ; and t; 5.
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Fig. 16. Time domain integration when TX switch.

5 IMPLEMENTATION

Hardware Implementation: We implement Sidense with a USRP-2974 and two Sivers EVK06002, where the
USRP-2974 works as the controller and the baseband processor, while Sivers EVK06002 works as the mmWave RF
unit. Figure 17(a) shows the prototype we built, and Figure 17(b) shows the system hardware architecture. The
USRP-2974 has an FPGA and an Intel i7 onboard processor. It supports a maximum bandwidth of 160MHz. In
Sidense, the USRP generates a 100MHz single carrier signal, which has the same frame format and modulation
scheme as IEEE 802.11ad. It transmits about 12, 729 packets per second. Note that due to the limitation of hardware,
we cannot generate a 2.16GHz, fully 802.11ad-compliant signal. We use this narrow version signal to validate the
idea of side lobe sensing.

The Sivers EVK06002 supports a wide frequency range from 57GHz to 71GHz, with 16+16 TX/RX analog phased
antenna array. Both TX and RX have an integrated beam book for instant beam steering, with 1 omni-directional
and 63 directional patterns ranging from [—45° 45°]. As the Sivers EVK06002 is a half-duplex device, to emulate a
monostatic radar, we synchronize two Sivers EVK06002 by cascading their 45 MHz internal clocks so that one
acts as the radar TX and the other one acts as the radar RX. To avoid misalignment between TX and RX antenna
arrays, we stack the TX and RX, with the RX slightly above the TX, as shown in Figure 17(a).

We connect the USRP TRX and RX port to the Sivers EVK06002 transceivers. Since the USRP TRX and
RX channel only support a single output/input, to satisfy the EVK06002’s four differential IQ inputs/outputs
requirement (i.e., I, I, O*, O7), we use a 2 way-90 degree power splitter to make the TX stream into two
quadrature streams (I and Q), as shown in Figure 17(b). Then we use a differential power splitter to generate two
differential inputs (I* /I~ and Q*/Q7). The receiver path is similar, where splitters are replaced with combiners.

A 100MHz single carrier modulated baseband signal is generated by the USRP, then upconverted to 480MHz
and fed into EVK06002, which finally upconverts the signal to 60GHz band. The signals are transmitted and
received via the 16-element antenna array. The TX and RX beam switch can be triggered by a pulse signal. The
index of the beam entry will increment by one when a pulse rising edge comes. We utilize the USRP AUX IO port
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Fig. 17. System prototype.

to send pulses to the EVK06002’s GPIO control interface. The minimum beam switch interval is 20ns, and the
maximum loading time is 35ns. However, after each beam switch, we found it needs around 1.5ms to get reliable
phase readings. So we wait for 1.5ms before extracting CIRs from the preamble sequence.

Software Implementation: We implement our algorithm in Python 3.8, with Tx/Rx stream control module
from USRP Hardware Driver (UHD) software APIL The Sivers’s Eder software is used to configure parameters of
EVKO06002. To save the computation cost, we only process the preamble sequence to get CIRs in real-time and do
not decode the payload part.

Environment and Ground truth: We conduct our experiment in five real-world indoor environments,
including two meeting rooms, two offices, and a balcony seating area (as shown in Figure 28, Figure 18, and
Figure 29). In the benchmark experiments, we use several programmable sliding tracks to generate controllable
periodic motion, whose displacement precision is +£0.03mm. The ground-truth breathing rate in the case study is
obtained from Vernier Go Direct respiration belt [46]. The sampling rate is set as 80Hz. The starting time between
devices is aligned by the Network Time Protocol (NTP), where the synchronization precision is millisecond level.

Baseline: We establish a baseline for comparison. In the baseline, the Rx beam sweeps on the same selected
sectors with our method. There are three differences: (1) It does not perform time domain integration; (2) It does
not perform Blind Source Separation; (3) It does not perform interference suppression (RX beam without Kaiser
windowing).

6 EVALUATION

In this section, we evaluate the performance of Sidense under different scenarios. The sliding track, which carries
the target, is programmed to move back and forth at a predefined displacement D every T seconds. The sensing
accuracy of Sidense is evaluated by two metrics:

(1) The percentage error of motion period |LT_T| The motion period is estimated by the time interval between
two effective peaks in the motion waveform (e.g., the signal phase).

(2) Absolute displacement error |D — d|: According to d = AA¢$ /4, the displacement d is calculated from the
phase shift A¢g between the peak and the nearest valley.
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At the end of this section, to showcase the sensing capability of Sidense, we utilize Sidense for vital sign tracking
in multi-people scenarios.

6.1 System Robustness to Communication Factors

6.1.1 Impact of Transmitter Beam Direction. By default, we use a wooden cylinder as the sensing target. Its
height and radius are 40cm and 7.5cm. To fully evaluate the influence of transmitter (TX) beam direction, we
configure the TX beam to sweep through the predefined 63 weight vectors in the codebook, rotating the beam
direction from —45° to 45°. As shown in Figure 18, we put the object at 5 different angles to the Sidense device, at
—45°, —22°, 0°, 22°, 45°, respectively. The distance between the device and the target is 2m; the motion period is
configured to be 2s. The TX transmission power is set at 22dBm.

The results are shown in Figure 19. Each subfigure corresponds to one target location, where the x-axis
represents the TX beam direction. It is supposed that when the Tx beam steers towards the target, we will have
good sensing performance. This is validated in the performance of the baseline. Large errors occur when the
TX beam direction is far away from the target. When the target is at —45° and —22°, the wall can create a rich
multipath profile, and more signals can be reflected by the target. Thus, when the target is at these two locations,
for the majority of TX beam directions, the error is small. Comparing the baseline and Sidense, we can see that
Sidense has superior performance compared to the baseline. The error of Sidense is kept at a low level under all
target locations and TX beam directions, which validates that Sidense can effectively compensate for the gain gap
between the sidelobe and the main lobe, and is robust to different TX beam directions. Figure 20 summarizes the
results by target locations. Similarly, we can see that Sidense achieves more accurate sensing results than the
baseline.
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Fig. 18. Experiment setup. Fig. 19. Impact of Tx beam direction. Fig. 20. Impact of Target Locations.

6.1.2 Impact of Dynamic Transmitter Beam. We evaluate the sensing performance when the TX beam of Sidense
is dynamic. We pick three different dwell intervals: (1) 13ms, which represents fast switching between multiple
clients; (2) 1.5s, a moving client; (3) 7s, which corresponds to an accidental client move. The TX beam will switch
between —45°, —43.5° in (1) and (2), and switch between —45°, —43.5°, —42.1° in (3). The interrupted integration is
reconstructed by the method mentioned in Sec. 4.5. Here we test with two identical targets (the wooden cylinder,
20cm height and 7.5cm radius), which are 2m away from the Sidense device, at around 7.5° and 37.5°, respectively;
their motion periods are set to be 2s and 2.46s, respectively. Figure 21 shows the period and displacement error
for the two targets. For target A, the median period error are 0.27%, 0.73%, 0.03%, the median displacement
error are 0.24mm, 1.75mm, 1.41mm. For target B, the median period error are 0.46%, 0.56%, 0.72%, the median
displacement error are 0.35mm, 0.56mm, 0.25mm. We can see that Sidense works well under dynamic TX beam.
These accuracies are sufficient for the requirement of many applications. But the sensing performance is different
between the two targets. The displacement error for target 1 is slighter larger than target 2. This is because
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Fig. 21. Transmitter beam switches in different intervals.

the time-domain integration will decrease the sampling rate, for fast movement, it will hurt the displacement
resolution. The motion period for target 1 is 2s, shorter than target 2, and thus target 1 has a slightly larger
displacement error.

6.2 System Robustness to Target Factors

6.2.1 Impact of Target Distance. We evaluate Sidense under different device-to-target distances (2m to 6m). The
experiment setup is shown in Figure 22. Since the target is located at 0°, we repeat the experiment for each
Tx beam pattern. The target displacement is configured to be 10mm, and the motion period is 2s. We set the
maximum integration window to be 4ms. Figure 23 shows the results for the two metrics. When the target is 2m
away, the median error for period and displacement is 0.36% and 0.3mm, respectively. The period error increases
with the device-to-target distance, as the propagation loss increases and thus lower SNR for the reflected signals.
We observe that the performance on 4m is better than 3m in this setup. We infer that it is due to the environmental
factor. As shown in Figure 22, there is more surrounding furniture at 4m than 3m. These furniture may scatter
the incident signals and more signals can be reflected by the target.
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Fig. 22. Experiment setup for evaluating different device-to-  Fig. 23. Perception error for different target distances.
target distances.

The performance gap between our method and the baseline increases with distance. The 75% error of our
method is significantly lower when the device-to-target distance is larger than 3m. The median error for period

and displacement is 2.58% and 1.6mm at 6m. It shows that Sidense can achieve stable performance with side-lobe
sensing.
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6.2.2 Impact of the Separation Angle between Multi-Target. We evaluate the impact of the separation angle
between two targets. In this experiment, the two targets are put 2m away from the device. We put target 1 at 0°
and the other target at 10°, 20°, 30°, respectively. We also repeat the experiment for each Tx beam pattern. If a
target is missed by the target detection procedure (Section 4.1), we set the percentage error of motion period and
absolute displacement error to be 100% and 100mm.

The results are shown in Figure 24. The system errors increase when the separation angle decreases. When the
targets get closer, the distinguishing capability of RX beamforming declines, and two targets’ reflected signals are
superimposed. Benefiting from the multi-target signal separation design, Sidense performs better than the baseline
when two targets get closer. When the separation angle is 10°, close to the 8.2° RX half-power beamwidth (after
windowing), the detected targets’ clusters will merge, and only the representative sectors will be selected during
the target detection. These miss-detection events sometimes happen, deteriorating the sensing performance.
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Fig. 24. Performance under different separation angles between the two targets.

6.2.3 Impact of Target Diversity in Multi-Target Scenarios. We evaluate the impact of target diversity in multi-
target scenarios. The challenge of monitoring multiple targets simultaneously is that reflections from strong
targets may overwhelm the reflections from weak targets. Target diversity results from the size of the reflection
area, the difference in the device-to-target distance, and the transmitter antenna gain at different angles. We test
two-target sensing under three scenarios, gradually increase the gap between the two targets:

(1) Scenario 1: We use two identical cylinder objects as the targets. They are put at the same distance to the
transceiver (i.e., 2m). The separation angle between Cylinder A and Cylinder B is 30°;

(2) Scenario 2: Cylinder B is replaced by a cardboard box (Box B) with four times the cross-sectional area as
Cylinder B;

(3) Scenario 3: We move Box B 0.5m towards the transceiver.

For each scenario, we also repeat the experiment for every Tx beam pattern. The statistical results are shown
in Figure 25. For Sidense, both period error and displacement error do not increase significantly with the gap
between targets. The baseline result in scenarios 1 and 2 shows that the increase in target diversity will increase
the mutual interference between targets. Although the differences between targets in scenario 3 are larger than 1
and 2, the performance of baseline in scenario 3 is much better. It shows that the appropriate distance separation
can make multiple targets more distinguishable in range bins. Compared with baseline, Sidense can work well in
multi-target scenarios, even when the targets have diverse properties.

6.3 System Robustness to Environmental Factors

In this section, we evaluate the Sidense performance in different indoor layouts to study the system’s robustness
to environmental factors. We also evaluate Sidense when there is with and without human motion disturbances.

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 6, No. 4, Article 191. Publication date: December 2022.



Side-lobe Can Know More: Towards Simultaneous Communication and Sensing for mmWave « 191:21

Relative Period Error Relative Displacement Error
5
[ Sidense 1 Sidense
0 0° o ;\;\ 57 E=Z1 Baseline 41 [Z4 Baseline
" 30° /Is 30° ['\ 30° = 47 g
’ ) = 3
S . T o 53] 2’
| / 60" 7 - aﬁ - e
: /’ 1 p 60 1 0.5m 60 s 5 % 2
! ,/ : ,' : ,/Moving Forward % )
: ,/ [ ! // g 1 2
/ 1 1 -
¥ ¥ ¥ 2L F S SR <
v |2 v 0
0 1 15 2 (m) 0 1 15 2 (m) 0 I 1.5 2 (m) : , ; 0 : ; ;
(O] @ ® (O] (@) 3 () 2 3)
Energy Difference Cases Energy Difference Cases
(a) Ilustration of the three scenarios (b) Performance of multi-target scenarios

Fig. 25. Impact of the target diversity between multi-target.

6.3.1 Impact of Different Environments. We investigate Sidense sensing performance in three indoor environments:
an office, a meeting room, and a balcony resting area. As shown in Figure 26, we denote each environment by A,
B, and C, respectively. The system settings, target size, location and motion mode are nearly identical in these

‘ln,‘

Fig. 26. Difference indoor environments setup.

environments. The target is a cardboard box with 12 X 35cm? cross-sectional area. The target-to-device distance
and angle are around (3.8m, 0°) in three environments. The target periodically moves forward and backward
towards the device, with a 2s motion period and a 1cm displacement. The TX transmission power is set to be
32dBm. To further understand the indoor multipath effects, we change the furniture layouts, such as computer
monitors, chairs, etc., with two different layouts for each environment. We repeat the experiment for 32 Tx beam
patterns (3° angular granularity).

Figure 27 illustrates the result. Compared with the baseline, the environmental impact is not apparent for
Sidense. When the TX main lobe does not point toward the target, the target is illuminated by the TX side lobes
and the environmental multipath reflections. Different indoor layouts will change the multipath energy. Although
both the baseline and Sidense remove the static multipath component, Sidense can effectively enhance the SNR of
the side lobe target echoes, which makes it much more robust to different environments.

6.3.2 Impact of Motion Interference. We evaluate the performance of Sidense under different kinds of motion
interference. We choose three different TX main beam directions (14.5°, 15.9°, and 17.4°) and repeat these 3 TX
beam settings for each case. The target is located on the AP TX’s side lobe. The experiment setup is shown in
Figure 28(a), where the target is a cardboard box with 30 X 40 cm? surface area, and the distance to the Sidense
device is 5m. The target is carried by a sliding track to move back and forth every 2s and the displacement is
10mm. We consider four scenarios:
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Fig. 27. Performance under different indoor environments.

(1) Case 1: The volunteer is standing 3m away from the Sidense device, at the main lobe direction of the TX
beam. The separation angle between the volunteer and the target is around 16°.

(2) Case 2: The volunteer is at the same location as Case 1 but turns 90° every 3s;

(3) Case 3: The volunteer is walking at 0.5m/s and the walking path is parallel to the direct path between the
device and the target, as shown in Figure 28(b).

(4) Case 4: The volunteer is walking at 0.5m/s and the walking path is vertical to the direct path between the

device and the target, but not blocking the direct path, as shown in Figure 28(c). The angle between the
volunteer and the target is at least 10°.

(a) Stable or rotation on the TX main lobe (b) Walking parallel with direct path (c) Walking vertically to direct path

Fig. 28. Environment motion interference setup.

The results are shown in Figure 29. The target detection rates under these four scenarios are 1, 1, 0.84, and
0.93, respectively. Comparing the four scenarios, body rotation on the TX main lobe and walking parallel cause
more severe interference. When the volunteer rotates on the TX main lobe, the Sidense period error ranges from
0.55% to 6.82%, and the absolute displacement error ranges from 0.11mm to 3.29mm, performing much better
than the baseline. This is because the signal-to-noise-plus-interference ratio (SINR) in Sidense is improved by
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Fig. 29. Sensing performance with motion interference.

the integration gain and the high PSR of the RX beam. The results show that Sidense has a relatively stable
anti-interference performance.

We further conduct an evaluation of the system’s robustness in a more complex indoor layout. As shown in
Figure 30, the Sidense device is placed in a corner of the 5 x 5 m? office room. The target’s position relative to the
transceiver is (4.2m, -10.2°), where the two numbers denote the distance and angle to the AP, respectively. The
target periodically moves forward and backward towards the Sidense device, and its size and movement mode are
the same as described in Section 6.3.1. We consider two sensing scenarios in this office:

(1) Scenario 1: Relatively static environment, with no additional motion disturbances.

(2) Scenario 2: Three people are walking or rotating simultaneously, while the range of activities does not
block the line-of-sight between the device and the target. As shown in Figure 30(b), one person walks
horizontally along the desk, and the other walks vertically along the sofa. The third one sits on the chair
and rotates the chair at around (2.3m, —20°).

' Multipath |

| ,ﬁar-

Beam Direction

Sidense
Devices
—

(a) Scenario 1: static environment. (b) Scenario 2: dynamic environment.
Fig. 30. Environment setup.

The result for Scenario 1 is shown in Figure 31(a). It displays the mean value of motion period error under
63 different TX beam directions, from —45° to 45°. As for the baseline result, we can see that when TX points
to [-37.7°,—-21.8°] U [-13.1°,5.8°], the sensing performance is better than others. Considering the target angle
location is —10.2°, we can infer that there are multipath and direct paths in these two angular ranges, respectively.
However, when the TX main lobe directs towards the monitor (the angular range is about [24.6°,42.1°]), most
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of the TX main lobe energy is blocked by LCD monitors, degrading the baseline performance. Comparing the
baseline and Sidense results, the error of Sidense can remain at a low level in most of the TX beam directions, which
proves that Sidense can effectively compensate for the sidelobe gain and is also robust in complex environments.
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Fig. 31. Performance under different scenarios.

Scenario 2 takes multiple human disturbances into concern, and results are shown in Figure 31(b). Comparing the
performance between scenarios with and without interference, the motion interference in the indoor environment
will reduce the accuracy of perception. As Sidense adopts the windowing to reshape the RX beam and increase
the Peak to Sidelobe Ratio (PSR), comparing with the baseline, Sidense can provide more interference suppression
when the TX main lobe points toward the disturbance source. However, in Sidense, since RX beam reshaping
will widen the RX main lobe, the interference near the target direction can hardly be suppressed. The overall
performance of Sidense in Scenario 2 is also better than the baseline.

6.4 Simultaneous Sensing and Down-link Communication Performance

We compare the Sidense down-link communication performance when the system is performing joint sensing
and communication or solely communication.

6.4.1 Communication Setup. The Sidense transceiver acts as an AP. As for the client RX, we connect a 60GHz
phased antenna array with a USRP 2974 to act as a client RX.We set the baseband sampling rate to 100MHz. To
fully investigate the communication performance, we randomly select three different client locations and two
kinds of modulation/coding schemes (MCS 9 for QPSK and MCS 12 for 16 QAM). The packet is generated and
decoded offline by a Matlab program [30], where each packet’s data payload contains 512 data bits. The client
captures 20k packets from the AP for each combination of position and modulation type. As the Sivers mmWave
RF units suffer from clock drift, we synchronize the client (RX) Sivers clock with the AP’s clock via a cable.

6.4.2 Test Environment Setup. As shown in Figure 32, the client RX coordinates of the three positions are about
(1.4m, 20.3°), (1.5m, —29.0°), and (1.9m, —29.0°), respectively. We set the RX gain on (1.9m, —29.0°) to be 3dB
lower than the other two locations to enlarge the range distinction of different client locations. The sensing
target is located at about (4.2m, —10.2°), with a periodic movement of 1cm displacement and 2s period. The beam
direction of the AP (TX) and the client (RX) are aligned with each other.

6.4.3  Simultaneous Sensing and Communication Performance. Figure 33(a) shows the bit error rate (BER) of MCS
9 and 12. We can see that the communication performance under the two cases, solely communication and joint
sensing and communication, is almost the same. The difference of the 95-percentile on the CDF plots is 0 (double
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Fig. 33. Sidense performance when performing sensing and communication simultaneously.

precision accuracy). Figure 33(b) illustrates the accuracy of sensing results when AP is performing communication
and sensing simultaneously. The median difference between MCS 9 and 12 is not apparent: 0.18% for the motion
period error and 0.008mm for the displacement error. Combining the results of Figure 33(a) and Figure 33(b), we
can say that Sidense can perform simultaneous sensing and communication, while the performance of down-link
communication remains unaffected.

6.5 Micro Benchmarks

6.5.1 Performance of Target Detection. Since the target detection algorithm will select multiple candidate sectors,
we evaluate the validity of sector selection at different distances (2m, 4m, and 6m). For each distance setting, the
single target is located at 0° and the target detection test is repeated for 449 times. The statistical result is shown
in Figure 34. The results are classified into three categories: LoS-detection, multi-path and miss-detection. For
instance, suppose that the target is located at angle 6. As the half-power beamwidth of the RX beam is 8.2°, if the
selected sectors contain the direction 6 + 4.5°, this selection result will be classified into the LoS-detection group.
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If the selected sectors do not contain the direction 0 + 4.5°, they will be classified into the multi-path group. If
none of the sectors is selected, it is classified as miss-detection.

Figure 34 shows that when the target is at 2m or 4m, Sidense can have nearly 100% target detection rate. The
LoS-detection rate decreases at 6m. As the distance increases, the multipath effect will become more evident, as
the signals will be reflected by ceilings, floor and furniture. Thus, the target may not be identified from the direct
path, but in the multipath profile. While the target may be identified from the multipath profile, the uncertainty
of TX beam direction during the communication will degrade the sensing robustness. Thus, it is preferable that
the targets are detected on the LoS path.
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Fig. 34. Target detection rate. Fig. 35. Performance of different selection metrics.

6.5.2  Performance of Observation Selection. We evaluate the Sidense single-target and two-target sensing perfor-
mance for different observation selection methods (described in Sec. 4.3.1). To amplify the influence of mutual
interference, the two targets have the same distance from the device. The two targets’ data contain two scenarios:
(a) TX points to one of the targets; (b) TX does not point to any of these targets. The selection methods we
compared are:

(0) Signal matrix without selection: all of observations are treated as one group.

(1) Coarse observation selection: select the observations with top 50% If, in the signal matrix.

(2) Refined observation selection: select the observations with I, larger than the median value of the coarse
observation group.

(3) Coarse observation subgroups: each subgroup consists of two adjacent range bins in the coarse observation
group, considering that reflections from one target may appear in two adjacent bins.

Each methods generate one group (method 0,1,2) or some subgroups (method 3). The signal separation is
performed on each group or subgroup. We also evaluate the performance of different combinations of these
methods. As shown in Figure 35, the difference is mainly manifested in the two-target scenario since one of the
targets is sometimes missing in Scenario (a).

As for the sensing performance of a single target, comparing methods 0 and 1, an appropriate observation
selection improves the sensing accuracy. However, comparing methods 1 and 2, when the refined selected signals
all belong to the same target, and the source number of ICA is much larger than the actual target number, the
separation will slightly reduce the sensing accuracy. As for the two-target scenario, the sensing error of methods
0, 1, and 2 increases in turn since the selection of observation sometimes may result in target miss detection.
Method 3 performs better than methods 0, 1, and 2, because it can handle the mutual interference when the
two targets’ echoes have a similar distance to the device. Therefore, a single metric is challenging to guarantee
that all target observations are selected while filtering out the poor-quality observations. Thus, we adopt the
combination of them (1+2+3).
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6.6 Case Study: Multi-person Respiration Monitoring

To showcase the capability of Sidense, we use Sidense to monitor the respiration rate in multi-person scenario. As
shown in Figure 36, three volunteers sit 2.3m from the device and wear the GoDirect respiration sensor to record
the ground truth. Person 1 and 2 are separated by 15°, while person 2 and 3 are separated by 24°. The TX main
lobe directs towards person 1. Sidense first detects the target location and then performs continuous sensing. The
output waveforms are filtered by a [0.2, 0.6]Hz bandpass filter. Figure 37 shows the respiration waveform and
ground truth for each person. We can see that the waveform variation of Sidense is close to the ground truth.
During the 150s’ respiration monitoring, the absolute Breath Per Minute (BPM) errors for the three volunteers
are 2.1BPM, 0BPM, and 0BPM, respectively.

—— Sidense ~——— Ground Truth

Subject 3 Subject 2 Subject 1
(=}

0 10 20 30 40 50 60
Time (s)
Fig. 36. Multi-people respiration scenario. Fig. 37. Respiration waveform.

We also evaluate the performance of the different number of people. Volunteers sit at 2.3m from the device
and are separated by 18°. The TX main lobe does not direct towards anyone. Figure 38 shows that the median
BPM errors for single, two, and three people are 0, 0.68, and 1.12, respectively. The sensing accuracy decreases as
the number of people increases.
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Fig. 38. Performance for the different number of people.

ViMo [48], the state-of-the-art respiration monitoring system using 60GHz WiGig, achieves sensing by
configuring the AP in radar-like mode. In ViMo, the median error for one person at 2m is 0.22BPM. For the
multi-user scenario in ViMo, when the user-to-device distance is 1m and the separation angle between two
people is 30°, the median error ranges from 0.15 BPM to 1.14 BPM. We can find that the accuracy of Sidense is
comparable to ViMo, while Sidense can support concurrent mmWave sensing and communication.
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7 RELATED WORK
7.1 Integrated Sensing and Communication in mmWave Band

In order to reduce the hardware cost and improve spectrum efficiency, the integrated sensing and communication
(ISAC) has become a hot research subject. Sidense is related to recent works on communication-centric mmWave
ISAC designs.

MmWave communication is usually directional, where the energy is focused towards the receiver to combat
the high path loss. Some of the existing research assumes that the sensing target falls within the coverage of
the communication beam [16, 21, 22, 45], which limits the sensing scope to the communication sector. Beam
scanning can extend the sensing scope but cannot maintain directional communication. The time-division
multiplexing strategy can schedule directional communication and omnidirectional sensing in different time slots.
The time-division multiplexing strategy can be implemented via two approaches, Sector-Level-Sweep [5, 17, 29]
and radar-like mode [48, 50, 51]. In Sector-Level-Sweep based method, the device takes advantage of the beam
training phase (sector level sweep) for sensing. For instance, mTrack [49] demonstrates short-range (1m) object
motion tracking in millimeter precision. POLAR [29] achieves centimeter precision for indoor passive object
localization. In addition to the fundamental networking function, 802.11ad chipset also offers a radar-like mode. To
perform sensing, the AP is configured to work in the radar-like mode. During the radar-like mode, mmTrack [50]
and mmEye [59] implement digital beamforming to perform indoor tracking and imaging, respectively. However,
these methods confront a trade-off between the sensing resolution and the transmission efficiency. There are
some indoor sensing applications that require a 200Hz - 1kHz slow-time axis sample rate [14, 49, 56, 58], and one
sample needs one round of beam sweeping. As the current millimeter wave communication is mainly designed
to support high bandwidth applications, such as AR/VR, 4k high-definition video streaming [12], which are
sensitive to delay. Frequent communication interruptions will degrade the network quality of service. Different
with aforementioned methods, Sidense takes advantage of the side-lobe energy in the TX radiation pattern, so it
can support concurrent communication and sensing. As for the sensing performance, existing mmWave-based
ISAC systems can capture the millimeter-level displacement in the indoor range of 1 ~ 2m [37, 48, 49]. Sidense
can achieve a similar level of accuracy.

Another direction is the multibeam strategy, which usually generates two beams, with one beam for directional
communication, and another beam scanning all directions for sensing [3, 4, 6, 60]. Multibeam strategy can support
simultaneous communication and sensing, and it usually jointly optimizes TX and RX beamformers to maximize
the target echo SINR, so theoretically, the interference suppression will perform better than Sidense. However,
in most of the multibeam optimization algorithms, the convergence time is an uncontrollable factor, and lacks
real-time validation on practical hardware. Besides, since the energy is allocated between two directions, the
antenna gain of the communication beam is reduced, and the sweeping sensing beam may cause interference to
other devices in the same environment. Different from the existing multibeam strategy,Sidense does not need to
modify the original antenna beam pattern, and it takes advantage of the side-lobe energy in the radiation pattern
of antenna arrays, which will not decrease the main lobe power nor cause extra interference in the environment.

7.2 RF-based Indoor Sensing

Our work is related to existing works on RF-based indoor sensing. According to the sensing device employed,
related works can be grouped into the following two categories.

7.2.1 Radar-based Sensing. A number of indoor sensing applications have been implemented based on radar
devices, including frequency-modulated continuous-wave (FMCW) radar, continuous-wave (CW) Doppler radar,
and ultra-wideband (UWB) pulse radar. Given the large bandwidth, radars can be used for fine-grained motion
measurements, including indoor positioning [2], gesture recognition [26], human skeleton tracking [61, 62],
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vital signs monitoring [9, 47, 55], machine vibration monitoring [18, 20], etc. For example, DoppleSleep [36]
tracks sleep-related motions and classifies the sleep states using doppler radar. V2iFi [63] and Deepbreath [55]
demonstrate multi-person respiration monitoring using UWB pulse radar and FMCW radar, respectively. However,
these dedicated radar devices are usually specially deployed for sensing applications and their communication
functionality is seldomly discussed.

7.2.2  Sub-6G Communication Device-based Sensing. Wi-Fi-based motion sensing has been explored in recent
studies. The Wi-Fi channel state information (CSI) is obtained from different subcarriers. CSI can describe the
propagation channel properties between the associated transmitter and receiver. For example, Gao et al. [14]
proposed a position-independent gesture recognition by extracting moving features from the hand-oriented
view. MultiSense [56] also demonstrates multi-person respiration monitoring by separating linear superimposed
respiration using ICA. Recently, LoRa signals are also exploited for long-range indoor respiration monitoring [52,
57, 58]. Zhang et al. [58] performed beamforming on the LoRa gateway to achieve long-range multi-person
respiration monitoring. Xie and Xiong [52] proposed the virtual fence to mitigate interference in the multi-person
scenario. However, these sub-6GHz communication devices have limited bandwidth and antenna apertures,
resulting in coarse range and angle resolution.

8 DISCUSSION

Bi-directional simultaneous sensing and communication. To extend to bi-directional simultaneous sensing
and communication, here we discuss the uplink design. The client can perform concurrent uplink communication
and sensing using Sidense architecture if it supports full-duplex. But if the AP needs to perform environment
sensing during uplink communication, the scenario can be further divided into two cases:

(1) Scenario 1: The sensing target is the transmitting client. In this case, the target (client) is located at the AP
RX main lobe.

(2) Scenario 2: The sensing target is not the transmitting client but a nearby object/person. Since the target
is not the transmitting client (device-free sensing), the target is located at the AP RX sidelobe. To make
things simple, we assume that the transmitting client is static.

Followings are the challenges in uplink sensing. The first challenge is present in both scenarios, while the
second challenge is present only in Scenario 2. Here we also discuss the potential solutions:

(1) Asynchronous clocks between the transmitter and receiver: Since the clock of the AP and client are not
synchronized, the clock drift and frequency offset will directly lead to Doppler and range ambiguity [32].
Cross-antenna cross-correlation (CACC) is widely used in Wi-Fi sensing to remove the frequency offset [25,
35]. If the AP RX supports for MIMO, CACC can also be used to compensate for the frequency offset in
uplink sensing, by calculating the correlation between signals from different antennas.

(2) Limited angular sensing range: Similar to downlink sensing, due to the mmWave directional communication,
the uplink sensing scope is limited to the communication direction. When AP is sensing during the uplink
communication, it can adopt multibeam optimization to form a communication beam towards the client
and a sensing beam towards the target. The sensing beam can enlarge the sensing range. Different from
downlink sensing, the RX multibeam strategy will not decrease the transmission power nor cause extra
interference.

Target motion speed: The time-domain integration module increases the received signal quality by accumulating
packets, which will reduce the original sampling rate and limit the resolution of speed estimation. In 802.11ad,
the DMG inter-packet interval is microsecond-level and can provide packet rates at tens of kHz [10]. As many
indoor wireless sensing applications require a sampling rate that less than 1kHz [14, 49, 56, 58], Sidense can meet
the sample rate requirement even after integration.
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Target Number Estimation. The ICA algorithm requires the number of signal sources as an input. As the number
of moving targets is unknown, we set the source number as the number of candidate sectors or observations.
However, the candidate sectors derived from the target detection process may contain strong multipath signals
(i-e., ghosts). This will result in the consequence that the number of candidate sectors is larger than the number of
actual targets. There are some existing works that can separate targets and ghosts [15, 43]. Sidense can incorporate
these methods to get a more accurate estimation of source number for the ICA process. We will leave this to our
future work.

Full bandwidth compatibility: Due to the limitation of USRP bandwidth, in this paper, the signal bandwidth is
limited to 100MHz. The purpose of the system evaluation is to validate the feasibility of side lobe sensing and
results show that Sidense can achieve robust sensing performance. It is our future work to extend the bandwidth
to 2GHz and generate 802.11 ad/ay compliant signals. We note that with a larger bandwidth, not only will the
throughput increase, but also the sensing resolution. It is beneficial to both sensing and communication. Here we
discuss two aspects of design that need to be considered when implementing full-band Sidense:

(1) Beam switching control: The larger bandwidth means shorter packet duration, so the ultra-fast beam switch
ability is important in full-band Sidense implementation. In this narrow band prototype, the beam switching
is controlled by GPIO triggers. Since the GPIO commands come from the controller, it will cause a beam
switching delay (about 0.7 ~ 1.5ms). Actually, the antenna RF settling time takes at most 35ns, and existing
work has verified that ultrafast beam switching can be achieved by directly controlling the antenna through
FPGA. Our future work will utilize the FPGA on a full-band platform for beam sweeping control to achieve
ultra-fast beam switching.

(2) Compensation for coherent integration: Coherent integration is widely used in modern wideband radar [54].
Similar to the monostatic radar, Sidense is full-duplex with synchronized TX/RX chains. As the bandwidth
increases, the range resolution is improved. However, fast target motion in the coherent processing interval
(CPI) will lead to the across range unit (ARU) effect and doppler frequency migration (DFM) in the wideband
case [40, 44, 53]. So the length of CPI is limited by the target velocity and needs compensation for longer
integration. Fortunately, existing research has proposed various time-frequency transform methods to
achieve a long-time coherent integration process [8, 19, 40, 44, 53]. We may integrate these methods with
Sidense to improve the performance of wideband integration.

Hardware dependency: The unique hardware requirements for implementation of Sidense are mainly in the
target detection and preprocessing steps. It requires the system to meet the following requirements: full-duplex,
TX/RX chain synchronization support, rapid beam sweeping capability, reconfigurable antenna weight codebook,
and access to physical layer information. These hardware requirements are not harsh for existing equipment,
and we believe that Sidense can be flexibly extended to other mmWave platforms. For instance, mm-FLEX [23]
can provide ultra-fast antenna beam control and full-duplex capabilities. Besides, the current 60GHz commercial
equipment supports multi-antenna synchronization and radar mode [50]. If the access to the physical layer
information is allowed on these commercial devices [42], Sidense architecture can also be implemented on
commercial mmWave devices for simultaneous directional communication and omni-directional sensing.

9 CONCLUSION

We present Sidense, a mmWave platform that supports simultaneous directional communication and quasi-
omnidirectional sensing. Sidense does not require any modification to the communication process or the beam-
forming strategy, and thus will not degrade the communication performance. Different from existing works,
Sidense exploits the side-lobe energy in the antenna radiation pattern for sensing. As the side-lobe energy is weak
and uneven, we design the time-domain integration and multi-target separation schemes to address the challenges
in side-lobe sensing. Results show that Sidense can achieve 95" percentile displacement error of 5.79mm when
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the device-to-target distance is 6m. We also demonstrate a case study for multi-person respiration monitoring,
and the median error is 0BPM-1.2BPM at 2.3m, which is comparable to existing works. We believe that more
fascinating applications can be implemented on the proposed joint sensing and communication platform.
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