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ABSTRACT
Wireless signals have been widely utilized for human sens-
ing. However, wireless sensing systems face a fundamental
limitation, i.e., the wireless device must keep static during
the sensing process. Also, when sensing fine-grained human
motions such as respiration, the human target is required
to stay stationary. This is because wireless sensing relies
on signal variations for sensing. When device is moving or
human body is moving, the signal variation caused by the
target area (e.g., chest for respiration sensing) is mixed with
the signal variation induced by device or other body parts,
failing wireless sensing. In this paper, we propose MSense, a
general solution to deal with motion interference from wire-
less device and/or human body, moving wireless sensing one
step forward towards real-life adoption. We establish the
sensing model by taking both device motion and interfering
body motion into consideration. By extracting the effect of
body and device motions through pure signal processing,
the motion interference can be removed to achieve accurate
target sensing. Comprehensive experiments demonstrate the
effectiveness of the proposed scheme. The achieved solu-
tion is general and can be applied to different sensing tasks
involving both periodic and aperiodic motions.

CCS CONCEPTS
• Human-centered computing→ Ubiquitous and mo-
bile computing systems and tools.

KEYWORDS
Wireless sensing, Motion interference cancellation, Body
motion and device motion interference, MmWave radar

1 INTRODUCTION
Wireless signals have demonstrated their sensing capabilities
in many applications including vital sign monitoring [21, 41],
gesture recognition [26, 46], activity sensing [27, 61], track-
ing [6, 35], vibration detection [23, 57], and material iden-
tification [8, 47]. In recent years, various types of wireless
signals have been utilized for sensing purposes, including
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(a) Scenario 1. (b) Scenario 2. (c) Scenario 3.

Figure 1: Scenarios of wireless sensing under device
and/or body motion: (a) Eye blinking detection in a
moving car. (b) Respirationmonitoring during exercise.
(c) Gesture recognition using robot-carried device.

Wi-Fi [34, 50], RFID [53, 66], LoRa [62, 64], UWB [16, 48],
LTE [13, 18], mmWave [49, 58] and acoustic signals [37, 39].

Althoughwireless sensing has achieved promising progress,
wireless sensing still faces a fundamental limitation, i.e., it
works under stationary conditions. Take respiration sens-
ing as an example. The human target is required to stay
stationary for sensing. If the target is running on a tread-
mill or walking, it is very difficult to extract the respiration
information. During the sensing process, the wireless de-
vice used for sensing also needs to be stationary. If we place
the device on a moving robot or hold it in hand with just
small involuntary motions, the sensing performance severely
degrades. This is because the underlying principle behind
wireless sensing is that target motions can influence signal
propagation, causing signal variations at the receiver. By
analyzing the signal variations, target motion information
can be inferred. However, when device is moving or/and the
human body is moving, the signal variations caused by these
interference motions are mixed with the signal variations
caused by the target area (e.g., chest for respiration), failing
wireless sensing. In real life, we do have a lot of scenarios
with device motions or/and body motions. For example, as
shown in Figure 1a, when we try to sense the driver’s eye
blinks for fatigue driving detection, the car movements bring
motions to both device and human body. Similarly, as shown
in Figure 1b, when monitoring vital signs during exercise,



the whole body moves dramatically, inducing strong mo-
tion interference. When we place the sensing device on a
moving robot for sensing as shown in Figure 1c, the device
motion also causes severe interference. These large motion
interference can easily bury the small variations induced by
target (e.g., eye blink and respiration).

To address the device motion, a recent work [65] proposed
to adopt a static object such as a wall in the surrounding
environment as a reference to cancel out the effect of device
motion. Although efficient, this method only works with pe-
riodic target motions. Furthermore, this method could not be
applied to address body motions. Several approaches [15, 20,
55, 71] were proposed to deal with interference from human
body leveraging deep learning methods. However, even with
deep learning, these methods still only work with periodic
target motions (e.g., vital sign monitoring). The underlying
principle is that the periodicity of the target motions differs
dramatically from that of the body movements. However,
many real-world applications involve aperiodic motions such
as hand gestures. Furthermore, even for respiration which is
usually periodic, people are more interested in those abnor-
mal part (e.g., apenea) which is aperiodic. In scenarios with
motion interference from both human body and device (e.g.,
sensing in a moving car), the problem becomes even more
challenging.
In this paper, we propose MSense, a general solution to

deal with motion interference induced by human motions
and device motions in wireless sensing. For the first time, we
model the effect of target motions together with device and
body motions. First of all, we find that the signal received
at the receiver may contain signals reflected from different
body parts. For mmWave radar with a bandwidth of 4 GHz,
the range bin resolution is around 5 cm, which is capable of
separating signal reflected from the head and signal reflected
from the leg into two different bins. However, the signal
reflected from the eye and the signal reflected from themouth
have a path length difference smaller than the range bin
resolution and therefore they fall in the same bin. In this case,
the two signals can not be separated in the time domain. We
therefore further utilize the antenna array widely available
at the commodity mmWave hardware to separate signals in
the spatial domain.
After we obtain the signal reflected just from the target

area (e.g., eye area for blink detection), this signal contains
not just the information of target motion but also the infor-
mation of body motion (interference) and device motion (in-
terference). To address this challenge, we leverage one obser-
vation: while the reflection signal from the target area carries
the information of target, body motion and device motion,
some reflection signals from other body parts may contain
just the information of body motion and device motion. In
this case, the undesired motion interference can be canceled

out to obtain clean target motion information. However, we
also notice that signals reflected from different body areas
can contain distinct body motions. Therefore, we need to
select an area with the same body and device motions as
the target area for interference motion cancellation. For ex-
ample, for eye blink detection, the forehead-reflected signal
contains motion information of head and device. The eye-
reflected signal contains motion information of head, device,
and eye (i.e., target). These two signals can be used for in-
terference motion cancellation. On the other hand, a signal
reflected from the neck which contains motion information
of neck and device can not be used for cancellation. To select
the most appropriate reflection signal for cancellation, we
maximize an objective function based on the known clean sig-
nal pattern (e.g., eye blink-induced signal variations contain
sparse short pulses in time domain). Note that this solution
is independent of the periodicity of the target motion.

We implement MSense using a commodity mmWave radar
(TI IWR1843BOOST). We conduct comprehensive experi-
ments to validate the effectiveness of the proposed approach.
We employ three representative applications to evaluate the
sensing performance: i) in-vehicle eye blink, yawn, and nod
detection (i.e., with both body and device motion interfer-
ence); ii) respiration monitoring during exercise (i.e., with
just body motion interference); and iii) hand gesture recog-
nition when the mmWave device is placed on a moving
robot (i.e., with just device motion interference). For all three
applications, our system achieves highly accurate sensing.
The main contributions of this work are summarized as fol-
lows.
• We address one important practical challenge, i.e., device
and body motion interference in wireless sensing in this
work. We believe this is one critical step toward real-life
adoption of wireless sensing.

• We propose a signal processing scheme to remove body
and device motion interference without a need of training
or learning.

• We implement MSense and comprehensively evaluate its
performance. We employ three representative sensing
tasks to demonstrate the effectiveness and generalization
of our system. Experiments show that our approach can
be applied to sense both periodic and aperiodic motions.

2 PRELIMINARY
In this section, we first present the background knowledge
of mmWave radar signals and then introduce the traditional
sensing scheme under static conditions.

2.1 MmWave Radar Primer
MmWave radar refers to radar that operates in the millime-
ter wave frequency band. As shown in Figure 2a, mmWave



radar transmits signals to the environment. Then, part of the
signals are reflected by static objects and the human target.
By capturing the reflected mmWave signals, the range, ve-
locity, and angle of each object can be estimated. Currently,
frequency-modulated continuous wave (FMCW) technology
is typically used by mmWave radars for signal modulation,
utilizing chirp as the basic signal unit. The transmitted chirp
signal can be represented as:

𝑆𝑇 (𝑡) = 𝐴𝑇 cos 2𝜋 (𝑓𝑐𝑡 +
1
2𝑘𝑡

2), (1)

where𝐴𝑇 , 𝑓𝑐 , and𝑘 are the amplitude, starting frequency, and
chirp slope, respectively. The transmitted chirp propagates
in the environment and then is reflected back to the radar
by the objects. Because the distances from each object to the
radar are different, the propagation path lengths and time
delays of the reflected signals from each object are different.
Therefore, the received signal is composed of multiple copies
of the transmitted chirp with different delays and attenuation.
After capturing the received signal, FMCW radar mixes it
with the transmitted chirp and employs a low-pass filter to
obtain the intermediate frequency (IF) signal denoted by:

𝑆 (𝑡) =
𝑁∑︁
𝑛=1

𝐴𝑛 cos (2𝜋
2𝑘𝑅𝑛
𝑐

𝑡 + 4𝜋 𝑓𝑐𝑅𝑛
𝑐

), (2)

where 𝑁 , 𝐴𝑛 , 𝑅𝑛 , and 𝑐 are the number of objects that reflect
signal, the amplitude of 𝑛-th object-reflected signal, the dis-
tance of 𝑛-th object, and the speed of light, respectively. It
can be seen that the IF signal of FMCW radar is composed of
multiple cosine components. Each cosine signal corresponds
to an object’s reflection signal, and its frequency ( 2𝑘𝑅𝑛

𝑐
) is

determined by the distance of the object from the radar. The
amplitude and phase of each frequency component contained
in the IF signal can be obtained by performing Fast Fourier
Transform (FFT) on the IF signal, which can generate several
frequency bins. According to Equation 2, if there is an object
reflecting signal at a distance of 𝑅𝑛 , after performing FFT on
the IF signal, the bin with a frequency of 𝑓 =

2𝑘𝑅𝑛
𝑐

shows a
high magnitude peak. Therefore, by observing the frequency
spectrum obtained after performing FFT on the IF signal, we

(a) Sensing scenario. (b) Range profile.

Figure 2: MmWave radar-based sensing primer.

can estimate at which distances objects exist. This opera-
tion of estimating the target distance is called Range-FFT.
The frequency bin in the FFT result is denoted as range bin.
Performing Range-FFT on each chirp can obtain the range
estimation results at different moments to obtain the range
profile.

Figure 2b shows an example of the range profile. When the
movement of an object (i.e., human walking) is large enough
to cause the distance to change significantly (i.e., the range
bin where the object is located changes), the movement of the
object can be tracked on the range profile. On the contrary,
subtle target motion (e.g., respiration) may be not enough
to cause the change of its range bin, making it cannot be
observed directly on the range profile. Fortunately, subtle
motion can be estimated by extracting the phase change of
the range bin where the target is located over time, providing
more fine-grained sensing granularity than only measuring
range bin change. Note that the phase of a range bin can be
directly extracted from the result of Range-FFT. According
to Equation 2, the Range-FFT result of the range bin where
the object with distance 𝑅𝑛 is located can be represented as:

𝑦𝑛 (𝑡) = 𝐴𝑛𝑒 𝑗
4𝜋 𝑓𝑐
𝑐
𝑅𝑛 (𝑡 ) = 𝐴𝑛𝑒

𝑗𝐾𝑅𝑛 (𝑡 ) , (3)

and the phase can be extracted as:𝜑 (𝑡) = 𝐾𝑅𝑛 (𝑡) = 4𝜋 𝑓𝑐
𝑐
𝑅𝑛 (𝑡).

Then, the displacement of the object can be calculated as
Δ𝑅𝑛 = 𝑐

4𝜋 𝑓𝑐 Δ𝜑 . For instance, target motion with a displace-
ment of 1 mm can induce a phase change of 1.03𝜋 (𝑓𝑐 = 77
GHz). Thus, phase information extraction is the basis for
fine-grained sensing tasks.

2.2 Sensing Under Static Conditions
In this section, we present the basis of traditional fine-grained
sensing using body reflection signals under static conditions.
As shown in Figure 3a, a radar emits signals and receives
signals reflected from various body areas. Since the distance
from each body area to the radar is different, the reflected
signal of the human body will appear on multiple range
bins. However, reflected signals from different body areas
with similar distances to the radar may lie within one range
bin and thus cannot be distinguished. Specifically, two ar-
eas cannot be distinguished when the distance difference
between them is smaller than the range resolution. The range
resolution of the mmWave radar is determined by the band-
width of the chirp signal, which is 𝑅𝑟𝑒𝑠 = 𝑐

2𝐵 , where 𝐵 is the
bandwidth [5]. Due to this limited range resolution, reflected
signals from body areas with a similar distance to the radar
will be in the same range bin and mixed. In the case shown
in Figure 3a, chest, abdomen, and leg areas are in the same
range bin #4.
Here, we first present the model of body-reflected signal

without device and body motion. Assume that the person



(a) Illustration of body re-
flections.

(b) Signal in range bin #4 on
I-Q plane.

Figure 3: Sensing based on body reflection under static
conditions.

in Figure 3a has no movement other than breathing. Within
range bin #4, chest and abdomen areas have displacement
induced by respiration, which is the target motion to sense.
Meanwhile, other areas (i.e., the area between neck and chest,
and leg area) keep static. Therefore, based on Equation 3, the
reflected signal in range bin #4 is a composition of multi-area
reflected signals:

𝑦 (𝑡) =
𝑃∑︁
𝑝=1

𝐴𝑝𝑒
𝑗𝐾𝑅𝑝 (𝑡 )

=
∑︁
𝑝∈𝑃𝑠

𝐴𝑝𝑒
𝑗𝐾𝑅𝑝0 +

∑︁
𝑝∈𝑃𝑑

𝐴𝑝𝑒
𝑗𝐾𝑅𝑝0𝑒 𝑗𝐾Δ𝑅𝑡𝑎𝑟 (𝑡 )

= 𝐻𝑠 + 𝐻𝑡𝑎𝑟𝑒 𝑗𝐾Δ𝑅𝑡𝑎𝑟 (𝑡 ) ,

(4)

where 𝑃 , 𝑃𝑠 , and 𝑃𝑑 are the set of all points, static points,
and dynamic points respectively. 𝐴𝑝 , 𝑅𝑝0, and Δ𝑅𝑡𝑎𝑟 (𝑡) are
the amplitude of the 𝑝-th point-reflected signal, the initial
distance of the 𝑝-th point, and the breath-induced displace-
ment (target motion) over time. The points in an area can be
represented as one vector due to the same motion pattern.
As shown in Figure 3b, the signal in range bin #4 is a super-
position of two static vectors 𝐻𝑠1 and 𝐻𝑠2, which represent
the signals reflected from two static areas, and a dynamic
vector 𝐻𝑡𝑎𝑟𝑒 𝑗𝐾Δ𝑅𝑡𝑎𝑟 (𝑡 ) on the I-Q plane. Two static vectors
mix together as one static vector 𝐻𝑠 . The dynamic vector
rotates with respect to the static vector. As a result, the phase
of the composite signal 𝑦 (𝑡) also changes with respiration
motion. Therefore, by extracting the phase change of the
composite signal, the breath waveform can be restored.

3 PRINCIPLE OF BODY AND DEVICE
MOTIONS ELIMINATION

In this section, we first present the body-reflection model
under body and device motion. Then, we propose a model-
based approach to eliminate the effect of body and device
motions on the target sensing task.

3.1 Modeling Body and Device Motion
Interference

In this section, we involve body and device motion in the
body reflection model presented in Section 2.2. We use eye-
blinking detection in a moving car as an example to ana-
lyze the effect of body and device motion on target sens-
ing. When the human body and device are static, the clos-
ing and opening of the eyelids caused by blinking can in-
duce a subtle phase change in eye-reflected signal. Thus, by
monitoring the phase change of eye-reflected signal, blink-
ing can be detected [22]. In a mobile scenario (i.e., a mov-
ing car), due to the car’s bump, the human body also has
body motion. Meanwhile, the device also vibrates with the
car. For now, all signal propagation path lengths change
with body and device motion. Figure 4 illustrates the path
length variation under body and device motions. For tar-
get area (i.e., eye area in this example), in addition to tar-
get motion (Δ𝑅𝑡𝑎𝑟 (𝑡)), target area also exhibits irrelevant
body motion (Δ𝑅𝑏𝑜𝑑𝑦,𝑡𝑎𝑟 (𝑡)). On the other hand, device mo-
tion (Δ𝑑𝑑𝑒𝑣 (𝑡)) causes target area reflected path length to
change (Δ𝑅𝑑𝑒𝑣,𝑡𝑎𝑟 (𝑡)). Therefore, the change of target area
reflected path length is Δ𝑅𝑡𝑎𝑟 (𝑡)+Δ𝑅𝑏𝑜𝑑𝑦,𝑡𝑎𝑟 (𝑡)+Δ𝑅𝑑𝑒𝑣,𝑡𝑎𝑟 (𝑡).
Similarly, the path length change of a non-target area is
Δ𝑅𝑏𝑜𝑑𝑦,𝑚 (𝑡) +Δ𝑅𝑑𝑒𝑣,𝑚 (𝑡), where Δ𝑅𝑏𝑜𝑑𝑦,𝑚 (𝑡) and Δ𝑅𝑑𝑒𝑣,𝑚 (𝑡)
are the body motion and device motion induced path length
change for the𝑚-th area, respectively. To this end, the signal
of the range bin (Equation 4) with human target should be

Figure 4: Illustration of the effect of body and device
motion on signals reflected from different body areas.



modified as:
𝑦′ (𝑡) =𝐻𝑡𝑎𝑟𝑒 𝑗𝐾 (Δ𝑅𝑡𝑎𝑟 (𝑡 )+Δ𝑅𝑏𝑜𝑑𝑦,𝑡𝑎𝑟 (𝑡 )+Δ𝑅𝑑𝑒𝑣,𝑡𝑎𝑟 (𝑡 ) )

+
𝑀∑︁
𝑚=1

𝐻𝑚𝑒
𝑗𝐾 (Δ𝑅𝑏𝑜𝑑𝑦,𝑚 (𝑡 )+Δ𝑅𝑑𝑒𝑣,𝑚 (𝑡 ) ) ,

(5)

where 𝑀 is the number of areas without target motion.
Therefore, due to the existence of body and device motions,
there is no static component in the body reflection signal.
Static vectors in the model under static condition (in Sec-
tion 2.2) also become dynamic vectors. It can be seen from
Equation 5 that there are two terms of interference that
prevent us from extracting motion information (Δ𝑅𝑡𝑎𝑟 (𝑡)) re-
lated to the sensing target task using traditional approaches:
i) the random body and device motions (Δ𝑅𝑏𝑜𝑑𝑦,𝑡𝑎𝑟 (𝑡) +
Δ𝑅𝑑𝑒𝑣,𝑡𝑎𝑟 (𝑡)) in the sensing target area; ii) the motions of
other body areas (

∑𝑀
𝑚=1𝐻𝑚𝑒

𝑗𝐾 (Δ𝑅𝑏𝑜𝑑𝑦,𝑚 (𝑡 )+Δ𝑅𝑑𝑒𝑣,𝑚 (𝑡 ) ) ) is su-
perimposed with the target area reflected signal. Note that
different body areas can have distinct movement patterns.
For example, the head can nod and shake, so it can have differ-
ent movement patterns from the chest during the bumping of
the car. Thus, the range bin where the target area is located
may be superimposed with signals from other areas with
different body motion patterns. On the other hand, since
device motion causes the length of each signal reflection
path to change simultaneously, the signal variation patterns
caused by device motion in the reflected signals of different
body areas are similar.
Figure 5 shows the interference of body and device mo-

tion on eye blink detection and respiration monitoring. For
both sensing tasks, we first collect signals in static condi-
tions, i.e., the device and body keep stationary during the
sensing process. For eye blink detection, millimeter-scale
phase changes caused by five blinks can be clearly identified.
For respiration monitoring, periodic movements induced by
inhalation and exhalation can be observed. However, when

(a) Eye blink detection. (b) Respiration monitoring.

Figure 5: Comparison of signals in static conditionwith
signals under body and device motions.

repeating the experiment in a moving car, due to the body
and device motions caused by the bumping of the car, the
head-reflected signal exhibits a random phase fluctuation
on a larger scale shown in Figure 5a, thereby failing the eye
blink detection. As shown in Figure 5b, the same phenome-
non can be observed when monitoring the breathing of an
exercising person.

3.2 Body and Device Motion Elimination
In this section, we propose a two-stage strategy to eliminate
the effect of body and device motion on sensing. Specifically,
we first extract the reflected signals from the target area from
the superimposed received signal. This allows us to focus
on processing reflections from just the target area and avoid
potential interference from other areas with different motion
patterns. After obtaining the signal reflected just from the
target area, we further eliminate the information of body
and device motion to recover the target motion.
To extract the target area reflected signal from the raw

signal, we leverage one observation, which is in the view of
radar, the angles of different body areas are different. Note that
antenna array is widely available on commodity mmWave
radar, we thus propose to use digital beamforming with
signals received by multiple antennas to enhance the re-
flected signals from the target area. As shown in Figure 6,
the angles of the target area (e.g., eye) and another area (e.g.,
chest) are 𝜃𝑡𝑎𝑟 and 𝜃𝑚 , respectively. Then, based on Equa-
tion 3, the phase difference between adjacent antennas in-
duced by the reflection signals from these two areas are
Δ𝜑𝑡𝑎𝑟 = 𝐾𝑑 sin𝜃𝑡𝑎𝑟 and Δ𝜑𝑚 = 𝐾𝑑 sin𝜃𝑚 respectively. Fig-
ure 6 illustrates the vectors of𝐻𝑡𝑎𝑟 and𝐻𝑚 of different anten-
nas on I-Q plane. To enhance the reflected signal from target
area at angle 𝜃𝑡𝑎𝑟 , we multiply the signal of the 𝑖-th antenna
by the factor 𝑒− 𝑗 (𝑖−1)Δ𝜑𝑡𝑎𝑟 = 𝑒− 𝑗 (𝑖−1)𝐾𝑑 sin𝜃𝑡𝑎𝑟 . Then, 𝐻𝑡𝑎𝑟 on
all antennas have the same phase on I-Q plane now, while
𝐻𝑚 on different antennas still have a phase difference. We
add the signals of each antenna after multiplying the factors.
Consequently, after adding up 𝐻𝑡𝑎𝑟 of all antennas, a vector
with a larger magnitude is generated. On the contrary, be-
cause the phases of 𝐻𝑚 are not aligned, the magnitude of the
vector formed after adding up is much smaller than that of
𝐻𝑡𝑎𝑟 . In this way, the reflected signal from the target area at
an angle of 𝜃𝑡𝑎𝑟 is enhanced. The interfering reflected signals
from other body areas in different directions are weakened.
Thus, we obtain the target area reflected signal using digital
beamforming, which can be expressed as:

𝑦𝑡𝑎𝑟 (𝑡) = 𝐻𝑡𝑎𝑟𝑒 𝑗𝐾 (Δ𝑅𝑡𝑎𝑟 (𝑡 )+Δ𝑅𝑏𝑜𝑑𝑦,𝑡𝑎𝑟 (𝑡 )+Δ𝑅𝑑𝑒𝑣,𝑡𝑎𝑟 (𝑡 ) ) . (6)

Note that the more antennas used for beamforming, the
better the enhancement effect on reflected signals from target
area [54].



Figure 6: Illustration of beamforming the received signal at a specific direction.

For now, we still need to eliminate the interference of body
and device motions (Δ𝑅𝑏𝑜𝑑𝑦,𝑡𝑎𝑟 (𝑡) + Δ𝑅𝑑𝑒𝑣,𝑡𝑎𝑟 (𝑡)) in the tar-
get area reflected signal to recover target motion (Δ𝑅𝑡𝑎𝑟 (𝑡)).
Our core observation is that non-target area reflected signals
may contain just the information of body and device motion.
Intuitively, if we can first estimate the device motion and
body motion by extracting the reflected signal from another
area, these undesired motion interference can be further
eliminated from the target area reflected signal. It is worth
noting that we need to carefully select an area where body
and device motions are the same as the target area for estima-
tion. Fortunately, such areas are usually available, because
two adjacent body areas have the same body and device
motions. As the example shown in Figure 7, in a moving
car, eye-reflected signal and forehead-reflected signal con-
tain the same body and device motions. On the contrary,
the chest area has different body motion from the eye area,
because the head usually has more complex movement pat-
terns compared with the chest. Meanwhile, due to the large
difference in the angle of the chest and eyes relative to the
radar, the values of phase change due to device motion in
the signal reflected from chest area and from eye area are
also different [65]. Thus, the forehead-reflected signal can be
utilized for device and body motion estimation in eye blink
detection. Then, device and body motion interference can be
eliminated from the eye-reflected signal, enabling eye blink
detection in the moving car.

Figure 7: Body and devicemotion elimination. The area
adjacent to the target area may exhibit the same device
and body motion as target area, which can be used for
motion elimination.

To realize our idea, the key is to obtain the reflection signal
of an area, which has the same body and device motion as the
target area. To achieve this, we still utilize the beamforming
approach. By beamforming the signal to the area near the
target area, we can obtain a signal that only contains the
same body and device motions as the target area:

𝑦0 (𝑡) = 𝐻0𝑒
𝑗𝐾 (Δ𝑅𝑏𝑜𝑑𝑦,𝑡𝑎𝑟 (𝑡 )+Δ𝑅𝑑𝑒𝑣,𝑡𝑎𝑟 (𝑡 ) ) . (7)

Then, we propose to eliminate the effect of body and device
motions in target area through a division operation between
the target area reflection signal and the adjacent area reflec-
tion signal:

𝑦𝑛𝑒𝑤 (𝑡) =
𝑦𝑡𝑎𝑟 (𝑡)
𝑦0 (𝑡)

=
𝐻𝑡𝑎𝑟

𝐻0

𝑒 𝑗𝐾 (Δ𝑅𝑡𝑎𝑟 (𝑡 )+Δ𝑅𝑏𝑜𝑑𝑦,𝑡𝑎𝑟 (𝑡 )+Δ𝑅𝑑𝑒𝑣,𝑡𝑎𝑟 (𝑡 ) )

𝑒 𝑗𝐾 (Δ𝑅𝑏𝑜𝑑𝑦,𝑡𝑎𝑟 (𝑡 )+Δ𝑅𝑑𝑒𝑣,𝑡𝑎𝑟 (𝑡 ) )

= 𝐻𝑛𝑒𝑤𝑒
𝑗𝐾Δ𝑅𝑡𝑎𝑟 (𝑡 ) .

(8)

By extracting the phase of 𝑦𝑛𝑒𝑤 (𝑡), the target motion infor-
mation Δ𝑅𝑡𝑎𝑟 (𝑡) can be obtained.

4 MSENSE DESIGN
In this section, we present the detailed design of our system.
As illustrated in Figure 8, our system consists of three key
modules: signal preprocessing, candidate signal extraction,
and motion elimination. Briefly, we first detect in which
range bins human body is located. Subsequently, for each of
these identified range bins, we leverage MVDR algorithm to
estimate the angles associated with the reflections from vari-
ous areas of the body. By beamforming the received signal to
these angles, we extract potential candidate signals. To can-
cel out the effect of body and device motion interference, we
pair up the candidate signals and perform division operation.
We then evaluate whether accurate target area reflection
signal and its adjacent area reflection signal have been cor-
rectly selected. This evaluation is based on the signal pattern
after body and device motion elimination. Consequently, we
output the final target waveform, effectively mitigating the
influence of body and device motion.



Figure 8: Overview of system design.

4.1 Signal Preprocessing
We collect signals received by the radar system. Initially,
we transform the raw IF signal into a range profile using
Range-FFT. As introduced in Section 2.2, due to that the
distance from each body area to the radar is different, the
body-reflected signals appear in multiple continuous range
bins. We employ the Constant False Alarm Rate (CFAR) [36]
detection approach on the range profile. The CFAR algo-
rithm serves to identify the presence of objects within a back-
ground of noise by adaptively comparing the magnitude of
adjacent range bins. Consequently, we can identify the range
bins corresponding to human body reflected signals. Note
that the interference from other reflections (e.g., other people
moving around in the vicinity) can be avoided. This capability
is offered by the fine-grained range resolution of mmWave
radar, which is determined by the signal bandwidth. In our
case, the signal frequency bandwidth is 4 GHz, and thus the
corresponding range resolution is 𝑐

2𝐵 =
3×108𝑚/𝑠
2×4𝐺𝐻𝑧 = 3.75 𝑐𝑚.

The signals reflected from two body areas of the same person
or from two different persons whose distance difference is
greater than the range resolution can be separated using
Range-FFT. Typically, the distance difference between the
target person and other interfering persons around her/him
is on the order of decimeters. Thus, the interference from
these reflections is negligible.

4.2 Candidate Signal Extraction
In this module, our objective is to extract a set of candi-
date signals reflected from distinct areas on the human body,
which will help mitigate the impact of body and device mo-
tion. As previously introduced in Section 3, our proposed
approach utilizes signals reflected from two specific areas
on the body to facilitate body and device motion elimination.
Hence, we need to extract the reflected signals both from the
target area containing the target motion, body motion and
device motion, as well as from an adjacent area exhibiting
the same body and device motion as the target area.
However, due to the unique physical characteristics (e.g.,

height and weight) of each individual and the relative po-
sition of the human body to the radar, the precise angles
corresponding to the desired body parts cannot be easily

obtained. For example, in eye blink detection, we cannot
assume to know in advance the angle of the eye area.
To this end, we adopt a search-based method to traverse

the possible angles and select candidate body parts. Specif-
ically, in the signal processing stage, we separate the raw
signal into multiple signals, each corresponding to one range
bin using the method of range FFT. We then employ the
Minimum Variance Distortionless Response (MVDR) [10]
algorithm to acquire the angle profile of each range bin sig-
nal. It is difficult to identify the angles of the desired areas
with only the magnitude information. Thus, based on the
angle profile, we select as many candidate angles as possible
to avoid missing important reflection signals. Note that not
just the peak angles are considered. As shown in Figure 9a
and 9b, we select those angles with a magnitude higher than
the threshold (i.e., the mean magnitude of all angles in a
particular range bin) as candidate angles (i.e., those angles
in the orange rectangles). Figure 9c shows four example can-
didate angles and the corresponding body areas including
forehead (𝜃1), eyebrow (𝜃2), eye (𝜃3) and chest (𝜃4). After that,
we perform beamforming to enhance the signal strength at
each candidate angle and obtain the corresponding candidate
reflection signals. The enhanced signals with beamforming
at these angles are shown in Figure 9d. It can be observed
that the reflection signals of different body areas exhibit dis-
tinct variation patterns. We consider all candidate signals to
determine the appropriate reference body part for motion
cancellation.

4.3 Body and Device Motion Elimination
In this module, we eliminate body and device motion in the
target area reflected signal based on candidate signals. The
key practical challenge in this module is, that among all
candidate signals, we need to identify the signal reflected
from the target area, as well as the signal reflected from
another area that exhibits the same body and device motion
as the target area. Since there is no prior knowledge of where
these two areas are, we perform pairwise division operation
according to Equation 8 for all candidate signals. Then, based
on the result of the division operation, i.e., whether the signal
after division matches the pattern of target motion, we can
determine whether two correct areas are selected.

We first analyze all possible types of results after the divi-
sion. Theoretically, the division operation could yield three
types of potential outputs. The first type of result exhibits
a clean variation pattern that matches the target motion,
implying successful selection of the target area and an appro-
priate area reflected signals. The second type indicates that
the signal after division remains dominated by random body
and device motions, failing to present any discernible target
motion pattern. This implies that the reflected signals from



(a) Angle profile of range bin #5. (b) Angle profile of range bin #6. (c) Examples of candidate angles. (d) Examples of candidate signals.

Figure 9: Illustration of candidate signal extraction.

the target area or an appropriate area are not accurately se-
lected. The third type of result is that the signal after division
does not change with time, indicating that the two selected
areas have identical motion.
To identify the signal of interest (i.e., first type) from all

signals after the division operation, we initiate the process
by computing the variance of each result and subsequently
ranking them. Since the body and device motion typically
exhibit larger displacement and randomness compared to the
target motion, the third type, the first type, and the second
type sequentially appear in the ranking based on variance.
For the identification of the third type of signal, we compute
the displacement of the signal after division. Taking respira-
tion monitoring as an example, if the displacement change
of the signal after division is less than 1 mm, we classify
the signal as belonging to the third category and remove
it, since respiration-induced motion exhibits displacement
larger than 1 mm. Similarly, we remove certain signals of the
second type based on whether their displacements exceed
specific thresholds. As an example, the displacement induced
by respiration typically falls within the range of 2 cm. If the
signal’s displacement is greater than 2 cm after division, it
implies that effective cancellation of body and device mo-
tion has not been achieved. For the remaining signals, we
examine whether each signal contains the target motion
component in the order of variance from small to large. We
apply dynamic time warping (DTW) to identify whether the
signal waveform after division matches the pattern of tar-
get motion, thereby determining whether the correct areas
are selected and if the motion interference is eliminated. It
is worth noting that the signal pattern of each activity is
unique in terms of displacement and duration. For example,
nodding causes a displacement which is one order of mag-
nitude larger than that caused by an eye blink. The pattern
is also different from random noise or interference caused
by other motions such as lip movements (speaking). Since
we collected the signal pattern of each target movement in
advance, the interference motion will not be recognized as

a target motion. Meanwhile, if the reference body part has
large irrelevant motions, our method would automatically
select another body part as a more appropriate reference.
Figure 10 shows an example of different results after the
division operation. After selecting the reflected signal at 𝜃2
and 𝜃3 in Figure 9 for division, the signal fluctuation caused
by eye-blinking twice can be observed (Type 1). The result of
division based on the reflected signals from 𝜃2 and 𝜃4 exhibit
fluctuations with non-blink pattern (Type 2), because the
areas selected for division are wrong. The waveform of the
third result (Type 3) hardly fluctuates with time, because the
reflected signals from 𝜃1 and 𝜃2 are used for division. These
two areas contain the same body and device motion, but
none of them contains target motion.

We also propose a strategy to accelerate this process. It can
be observed that some candidate areas exhibit the same body
and device motion (e.g., the areas at 𝜃1 and 𝜃2 in Figure 9).
The division of such signals yields results that do not change
with time after division. Based on this observation, once we
identify this type of result, one of the candidate signals is
removed, thereby reducing subsequent operation overhead.
Additionally, in some applications, the position of the person
does not change significantly (e.g., sitting in a car). In this
case, once two candidate signals are identified, the signals
reflected from these two areas can be used for subsequent
elimination, further reducing the computational load.

Figure 10: Illustration of three types of potential results
after division.



It is worth noting that as our system relies on extracting
the reflection signals from two body areas that have the same
body and device motion but different target motions, the two
areas are typically close to each other. Therefore, the factor
that most significantly affects system performance in our de-
sign is the ability to identify and extract the reflected signals
from these two areas accurately. Thus, the error in the AoA
estimation and beamforming becomes the major error source
of our system. If the number of antennas is not sufficient, it
is difficult to separate signals from two body areas that are
close to each other due to limited angle resolution.

5 IMPLEMENTATION
We implement MSense on a commercial mmWave radar,
which is TI IWR1843BOOST [3]. We set the radar to operate
at a starting frequency of 77 GHz with a bandwidth of 4 GHz.
Two transmitting antennas and four receiving antennas are
used in MIMO mode to construct equivalent eight receiving
channels for angle estimation [17]. Considering that different
areas of the human body are mainly distributed in the verti-
cal direction, we place the radar vertically as shown in Fig-
ure 11. The raw intermediate frequency signals are collected
by a data acquisition board, which is TI DCA1000EVM [2]
and sent to a laptop through a cable. At the laptop, we set
the radar parameters and control the data collection using
MMWAVE-STUDIO [4]. We use a Macbook Pro with an Intel
Core i7 processor and 32GB memory to process the data. The
signal processing is implemented using Matlab.

Figure 11: Hardware and device placement.

6 EVALUATION
In this section, we evaluate the performance of MSense using
three real-world applications to demonstrate the effective-
ness and generalization of our system: i) in-vehicle eye blink,
yawn and nod detection with both body and device motion
interference; ii) respiration monitoring during exercise with
body motion interference; and iii) hand gesture recognition
when the device is placed on a moving robot with device
motion interference.

6.1 Case Study 1: In-vehicle Activity
Detection Under Car Motions

In-vehicle driver sensing has wide-ranging applications, such
as detection of fatigue, drunk, and distracted driving. For
instance, when a driver is in the fatigue state, we can observe
high-frequency nodding, yawning, and eye blinking [22, 24].
A recent work proposed to sense the driver’s activities using
mmWave radar [72]. However, this becomes challenging
when the car is in motion. we apply MSense to realize in-
vehicle driver activity detection. We ask three drivers to
drive the car for a total of one hour. During the driving
process, the car naturally bumps due to acceleration, braking,
and turning. The drivers naturally nod, yawn, and blink
during the process. Note that this experiment was conducted
under the condition of ensuring the safety of drivers and
pedestrians. We use the camera recording as the ground
truth. Figure 13a shows the experiment scenario in the car.
Figure 12 shows the precision and false positive rate of the
system for detecting the three activities. The precision of
detection is calculated as the ratio between the number of
correctly detected activities and the total number of activities.
The false positive rate indicates the proportion of wrong
detection. For blinking, yawning, and nodding detection, by
applying the proposed system, the precision is increased by
2.52×, 1.55×, and 1.21×, respectively. The false positive rate
is decreased by 74.65%, 77.76%, and 86.29%, respectively.
Figure 13b-13d show the example of signals without and

with MSense for body and device interference elimination.
For fine-grained blink and yawn detection, we can see a lot
of random fluctuations in the raw signal without removing
body and device interference. Some of these random fluctua-
tions have the same pattern and displacement scale as eye
blink and yawn, and thus could be misidentified as targeted
activities. On the other hand, when the activity does happen,
there may be no fluctuation pattern corresponding to the
activity. By applying MSense, we extract the reflected signals
from eye-area, mouth-area, and forehead-area for body and
device motion elimination. As shown in Figure 13b and 13c,

(a) Precision. (b) False positive rate.

Figure 12: Overall performance of eye blinking, yawn-
ing, and nodding detection.



(a) Experiment scenario. (b) Eye blinking. (c) Yawning. (d) Nodding.

Figure 13: Experiment scenario of in-vehicle eye blinking, yawning, and nodding detection. Examples of signal
variations before and after eliminating body and device motions.

the clear signal variation patterns induced by eye blinking
and yawning can be observed after interference elimination.
Nodding-induced target motion exhibits a larger scale than
blinking and yawning, making it more robust against car
bumps. However, we still find that when the car brakes or
the person adjusts the sitting posture, the body moves, caus-
ing a motion pattern similar to nodding. For example, in
Figure 13d, the fluctuation of the original signal shows four
nods. Actually, the last two “nods” are caused by body mo-
tions due to car braking. MSense can reduce the false positive
rate of nod detection by extracting the reflected signals from
the head-area and chest-area for body motion elimination.

6.2 Case Study 2: Respiration Monitoring
During Exercise Under Body Motion

6.2.1 Experiment Setup. We evaluate the performance of
respiration monitoring under body motions induced by ex-
ercise in two scenarios, i.e., home and gym. As shown in
Figure 14, in the home scenario, we involve four types of
warm-up exercises (E1-E4). In the gym scenario, we involve
four exercises with fitness equipment, which are exercise
bike 1 (E5), exercise bike 2 (E6), elliptical trainer (E7), and
treadmill (E8). For walking and running on the treadmill, we
evaluate the system performance with five different speeds
ranging from 2 km/h to 10 km/h. During experiments, the
mmWave radar is fixed in front of the human body. We col-
lect the ground truth respiration waveform using a wearable
device NUL-236 [1], which monitors respiration by measur-
ing the air pressure in the belt. We calculate the respiration
rate using the auto-correlation function (ACF). The mean
absolute error of respiration rate is used as the metric to
verify the effectiveness of our system. We compare our sys-
tem with a baseline approach Vital-Radio [7], a raw phase
information-based solution without dealing with body mo-
tion. In this experiment, the system identifies the chest area
and the area between the chest and neck to eliminate body
motion.

Figure 14: Different types of exercises in home and
gym scenarios. The radar device is fixed in front of the
human body for respiration monitoring.

6.2.2 Overall Performance. Figure 15a shows the respira-
tion rate estimation error for different types of exercises. For
all types of exercises, the respiration rate estimation errors
are below 0.73 beat-per-minute (bpm). Figure 15b and 15c
show an example of signal variation for exercise E3. It can
be seen that the displacement estimated using the baseline
method is dominated by body motion, which exhibits ran-
dom variation and larger displacement than respiration. The
proposed method can effectively eliminate motion interfer-
ence and obtain a waveform similar to ground truth. We
also test whether the system can measure changes in respira-
tion rate on a treadmill, to demonstrate that the system can
monitor breathing that is not perfectly periodic. We collect
data for 100 s and change the running speed twice during
this period. It can be seen that our method can estimate the
change in respiration rate in a short period of time. This
is because our method does not utilize periodic features to
separate and recover the respiration waveform.



(a) Overall performance for 8 types of ex-
ercises.

(b) An example of signal vari-
ation before and after motion
elimination.

(c) Comparison of recovered
waveform with ground truth.

(d) Monitoring the change of
respiration rate.

Figure 15: Respiration monitoring during exercise.

(a) Impact of target diversity. (b) Impact of sensing distance. (c) Impact of number of anten-
nas.

(d) Impact of interference from
other people.

Figure 16: The impact of different factors.

6.2.3 Impact of Target Diversity. We now evaluate the im-
pact of target diversity. We recruit six subjects to test the
generalization of our system across different people. As the
result shown in Figure 16a, the respiration rate estimation
error of our system is below 0.72 bpm for all persons, while
the error of baseline methods is around 15 bpm.

6.2.4 Impact of Sensing Distance. We now evaluate the dis-
tance between the radar and the human target. The exercises
in the home scenario (i.e., E1 - E4) are considered in this
experiment. As shown in Figure 16b, within 3 m, our sys-
tem can achieve a respiration rate error lower than 0.6 bpm.
However, when the distance of human body to radar is larger
than 3 m, the reflected signals from target area and the adja-
cent area cannot be distinguished due to the limited angle
resolution, failing the proposed motion elimination scheme.

6.2.5 Impact of Number of Antennas. Our design extracts
the reflection signals from two body areas that have the same
body and device motions but different target motions. As
discussed in Section 4.3, the capability to accurately identify
and extract reflected signals from these two areas matters.
This capability is dependent on the angle resolution, which
is determined by the number of antennas. In our case, 8
antennas are used for AoA estimation and beamforming. In
this experiment, we reduce the number of antennas from 8 to

2. Figure 16c shows an increased respiration rate estimation
error as the number of antennas decreases. This is because
for monitoring the respiration of an exercising person, the
target area (i.e., the chest area) and the reference area (i.e.,
the area between the chest and the neck) are close to each
other. When eight antennas are used for AoA estimation,
the angle resolution is fine enough and two signals reflected
from these two areas can be separated and good interference
motion cancellation performance can be achieved. When the
number of antennas is decreased (especially to 4 and 2), the
signals reflected from the two areas can not be separated,
leading to degraded system performance.

6.2.6 Impact of Interference from Other Persons. In this ex-
periment, we evaluate the performance of target respiration
monitoring during exercise when other people are moving
around in the vicinity. We let another person walk near the
target as an interfering person. The distance between the
interfering person and the target is increased from 0.5 m
to 2.5 m at a step size of 0.5 m. As shown in Figure 16d,
the mean respiration rate estimation error is lower than
0.42 bpm. This is due to the fine-grained range resolution
offered by mmWave radar (i.e., 3.75 cm), and we can thus sep-
arate and capture signal reflected from a small area, largely
avoiding interference from other persons. This is the key



(a) Push. (b) Pull. (c) Push and pull. (d) Triangle. (e) Push and pull 3 times.

Figure 17: Examples of hand gesture waveform after motion elimination.

difference between large-bandwidth mmWave signals and
narrow-bandwidth signals such as Wi-Fi.

6.3 Case Study 3: Hand Gesture
Recognition with a Moving Device

Hand gesture recognition is an important application of wire-
less sensing. By detecting the phase change pattern caused by
hand movement, the type of hand gesture can be identified.
In this section, we take device motion into consideration for
hand gesture recognition. As shown in Figure 18a, we place
the radar on a sliding track to simulate the movement of the
robot. We involve five hand gestures to evaluate the system
including push, pull, push and pull, triangle, and push and
pull 3 times. We let three persons perform each hand gesture
ten times and the device is moving during the process. The
distance between the human target and the radar is 1.5-3 m
in this experiment.
We apply MSense to deal with the device motions. We

adopt a classic tracking algorithm [51] to track the target.
The system extracts the reflected signals from the hand-area
and the abdomen-area through beamforming and then per-
forms division to eliminate the effect of device motion. It
is worth noting that the reference body area (i.e., abdomen
area) also exhibits respiration-induced motion, which is dif-
ferent from the hand area. Fortunately, the scale of distance
change induced by hand gestures is decimeter level while
the scale of abdomen displacement caused by breathing is

(a) Experiment scenario. (b) Confusion matrix of gesture
recognition.

Figure 18: Hand gesture recognition with a moving
device.

sub-centimeter level. Therefore, abdomen motion does not
interfere with gesture recognition. Figure 17 shows the hand-
reflected signals after device motion cancellation. Figure 18b
shows the confusion matrix for gesture recognition. For var-
ious hand gestures in our experiment, the recognition accu-
racy is above 93%.

7 RELATEDWORK
Wireless Sensing: In recent years, researchers have ex-
plored the use of various wireless signals for sensing includ-
ing Wi-Fi [28, 43, 45], RFID [40, 67, 70], LoRa [11, 12, 52],
LTE [19, 33, 38], UWB [42, 56, 63], mmWave [14, 29, 68],
and acoustic signals [25, 31, 44]. Among them, mmWave
radar, UWB, and acoustic signals can support fine-grained
passive localization due to their large bandwidth and fine
distance resolution. Meanwhile, many commercial mmWave
radars have been configured with antenna array to support
angle estimation and beamforming. Recently, mmWave radar
has been widely used in sensing applications [9, 30, 32, 69].
However, these works assume that the human target and
the radar are stationary during the sensing process. In this
paper, we bring the capability of resisting body and device
motions to mmWave radar sensing, enabling a variety of
sensing applications in practical real-world settings.

Body and Device Motion Elimination: A recent work,
Mobi2Sense [65], proposes to eliminate the effect of device
motion for UWB sensing. The principle behind it is that
the device motion can be estimated by extracting the sig-
nal reflected from a static object in the environment. Then,
the device motion component can be canceled out from the
target-reflected signal. Following the same principle, RF-
search [60] places mmWave radar on a drone to search for
survivors by detecting respiration signals in the environ-
ment when the drone is moving. However, these approaches
cannot deal with body motion because the static object re-
flected signal does not contain body motion information.
Pi-ViMo [59] proposes a template matching method to sepa-
rate vital signs from random body movements leveraging the
periodic features of respiration and heartbeat activities. On
the other hand, several approaches [15, 20, 55, 71] propose to
utilize deep learning methods to decompose and recover vital



sign signals from signals interfered by body motions. The
underlying idea behind these methods is that the periodicity
or correlation of fluctuations in the temporal domain of vital
sign signals differs significantly from those caused by body
movements. According to the basic principle, existing meth-
ods are limited to separating and restoring periodic target
motions. However, in many applications such as activity and
gesture recognition, target signals can be aperiodic. Hence,
previous research can not be generalized to sense aperiodic
motions. In this paper, we take body and device motion elim-
ination simultaneously into consideration for the first time.
Furthermore, the proposed scheme is based on pure signal
processing without a need of training or learning. Our ap-
proach can be applied to sense both periodic and aperiodic
target motions.

8 DISCUSSION
Further Improve the System Performance: The key of
MSense is to extract the reflected signal from the target area
and another area that has the same body and device motion
as the target area. The areas that are closer to the target area
have a higher chance of satisfying this condition. However,
a small number of antennas lead to limited angle resolu-
tion. When the target is further away from the radar, the
angle difference between two specific body areas becomes
smaller. Thus, the further a person is away from the radar,
the more difficult it is to extract the reflected signals from
two adjacent areas. If more antennas are available on radar,
the working range and the sensing accuracy can both be
increased. Fortunately, with the rapid progress of antenna
design and manufacturing, mmWave radars are equipped
with more antennas. We expect MSense to achieve better
motion elimination performance in the future with more
antennas.

Apply MSense to Other Wireless Sensing Systems: In
addition to mmWave radar, MSense can be applied to other
wireless sensing systems with fine range and angle resolu-
tions. For narrow-band signals (e.g., Wi-Fi), since the range
resolution is limited, the reflected signals from different body
parts and other objects in the environment are mixed and
hard to separate. However, we notice that the upcoming new
Wi-Fi standard (i.e., Wi-Fi 7) brings larger signal bandwidth
and more antennas, presenting the potential of applying
MSense to Wi-Fi sensing.

9 CONCLUSION
In this paper, we study the effect of body and device motion
interference, which is an important practical challenge in
wireless sensing. We model the signal reflection from the hu-
man body considering both body and device motions. Based
on the model, we eliminate the effect of body and device

motions by carefully selecting the reference body area con-
taining the same body and device motions as the target area.
The proposed scheme is based on pure signal processing
and can be applied to sense both periodic and aperiodic mo-
tions. We showcase three real-world sensing applications to
demonstrate the effectiveness and generalization of MSense.
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