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Abstract—A 28-GHz multibeam joint communication and
sensing system called SideSense is presented, in which a line-of-
sight (LoS) beam is used to maintain reliable communication,
while other sensing beams are used to enhance physiological
motion detection. SideSense decodes the motion frequency and
shape from the channel state information (CSI) by first tuning the
gain ratio and phase differences between the LoS communication
beam and non-LoS (NLoS) beam to maximize the sensing
signal-to-noise ratio (SSNR) without significantly degrading the
communication channel capacity (CCC). Analytical results based
on a bistatic model are presented to show a gain ratio of around
1 and a phase difference of 90◦ or 270◦, which are ideal for
optimizing both SSNR and CCC. Experiments based on an array
of phased array (APA) beamformers and orthogonal frequency-
division multiplexing (OFDM) waveforms with phantom and
human subjects are presented to validate the performance of
SideSense. Results show that SideSense can improve SSNR by
84% while reducing CCC by 35%, an acceptable decrease
within the normal operational parameters of a millimeter-wave
(mmWave) communication system, which would not trigger
a link reestablishment procedure, e.g., communication beam
realignment.

Index Terms—Biosensors, channel state information (CSI)
amplitude, future generation (FutureG) wireless, millimeter wave
(mmWave), multiple beam, vital signs sensing.

I. INTRODUCTION

THE concept of radio systems that support both radar
sensing and communication functions by sharing spec-

trum and hardware has been known for decades [1]. More
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recent studies have demonstrated that existing IEEE 802.11ay
access points can be retrofitted to perform high-accuracy
human detection and sensing [2]. This principle of joint
communications and sensing (JCS) has been demonstrated
for accurate target location and tracking while maintaining
high communication throughput at microwave frequencies [3],
[4]. Millimeter-wave (mmWave) JCS has attracted significant
attention for future generation (FutureG) cellular networks due
to the benefits of reduced cost, size, weight, and improved
spectral efficiency [5], [6], while achieving both communica-
tion and radar sensing capabilities through shared hardware
and signal processing modules [7], [8]. The ability to obtain
accurate positions, speeds, and other features for objects while
simultaneously maintaining reliable communication links is of
immense importance for emerging applications, such as con-
tinuous health monitoring, smart cars, remote aerial vehicles,
and augmented reality [6], [9], [10].

There has been demonstrated success in the design of
mmWave systems for unobtrusive continuous physiological
monitoring, including applications in assistive devices, in-
cabin vehicle occupant monitoring, sleep studies, vital signs
monitoring, and stress level monitoring [11], [12], [13], [14],
[15], [16], [17], [18]. The potential compactness of hardware
at higher frequencies enables practical implementation of
antenna arrays, which can be used for digital beamforming and
multiple-input multiple-output (MIMO) system configurations
for signal separation from multiple individuals [19], [20], [21],
[22]. Moreover, the large bandwidth potentially provides high
data rate communications for real-time delivery and feedback
of the biomedical data acquired by the sensing modality.
Recent experimental work has shown that 5G signals can be
leveraged for joint radar and communication functions [23].

The primary design challenge in mmWave JCS systems lies
in the diversity of beam management requirements for commu-
nications and sensing [24], [25]. Line-of-sight occlusion and
clock asynchrony are notable obstacles to both communica-
tion and sensing [26]. The mmWave communication protocol
consists of an initial beam alignment process for both the
transmitter (TX) and receiver (RX) to identify the optimal
beamforming angles that maximize the link budget, and beam
realignment is performed only if the link budget deteriorates
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Fig. 1. Comparison of sensing in conventional communication systems versus the SideSense JCS system. (a) Illustrates a conventional system where the
dynamic path produced by the sidelobe senses the physiological motion, resulting in a less efficient power balance between the static communication path and
the dynamic path. (b) Shows the SideSense JCS system with an array of beam steering subarrays (TXs and TXd), where the system leverages both steered
subbeams of the TX to produce balanced static and dynamic paths, achieving better power distribution between the communication and sensing accuracy.

significantly [27], [28]. On the other hand, sensing requires
time-varying continuous beam scanning and tracking to follow
an object. Prior research mostly considers schemes that use a
single-phased array for both communications and sensing [29],
[30], [see Fig. 1(a)] which either limits the sensing direction or
utilizes expensive full digital arrays to synthesize complicated
beam patterns to meet the requirements of JCS [31].

Instead, this work explores a cost-efficient analog multibeam
technology, e.g., an array of phased arrays (APAs), [32], [33],
[34], [35], to enable low-cost and efficient implementation of
JCS for physiological motion sensing. The JCS APA system
proposed here consists of multiple analog subarrays connected
to a single RF chain, allowing the signal to be transmitted via
a beam pattern with multiple arms. One subbeam, fixed in
direction, supports communications, while the other subbeam
supports direction-varying scans to locate and sense the target,
as illustrated in Fig. 1(b).

While the hardware architecture is straightforward, power
allocation and phase coordination among subbeams are chal-
lenging, as they are critical for the recovery of physiological
motion from the channel measurements obtained by the JCS
system. Hence, presented here is a comprehensive framework,
SideSense, based on the original theoretical results of a bistatic
multipath JCS channel, to optimize both physiological motion
detection sensitivity and communication link capacity. The
optimal power to gain ratio between the communication and
sensing subbeams [see Fig. 1(b)] is identified, as well as their
phase difference, and a three-step tuning protocol is provided
in SideSense to jointly optimize communication and sensing
performance.

SideSense is implemented here using 28-GHz beamformers
and software-defined radios (SDRs). With experiments per-
formed using phantom devices and human subjects, SideSense
is shown to improve the sensing signal-to-noise ratio (SSNR)

by 84% compared to a single-beam JCS counterpart while
only reducing the communication channel capacity (CCC) by
35%, which is an acceptable decrease that would not trigger
a link reestablishment procedure [36], [37], [38]. The rest
of this article is organized as follows. Section II provides
necessary background information on channel measurement
in mmWave communication systems and on the JCS system
model. Section III introduces SideSense, including bistatic
JCS channel analysis insights and protocol design. Section IV
presents the SideSense prototype and experimental results.
Section V concludes the findings.

II. PHYSIOLOGICAL SENSING VIA CSI

Implementation of JCS can be designed to leverage the
channel measurement process that is part of nearly all commu-
nication protocols. For instance, in mmWave cellular networks,
a cellular base station (gNB) uses phased arrays with multiple
antenna elements to create highly directional signal beams
toward users, allowing concurrent communication through
spatial multiplexing to user equipment (UE). To improve
reliability, the gNB broadcasts reference signals for the UE to
measure and feedback channel state information (CSI), which
the gNB uses to adjust the signal beams and track users. As
users frequently move, channel measurements are performed
more regularly in mmWave cellular systems than in sub-6 GHz
counterparts to assist beam alignment and beam tracking.

A. MmWave Channel State Information

The CSI represents the channel properties of a radio link,
which describes how a signal propagates from a TX to an RX,
including the combined effects of scattering, fading, and power
decay with distance. In 5G new radio (NR), CSI is obtained
through the CSI reference signal (CSI-RS), which is embedded

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 



ISHRAK et al.: SideSense: ROBUST PHYSIOLOGICAL MOTION DETECTION 3

in packets broadcast via the physical data shared channel
(PDSCH). For each subcarrier k in an orthogonal frequency-
division multiplexing (OFDM) system, the RX compares the
received signal with the reference signal to compute the CSI
and can be represented as

hk = |hk | e j∠hk (1)

where |hk | and ∠hk are the amplitude and phase of the channel
responses at subcarrier k, respectively. Table I shows the list
of symbols used in equations and their meanings in this work.

B. Extracting Physiological Motion From CSI

Since the CSI represents how the surroundings affect the
signal, it is possible to detect physiological motion, such as
that from breathing and heartbeat, via changes in amplitude
and phase. However, real-world mmWave CSI is often the
composite effect of multiple propagation paths, which compli-
cates the physiological motion detection process. Specifically,
CSI captures the combined effect of all the paths a radio
wave takes as it travels, which can be broken down into static
and dynamic components. The static component includes the
line-of-sight (LoS) path and reflections from stationary objects
in the environment, while the dynamic component represents
reflections from a moving subject, such as the torso of a human
when breathing.

The mathematical model of CSI amplitude and phase at
subcarrier k in the presence of multipath is represented as
[29]

|hk (t)| =
ˇ̌
hk,s + hk,d

ˇ̌
=

qˇ̌
hk,s
ˇ̌2
+
ˇ̌
hk,d (t)

ˇ̌2
+ 2

ˇ̌
hk,s
ˇ̌ ˇ̌

hk,d (t)
ˇ̌
cos (∆ϕ (t))

(2)

where hk,s and hk,d are the static and dynamic components,
respectively, of the CSI at the subcarrier k. The function
∆ϕ(t) is the phase difference between the static and dynamic
components, and can be represented by

∆ϕ (t) =
2π (dd (t) − ds)

λk
(3)

where ds denotes the length of the static path, dd(t) represents
the length of the time-varying dynamic path generated by
the moving object, and λk represents the wavelength of the
subcarrier k.

Thus, the CSI amplitude is modulated, and the range of
its change due to the moving object mainly depends on
the relative strength between the static and dynamic paths.
The CSI phase also exhibits a similar modulation effect due
to the moving object. It is worth noting that the detection
performance of CSI phase and amplitude waveforms is com-
plementary to each other, with some offset depending on the
object’s location. Specifically, for locations where the CSI
amplitude exhibits a limited dynamic range for sensing, the
CSI phase provides a favorable dynamic range for satisfactory
detection performance.

III. SIDESENSE: THEORY AND DESIGN

This section provides the analysis and design of a multibeam
JCS system, SideSense, which leverages the hardware capabil-
ity of an APA to perform better physiological motion detection
compared to single-beam systems, without compromising the
link reliability for communication. The APA architecture used
by SideSense is compatible with emerging standards, such as
5G NR and 802.11af/h, which employ multibeam hardware to
enhance mmWave signal coverage [39], [40].

A. SideSense Design: Engineering CSI for JCS

Consider a TX equipped with two uniform linear arrays
(ULAs) that are connected with a single RF chain, as shown
in Fig. 1, where there are N antenna elements for each ULA.
For simplicity, assume that the ULA at TXd, which points to
the target, creates the dynamic component for the composite
CSI at the RX, while the ULA at TXs, which establishes
the LoS link with the RX, creates the static component.
Subcarrier subscript k and time variable t are dropped in the
dynamic component for simplicity. The received signal at the
omnidirectional RX can be represented as

y = hT
s wsx + hT

d wdx + z (4)

where hs, ws, hd, and wd are all N-by-1 vectors, representing
the channel from the N transmit antennas and the beamforming
weights for the ULA that create the static and dynamic
components, respectively. The symbol x is the transmitted
signal, and z represents the channel noise.

For a typical ULA, the space between the antenna elements,
d, is half the wavelength, which is significantly shorter than
the link distance, especially in mmWave bands. Hence, the
communication is in the far-field, where the channel can be
decomposed into a gain component that is consistent across
all the antenna elements in the ULA, and a phase component.
With the decomposed channel, (4) can be rewritten as

y = as

h
e j 2πnd

λ sin(φs)
iN

wsx + ad

h
e j 2πnd

λ sin(φd)
iN

wd x + z (5)

where as and ad are the channel gains for the static
and dynamic channel components, respectively. Also, [·]N

represents a row vector of size N, and [e j(2πnd/λ) sin(φs)]N

and [e j(2πnd/λ) sin(φd)]N are the channel phases for the static
and dynamic channel components, respectively, for n =

0, 1, . . .,N − 1, with the corresponding angle-of-departure
(AoD) denoted as φs and φd. Specifically, the phase component
[e j(2πnd/λ) sin(φs)]N or [e j(2πnd/λ) sin(φd)]N is the steering vector for
the ULA beamforming. The beamforming weights for the
ULA are complex values, which can be denoted as

ws =
�
gs,0e jθs,0 , gs,1e jθs,1 , . . ., gs,N−1e jθs,N−1

�T (6)

wd =
�
gd,0e jθd,0 , gd,1e jθd,1 , . . ., gd,N−1e jθd,N−1

�T (7)

where |gs,n| ≤ 1 and |gd,n| ≤ 1 for n = 0, 1, . . .,N − 1.
To maximize the directionality gain toward the AoD φ, the

complex conjugation of the steering vector at φ should be used
as the codebook entry to form a beam, that is,

wT
φs

=
h
e− j 2πnd

λ sin(φs)
iN

(8)
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Algorithm 1 Sensing SNR
1: procedure SSNR(hM , fphy)
2: H( f )← FFT(hM)
3: SSNR← H( f = fphy)

E(H( f, fphy))
4: return SSNR
5: end procedure

wT
φd

=
h
e− j 2πnd

λ sin(φd)
iN

(9)

where the index of the subcarrier k is omitted for simplicity.
In particular, the global phase offsets ∆s and ∆d for the

static and dynamic components, respectively, tune the arriving
phase of each channel component at the RX. Introducing the
global phase offset into the optimal beamforming weights in
(8) and (9) results in the beamforming weights represented
in the following equations, which do not change the steering
directions φs and φd but introduce an additional phase offset
∆s and ∆d for the static and dynamic components at the RX:

w′φs
= wφs e

∆s (10)

w′φd
= wφd e∆d . (11)

Similarly, the global phase offset can be introduced into the
generalized beamforming weights expressed in (6) and (7).

By combining (5)–(7) and global phase offsets, the ratio of
static and dynamic components of the composite CSI, which
consists of the effects of APA and the wireless channel, can
be represented as

|hs|

|hd |
=

ˇ̌̌
as
PN−1

n=0 gs,ne j( 2πnd
λ sin(φs)+θs,n+∆s)

ˇ̌̌
ˇ̌̌
ad
PN−1

n=0 gd,ne j( 2πnd
λ sin(φd)+θd ,n+∆d)

ˇ̌̌ . (12)

From (12), it is observed that with the beamforming weights
and global phase offsets, the detection performance of sensing
activities with CSI can be tuned on two levels, which is the
theoretical guideline behind the design of SideSense. First,
the beamforming weights can be adjusted to modify the gain
ratio between the static and dynamic components. Moreover,
the global phase offsets can also be utilized to tune the phase
difference between the static and dynamic components.

SideSense consists of three subprocedures (see Fig. 2),
unimodal beam sweep, unimodal gain ratio tuning, and uni-
modal global phase offset tuning, which perform time-varying
continuous beam scanning for sensing once the LoS subbeam
is aligned with the RX via the standard beam alignment
process. Let hM = h(1), h(2), . . ., h(M) represent M samples
of the composite CSI that include both static and dynamic
components, and let H be the frequency-domain fast Fourier
transform (FFT) of hM . A function is first defined to compute
the SSNR for physiological motion detection in Algorithm 1,
where fphy is the frequency of the physiological motion and
E(·) is the expectation.

The procedure begins after the communication protocol
finishes the standard beam alignment process. The first part
utilizes the sensing subbeam and carries out a sweep to identify
the target using the unimodal beam sweep process detailed
from Lines 2 to 17 in Algorithm 2, where Ψb is a termination

Algorithm 2 SideSense
1: /* Unimodal Beam Sweep */

2: for t = 1, 2, . . ., do
3: Select the beam direction with index k(t)
4: Obtain DELzz- DELM samples of the composite CSI by

applying the steering vector of k(t): hM(t)← hM(wk(t))
5: Evalu- ate the SSNR

SSNR(t)← SSNR
�
hM(t), fphy

�
6: if t == 1 then
7: SSNRmax ← SSNR(t)
8: ψb(t)← SSNR(t)
9: else

10: SSNRmax ← max({SSNR(1), . . .,SSNR(t − 1)})
11: ψb(t)← SSNR(t) − SSNRmax
12: end if
13: if ψb(t) ≤ Ψb then
14: k∗ ← k(t)
15: Terminate the beam sweep
16: end if
17: end for
18: /* Unimodal Gain Ratio Tuning */

19: for t = 1, 2, . . ., do
20: if t == 1 then
21: Get the steer- ing vector for beam index k∗

w(t)← wk∗

22: else
23: Update the steering vector

w(t)← (1 + δg)w(t − 1)

24: Evaluate ψg(t)←
ˇ̌̌
|hs(w(t))|
|hd(w(t))| − 1

ˇ̌̌
25: end if
26: if ψg(t) ≤ Ψg then
27: w∗ ← w(t)
28: Terminate the gain tuning
29: end if
30: end for
31: /* Unimodal Global Phase Offset Tuning */

32: for t = 1, 2, . . ., do
33: if t == 1 then
34: w(t)← w∗
35: else
36: Update the steering vector: w(t)← eδφw(t − 1)
37: Evaluate ψp(t)← |∠ hs(w(t))

hd(w(t)) − 90|
38: end if
39: if ψp(t) ≤ Ψp then
40: w∗ ← w(t)
41: Terminate the phase tuning
42: Proceed to physiological motion sensing with the steering

vector w∗
43: end if
44: end for

threshold for the beam sweep. Next, SideSense adjusts the
array gain while monitoring the CSI on the in-phase and
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Fig. 2. SideSense flowchart with three subprocedures.

quadrature (IQ) plot until the origin shifts outside the CSI
circle, following the procedures from Lines 19 to 30. δg is an
incrementing step and Ψg is a termination threshold. After the
gain tuning, SideSense obtains the suboptimal steering vector
w∗ as the warm start for the following phase tuning process.
Finally, the SideSense system further updates the steering
vector w∗ with the tuned array gain by adjusting the global
phase offset until the corresponding static channel vector,
hs(w∗), and the dynamic channel arc, hd(w∗), are orthogonal.
Define an incrementing step δφ and a termination threshold Ψp

for the final phase tuning process, which is detailed from Lines
32 to 44. After the three-part procedure, physiological motion
is sensed by collecting the CSI using the optimized steering
vector, w∗, with tuned array gain and phase. The amplitude of
the collected CSI is then processed to recover the physiological
motion frequency and waveform.

B. Simulation Study: Benefits of Multibeam

To ease the analysis, SideSense was modeled as a bistatic
JCS system model, with two antennas, TXs and TXd, con-
necting to the same RF chain and one RX [see Fig. 1(b)]. As
mmWave frequencies have high path loss, the TX, modeling
a gNB, uses phased arrays to generate a highly directional
beam to account for the loss. For SideSense, the TX employs a
low-cost APA architecture to generate multiarm beam patterns.
The RX, modeling a cellular UE or Wi-Fi client, uses a small
phased array to create a semi-directional beam to improve
reception due to the device size limitation.

The system model allows separate control of the commu-
nication and sensing subbeams at TX based on the in situ
requirements and dynamically adjusts the gains and phases
of the subbeams to optimize the communication and sensing
results. Specifically, SideSense TX can adjust the subbeams’
gain ratio phases to improve the dynamic range of the CSI
amplitude. It can also adjust the subbeams’ initial phase to
mitigate the null position issue of a bistatic JCS. Both benefits
are studied with simulations and elaborated below.

1) Gain Ratio Tuning: Consider the two cases shown in
Fig. 3(a) and (b). For case a, the ratio, |hk,s|/|hk,d |, is small,
and the CSI arc contains the coordinate origin, and the overall
CSI amplitude does not change significantly as the dynamic
component of the CSI rotates due to physiological motion. For
case b, the ratio, |hk,s|/|hk,d |, is large. The origin of the static
vector is outside of the CSI circle, and the overall CSI ampli-

Fig. 3. CSI gain ratio effects. (a) CSI with small |hk,s |/|hk,d | has a small
dynamic range for its amplitude. (b) CSI with large |hk,s |/|hk,d | has a large
dynamic range for its amplitude. (c) Simulations show how the overall CSI
amplitude changes at different |hk,s |/|hk,d |. (d) Simulation results show the
dynamic range of the overall CSI amplitude changes at different |hk,s |/|hk,d |,
where the x-axis denotes the ratio with a logarithmic scale. (e) Phase-aligned
static and dynamic components reduce the overall CSI amplitude. (f) Phase-
orthogonal static and dynamic components increase the overall CSI amplitude
change.

tude changes significantly as the dynamic component of the
CSI rotates due to Doppler motion. Overall, the dynamic range
of the CSI amplitude is analyzed in the simulation results [see
Fig. 3(a)–(c)] based on the system model in Section II-B. The
range, e.g., the detection sensitivity, increases as the |hk,s|/|hk,d |

increases, and saturates when the ratio is equal to or greater
than 1 [see Fig. 3(a) and (b)]. The overall CSI phase change
becomes linear (without aliasing) to the Doppler motion when
the ratio exceeds 1 [see Fig. 3(c) and (d)].1 Hence, ideally,
the detection is at its optimal when |hk,s|/|hk,d | is adjusted to
approximately 1. Albeit any value greater than 1 has a similar
dynamic range for the overall CSI amplitude, the beam pattern
becomes increasingly monotone when |hk,s|/|hk,d | � 1, which

1Under a realistic setting with the TX–RX synchronization error, the phase
tuning effect is not pronounced as the phase noise overwhelms the phase
changes introduced by the physiological motion.
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reduces the mmWave communication reliability as the single
LoS beam is vulnerable to blockage.

2) Global Phase Offset Tuning: Single-beam systems also
suffer from the issue of null detection points as illustrated in
Fig. 3(e) and (f). When the static and dynamic components
are aligned with each other, e.g., ∠hk,s/hk,d = 0◦ or 180◦, the
change in amplitude of the CSI is small and nonlinear, contrary
to when the static and dynamic components are orthogonal
with each other, e.g., ∠hk,s/hk,d = ±90◦, and the change in the
amplitude of the CSI is clear and linear. This phenomenon,
where sensitivity is minimized when the static and dynamic
paths interfere maximally (constructively or destructively), is
consistent with the predictions of the Fresnel zone model [10].
Specifically, these null detection points often correspond to
locations where the dynamic path reflector (e.g., the chest dur-
ing breathing) lies near the boundary of a Fresnel zone, result-
ing in minimal signal amplitude change for small phase shifts.

For a single-beam system, ∠hk,s/hk,d cannot be changed as
it is only related to the length differences for the LoS and
non-LoS (NLoS) paths. However, for a multibeam system,
the global initial phase for each subarray can be individually
tuned. Hence, the system can control the phase difference and
“rotate” the dynamic component out of the null position for
better detection.

Note that, although wideband signals such as OFDM pro-
vide multiple subcarriers at different frequencies, the spacing
between subcarriers is fixed, meaning the phase offset achieved
via channel selection is also fixed. There is a possibility that
none of the subcarriers give good CSI amplitude readings due
to an undesired ∠hk,s/hk,d for sensing. The continuous global
phase offset tuning provides fine-grained tuning to address this
issue. Furthermore, even if the hk,d arc is larger than 180◦ and
nonlinear mapping from ∠hk,d to |hk | is unavoidable, adjusting
phase offset will provide linearity at different segments of
∠hk,d, when it is mapped to |hk |, which can be used for the
recovery of the shape of the waveform.

C. Making Multibeam Practical: APA

APA architecture is a low-cost implementation of a multi-
beam system, meant to address the reliability challenges
inherent in mmWave networks. Some mmWave transceivers
use a full-MIMO architecture, with each RF chain linked
to a single passive antenna, enabling flexible array process-
ing and multibeam pattern synthesis. However, the hardware
complexity limits scalability, as adding antennas demands
more RF chains, significantly increasing cost, size, and power
consumption [41]. Whereas, APA provides a contrasting cost-
effective approach to connect multiple phased arrays to a single
RF chain through a single combiner. Furthermore, a single
array faces two critical challenges: limited field of view (FoV)
and high directionality, which restricts its coverage. Typically,
a phased array has a FoV narrower than ±60◦, limiting its
ability to provide comprehensive coverage.

An APA architecture can be a viable approach in over-
coming such FoV limitation, where multiple phased arrays
are co-located to jointly cover 360◦ in azimuth or elevation
while sharing the same RF chain but pointing at different
angles. This aggregation allows for more effective utilization

of the directional gain inherent in phased arrays, which is
proportional to the number of antenna elements [39]. In this
design, APAs were employed where one phased array was
used for LoS communication while the other was used for
both communication and sensing through beam steering.

IV. EXPERIMENTS AND EVALUATIONS

The experimental datasets were obtained and validated using
a SideSense prototype, a custom duo-TX, and a single-RX
mmWave OFDM JCS system. The data include CSI recordings
of sinusoidal motion executed by a mechanical mover and
respiratory motion from three human subjects.

The SideSense prototype uses a 28-GHz OFDM waveform.
The system uses baseband Universal Software Radio Periph-
eral (USRP) devices to modulate and demodulate OFDM
signals. The transmitting USRP generates a 3.5-GHz signal at
−15 dBm, which is up-converted to a 28-GHz waveform using
an up/down converter. The output signal is power divided and
drives two TMYTEK BBox Lite phased array TXs. Another
USRP collects the signal from a single-phased array TMYTEK
BBox RX. The OFDM waveform comprises 52 subcarriers
over a 1-MHz bandwidth sampled at 625 Hz. The TX and RX
subbeams have a 3-dB beamwidth of 25◦.

One of the TX phased arrays, TXs, is used as a com-
munication subbeam. The other TX phased array, TXd, is
the sensing subbeam, which targets and narrows down the
location of the moving subject. The resultant combination of
the communication and sensing parts is recorded by the RX
in both default and beamformed settings.

Fig. 4 shows the experimental arrangement of the com-
munication setting, Joint communication and sensing setting,
and sensing setting. Fig. 5 shows the experimental setup
configuration of the mechanical mover in relation to the two
TX and RX antennas from both a bird’s-eye view and a side
view. The TX and RX antennas are placed 1.08 m apart. The
robotic mover consists of a single-axis stepper drive mount
(Griffin Motion LNS-100 series linear stage) controlled by
the Galil DMC30010 motion controller, set at a 115200 baud
rate. The reflective surface of the mover is a flat rectangular
metal plate measuring 20 cm by 15 cm. The face of the
metal plate is aligned with the elevation level of the TX and
RX antennas. The robotic mover is actuated using a Python
script that implements the “gclib” library developed by the
manufacturers.

A. Phantom Test With Linear Stage

For the initial experiment, the experimental setup is tested
for an increase in sensing detection accuracy by beamforming
the sensing TXd. Both the TX and the RX phased array
antennas have a beam steering capability between 45◦ and
−45◦ with a resolution of 5◦ from the center. The TX antennas
have beam steering in the azimuth angle, and the RX antenna
can steer both in azimuth and elevation angles. The mover is
placed at 30◦ angle from both Tx and Rx antennas. The mover
is set to a frequency of 0.3 Hz at 1 cm peak-to-peak amplitude.
The dataset is acquired by steering the sidelobe TX antenna
(TXd) from 0◦ to 45◦ with increments of 5◦.
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Fig. 4. IQ graph of sinusoidal motion for selected channels. (a) TXd and TXs
point toward RX. (b) TXd points toward the target and TXs points toward
RX. (c) TXd and RX point toward the target. Multiple channel selection in
OFDM systems is advantageous as the motion arcs are created at different
dynamic angles, increasing the likelihood of an optimum position even for
small movement sensing.

Table II demonstrates the inverse relation between the SSNR
of the amplitude and phase as the sensing subbeam is steered
toward the target. For this experiment, there is a significant
change in SSNR in both amplitude and phase measurements
as the beam steers toward the target. The table provides an
average change, whereas individual channels have optimum
sensing settings at different beam angles. The average relation
between the static and dynamic components has the high-
est orthogonality at 15◦, maximizing the average magnitude
SSNR. Conversely, the average phase SSNR increases as the
alignment of static and dynamic components increases with
TXd angle.

Phase tuning is beyond the scope of this work, because:
1) the commercial off-the-shelf beamformer used in this work

Fig. 5. (a) Experimental setup with mechanical mover and SideSense system.
Schematic of experimental setup with (b) system block diagram and (c) height
measurements.

does not support a customized beamforming vector, and thus
the phase tuning strategy cannot directly be implemented in
the experiment, and 2) the static and dynamic components
of the channel are determined by the physical environment,
which can be complex in an indoor multipath setting, so
strategically implementing gain tuning is also challenging in
a naturally uncontrollable environment. However, the results
from this initial experiment implicitly indicate the effects
of gain and phase tuning, which align with our simulation
observations. Furthermore, the results in this table demon-
strate the effect of the sidelobe angle impacting SSNR. In
addition, a greater number of available channels and wider
system bandwidth expand phase and amplitude variation,
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Fig. 6. IQ graph of sinusoidal motion for selected channels. (a) TXd and TXs point toward RX. (b) TXd points toward the target and TXs points toward RX.
(c) TXd and RX point toward the target. Multiple channel selection in OFDM systems is advantageous as the motion arcs are created at different dynamic
angles, increasing the likelihood of an optimum position even for small movement sensing.

TABLE I
SYMBOLS USED IN EQUATIONS WITH THEIR MEANINGS IN MMWAVE

COMMUNICATION AND SENSING

TABLE II
AVERAGE AMPLITUDE AND PHASE SSNR FOR DIFFERENT TXD ANGLES

increasing the likelihood of an optimal channel for both
functions.

The second set of experiments involves sinusoidal motion
performed by the mover at eight different nominal distances,
0.45 cm apart. The mover is placed at a 45◦ angle with the TX
antennas and the RX. The sinusoidal motion set at a frequency
of 0.3 Hz and an amplitude of 0.45 cm peak-to-peak was
chosen as a placeholder for respiratory motion simulation. The
data were collected with the RX and TXd beamformed at every
combination of 0◦ and 45◦ angles of the sidelobe TX and the
RX. The data are captured, and post-processing is done using
Python scripts.

Fig. 6 shows the IQ graph of CSI of the recorded data with
the real part assigned as the I-channel and the imaginary part
assigned as the Q-channel. When all TX and RX antennas are
in a direct LoS setting, it is denoted as the communication set-
ting. When the sensing TXd is beamformed toward the target,
the setting is denoted as the JCS setting. When the sensing
TXd and the RX are both beamformed toward the moving
target, the setting is called a sensing setting where the CCC
is reduced the most.

The IQ graph shows the reduction of overall channel ampli-
tude due to the minimum contribution of the communication
channel in the sensing setting. For the work, the focus, mea-
surement, and comparisons in sensing capabilities were carried
out by taking the absolute value of CSI or the amplitude.
OFDM systems are susceptible to phase noise; therefore,
amplitude was considered as the more reliable measure of
performance.

Multiple channels are analyzed for channel capacity mea-
surement and respiration frequency detection. The difference
in frequency modulations between consecutive channels pro-
vides higher frequency diversity to the experiments. The
relative average positions with respect to the center of the
dynamic offset depend on the frequency of the channels.
Therefore, a number of IQ arcs are more likely to be in the
optimum position for movement sensing.

Figs. 7 and 8 show the amplitude in the time and frequency
domains, respectively. The amplitude measurement shows a
higher static component, and therefore, channel capacity in the
communication and JCS setting due to the contribution of the
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Fig. 7. Time domain CSI amplitude of sinusoidal motion for selected channels. (a) TXd and TXs point toward RX. (b) TXd points toward the target and TXs
points toward RX. (c) TXd and RX point toward the target. The black dotted line denotes average CSI amplitude. Differences in CSI amplitude for subcarriers
1, 26, and 52 are due to frequency diversity and Rayleigh fading.

Fig. 8. Frequency domain CSI amplitude of sinusoidal motion for selected channels. (a) TXd and TXs point toward RX. (b) TXd points toward the target
and TXs points toward RX. (c) TXd and RX point toward the target.

communication TXs. It is also to be noted that the difference
between the detection of the target frequency is comparable
in both JCS and sensing settings. In the JCS setting, the static
versus dynamic offset is higher than in the sensing setting.
This change is reflected in the slightly improved detection of
the target frequency in the JCS setting.

B. Human Data Collection

The sinusoidal motion does not accurately represent an
actual breathing waveform. True respiration has variances
in the durations of inhalation and exhalation. Moreover, the
shapes of periodic motion vary from the true sinusoidal
signal and differ for each person. Therefore, respiratory data
from three consenting human subjects were collected with
photoplethysmography (PPG) as a reference.

For data collection, the subjects were seated with their torso
facing toward the setup and angled at 30◦ from the RX and
TX antennas. The respiratory rate of 15 bpm was chosen to
be close to the human resting breathing rate. For each subject,
three data instances were collected over a duration of 2 min.
The data were recorded with the Txd–Rx settings beamsteered
at 0◦–0◦, 30◦–0◦, and 30◦–30◦.

Fig. 9 shows the difference in IQ plots taken in the com-
munication and sensing settings. Considering that the human
thorax moves close to 1 cm during respiration, the total
phase change should be higher in an ideal case. However,
the nonuniform shape of the human thorax means that the

displacement varies in different parts of the thorax. Depending
on the position of the thorax a narrow beam focuses on, it is
possible to get readings of a smaller displacement in the CSI
recordings.

Fig. 10 demonstrates the improvement of respiratory signal
detection as the radar system is configured toward the commu-
nication setting and the sensing setting. The improvement in
the ratio of the static and dynamic components contributes to
this. The uneven nature of the human thorax creates increased
scattering and multipath, therefore, resulting in increased
noise. The FFT was performed over 40 s of data captured
at a sampling rate of 625 Hz for each channel.

C. Results

The performance comparison of the three settings is calcu-
lated using the CCC and the SSNR. The CCC is evaluated
based on the Shannon capacity computed via the following
equation:

CCC =

52X
k=1

BW log2

�
1 +

Pt

N0
E (|hk |)

�
(13)

where BW is the subcarrier bandwidth, Pt = −10 dBm is the
transmitting power, N0 = −70 dBm is the noise floor variance,
and E(·) is the expected value.

The sensing performance is evaluated based on the SSNR
of the physiological motion versus the environment noise
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Fig. 9. IQ plots of CSI data of human subject respiration for two scenarios.
(a) TXd and TXs point toward RX. (b) TXd and RX point toward the target.

TABLE III
CCC AND SSNR CHART OF MOTION EXPERIMENTS WITH THE RADAR

SYSTEM AT COMMUNICATION, JCS, AND SENSING SETTINGS

evaluated at the frequency domain after the fast Fourier
transform, e.g., Algorithm 1, recited below

SSNR =
H
�

f = fphy
�

E
�
H
�

f , fphy
�� . (14)

Table III illustrates the change in CCC and SSNR in the
three settings of the radar system. A clear improvement in
SSNR is shown in the radar settings as the system is configured
from a purely communication to a purely sensing mode. The
CCC decreases more for the JCS setting than in the purely
communication setting. This can be explained by the use of
two TX antennas acting as the communication antenna and the

Fig. 10. FFT plots of CSI amplitude recorded with a human subject for two
scenarios. (a) TXd and TXs point toward RX. (b) TXd and RX point toward
the target.

sensing antenna. Due to phase misalignment at the RX point,
the communication setting suffers. This is constant throughout
all the experiments, as the setup was kept identical between
tests. The NLoS phase alignment is better during the JCS
setting, slightly increasing the CCC.

Although a significant improvement of 84% is noticed for
sensing modes in SSNR on average, the CCC decreases by
35% on average. The CCC of the purely communication mode
can be further improved using phase tuning methods.

The variability in SSNR improvement among subjects is
large due to differences in torso properties and scattering,
which are more complex than the uniform reflections from a
mechanical mover. For Subject 3, the smaller SSNR variation
between the JCS and sensing settings likely results from
subtler changes in the static-to-dynamic ratio of the CSI,
driven by the subject’s unique torso geometry and positioning
relative to the beams.

V. CONCLUSION

A low-cost mmWave JCS system based on an APA architec-
ture named SideSense was presented for physiological motion
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sensing. The system is compatible with FutureG wireless
communication system architectures currently being standard-
ized by 3GPP and 802.11 workgroups. Findings through
Fresnel zone analysis of the JCS channel mode show that
maintaining power ratio between the communication sub-
beam and sensing subbeam greater than 1 is preferred to
jointly optimize the SSNR and CCC, whereas a global phase
difference of a ±90◦ between communication and sensing
subbeams is favored to maximize the physiological motion’s
presence in the composite CSI. A prototype of SideSense has
been developed with 28-GHz beamformers and SDRs, and
phantom and human subjects’ tests were presented to highlight
its performance. The current SideSense design is optimized
for focused TX–RX setups, and promising results have been
observed in stationary, single-subject scenarios. The adaptation
challenge for dynamic, multiperson, or motion scenarios is
an opportunity for future research. Future work will also
be needed to integrate phase shifters and amplifiers at each
subarray to enable separated phase and gain tuning, achieving
optimal phase and amplitude ratios for physiological motion
detection.
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