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The passive WiFi sensing research has largely centered on activity sensing using fixed-location WiFi transceivers, leading to
the development of several theoretical models that aim to map received WiFi signals to human activity. Of these models, the
Fresnel zone model has shown to be particularly noteworthy. However, the growing popularity of mobile WiFi receivers
has not been matched by corresponding research on mobile receiver-based theoretical models. This paper fills this gap by
presenting the first theoretical model to quantify the impact of moving a moving receiver for WiFi sensing. We propose a
novel dynamic Fresnel zone model in the free space of an indoor environment, which takes the form of a cluster of concentric
hyperbolas centered on the transmitter and reflection subject. We examine three properties of this model, i.e., relating the
variation in RF signals received by the receiver to the position and orientation of the human, the movement of the receiver,
and the presence of other objects in the environment. To validate this model, we develop a prototype system and conduct
extensive experiments. The results are consistent with our theoretical analysis, and the system is able to detect the direction
of the transmitter with an accuracy of 10° or better, measure the receiver’s relative motion displacement within 1 𝑐𝑚 a
millimeter-level accuracy, and classify five receiver-side activities with an accuracy of 98%. Our work moves a significant step
forward in WiFi sensing and may potentially open up new avenues for future research.
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1 INTRODUCTION
Recent years have witnessed the emergence of a variety of mobile devices such as smartphones, tablets, and
smartwatches that support WiFi communication, as WiFi-based wireless infrastructure has become widely
available around the world. Built on this infrastructure, WiFi sensing has received increasing attention over the
last decade. Based on the principle that humans affect the propagation of these signals, a typical scenario of
WiFi sensing is to sense human activities in the setting of fixed-location WiFi transceivers. To understand the
relationship between human activity and fluctuations in the received CSI signals, a series of theoretical models
have been proposed, including the Fresnel zone[28][37], Fresnel diffraction model[45][47], and Sensing Coverage
model[34]. These models have been developed to assist in characterizing the impact that human activities have
on RF signals and to quantify the relationship between them. These models provide the theoretical basis for WiFi
sensing when the transceivers are stationary, with various applications ranging from respiration monitoring
[28, 41, 46], fall detection [30, 35], direction determination [37], localization [15, 29], to gesture recognition
[1, 8, 9, 36].

Despite significant advancements in WiFi sensing, several new challenges have emerged that warrant further
attention. One of the major limitations is that WiFi transceivers need to be placed at fixed locations in indoor
scenarios. However, the proliferation of mobile communication devices such as smartphones and smartwatches
has resulted in an increasing setting of mobile receiver. This has led to a new sensing scenario in which the
transmitter is stationary but the receiver is mobile. The existing WiFi sensing model designed for stationary
transceiver is hence unable to characterize the phenomena observed in this new scenario. Our preliminary
experiments have revealed that the current WiFi sensing model is inadequate in explaining the complex interplay
between the mobile receiver, signal propagation, and the surrounding environment. While some work has studied
mobile WiFi receivers, the relationship between signal propagation and the receiver’s location remains unknown
and requires thorough investigation. Therefore, it is crucial to develop a deterministic perception model to
quantitatively capture the relationship between signal propagation, receiver movement, and environmental
factors, in order to inform system design and deployment decisions.

(a) (b)

Fig. 1. The illustration of (a) the classic Fresnel zone model and (b) the dynamic Fresnel zone model.
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The Fresnel zone model is a pivotal foundational framework inWiFi sensing that sheds light on the mechanisms
of human activity sensing through wireless signals under stationary transceivers and provides the basis for most
of the wireless sensing applications. As depicted in Fig.1(a), the Fresnel zone of WiFi signals encompasses a series
of concentric ellipses with two foci in the fixed-location transceiver pair. This model assumes that the transceivers
remains stationary while the human target moves in the Fresnel zone. When an object crosses a series of Fresnel
zones, the received signal appears as a sin-like waveform, with peaks and valleys corresponding to the boundaries
of the Fresnel zones. With the increasing prevalence of WiFi-enabled mobile devices, in this paper, we propose a
dynamic Fresnel zone model that takes into account the mobility of WiFi receivers. We first examine the signal
propagation characteristics in the absence of surrounding objects in the free space of an indoor environment
and in the presence of a single reflection subject when the receiver is moving. Subsequently, we introduce the
dynamic Fresnel zone model, which is a cluster of concentric hyperbolas with the transmitting antenna and
the reflection serving as two focal points (as shown in Fig.1(b)). This model establish the relationship between
the movement of the receiver and the received signal when the transmitter and the target are stationary, links
the changes in the received signals to the location, distance, and orientation of a mobile receiver. Furthermore,
we deploy the dynamic Fresnel zone model in an indoor environment and analyze its feasibility when multiple
reflection subjects are present. Our theoretical analysis is substantiated by extensive experimental measurements.

Following the principle of the proposed sensing model, we develop a proof-of-concept prototype system using
a pair of commodity WiFi devices. In a real-life scenario, the relative location of the transceiver pair is important
for sensing. By applying the dynamic Fresnel zone model, our system is able to determine the relative orientation
of the transmitter and the receiver. This is accomplished by controlling the movement of the receiver over a
known distance in different directions of the dynamic Fresnel zone, with a median error of less than 10°. The
distinctive hyperbolic density patterns of the dynamic Fresnel zone in different directions are utilized to achieve
this goal. Once the relative orientation is established, the receiver can be used as a ruler. We can then calculate
the moving distance of the receiver in 0-degree by counting the number of crossings of the dynamic Fresnel
zone, with a margin of error of less than 1 cm. Finally, the system exploits the distinctive characteristics of the
multi-carrier dynamic Fresnel zone to extract the stable features of carrier variability for each activity. Our
experiments show that the system is able to reliably distinguish the five activities.
The main contributions of this work can be summarized as follows:

• This paper proposes a dynamic Fresnel zone model for the mobile receiver-based sensing scenarios and
builds the theoretical foundation for WiFi sensing under mobile receiver conditions. The study extends
the current WiFi sensing paradigm to mobile-receiver scenarios that encompass a wide range of mobile
applications.

• From our in-depth analysis of signal propagation at mobile receivers in indoor environments, we develop a
rigorous mathematical model that quantifies the relationship between RF signal variations and receiver-side
activities. Through comprehensive experiments, we validate this model and uncover several unique features
of a mobile receiver-based WiFi sensing system.

• Built on the dynamic Fresnel zone model, we present a proof-of-concept prototype system that is able to
accurately detect receiver-side activities without knowing the relative locations of transceivers. Results show
that the system achieves an activity recognition accuracy of 98%, an estimation error of the transmitter’s
angle within 10°, and an estimation error of the receiver’s moving distance at the millimeter level.

The subsequent sections of this paper are organized as follows. In Section 2, we provide an overview of relevant
prior work. Section 3 introduces the dynamic Fresnel zone model and its application to CSI signals. Section 4
outlines our approach for effectively utilizing the dynamic Fresnel zone model in the design of our system. The
results of our experiments in real-life scenarios are presented in Section 5. We discuss the limitation of this work
in Section 6, and the paper is concluded in Section 7.

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 7, No. 2, Article 65. Publication date: June 2023.



65:4 • Liu et al.

2 RELATED WORK
This section discusses the most relevant works in three areas: Fresnel model-based human sensing, Non-WiFi-
based gesture recognition, and WiFi-based gesture recognition.

2.1 Fresnel Zone Model-Based Human Sensing
The Fresnel zone is first used for human sensing by Wang et al.[28] and Wu et al.[37]. Wang et al.[28] first use the
Fresnel zone to model activity sensing and build the relationship between the detectability of human respiration
and human’s orientation and location. Wu et al.[37] first detect human walking direction by the use of two
orthogonal Fresnel zone with the use of two transceiver pairs, and they achieve a median error of less than 10
degrees. Zhang et al. [45] further examine the properties of the Fresnel reflection model for human sensing and
determined its limitation. More recently, Wang et al.[29] and Liu et al.[17], focus on the impact of multipath on
the Fresnel zone model, exploit ambient reflected CSI signals for indoor localization and respiration monitor.
Zeng et al.[41] combine both CSI amplitude and phase in the Fresnel zone to achieve higher accuracy when
human respiratory in different positions. Yang et. al. [39] and Zeng et.al. [42] use the Fresnel zone under multiple
antennas to monitor respiration from multiple users [42]. However, the above works focused on the scenario
where the subject is outside the Fresnel zone, therefore, it is also known as the Fresnel reflection model. Zhang et
al. [47] [46] further study activity sensing inside the first Fresnel zone, and employ the Fresnel diffraction model
to quantify the relationship between the diffraction gain and the location of the target.
During the past few years, the Fresnel zone has been extensively studied in depth, Gao et al.[8] describe the

sensing quality of the signal, removing the location dependency of the Fresnel zone. Wang et al.[34] present that
when the transmitter-receiver distance is further increased, the sensing area is separated from one ellipse into
two ellipses located around the two transceivers. Niu et al.[21] investigate rigorously the dependency of velocity
estimation accuracy on target locations and headings in the Fresnel zone.

2.2 Non-WiFi based Gesture Recognition
Non-RF gesture recognition mainly includes wearable-based, vision-based, and acoustic-based. Wearable-based
systems require attaching wearable devices to the user’s hand or arm to recognize gestures[38], Wearable ring-
type [12] and watch-type sensors[27], are also utilized in human-computer interaction scenarios. Computer
vision-based gesture recognition systems, such as Microsoft Kinect[18][19] and Leap Motion[14], rely on cameras
or infrared sensors to capture human activity within the visual range and reconstruct the depth information
of the images[44][7][23]. However, their performance can be greatly impacted by the illumination conditions.
Acoustic-based gesture recognition approaches have also been used to recognize hand gestures by utilizing
speakers and microphones[24][5][10][16]. LLAP [33] employs changes in the phase of acoustic signals for motion
sensing, while FingerIO[20] employs OFDM-modulated acoustic signals for centimeter-level finger tracking and
WiTrace[32] able to tracking centimeter-Level passive gesture. However, the limited sensing range of acoustic
waves restricts its usage. Chen et al.[6] also use LTE Terminals for robust hand gestures.

2.3 WiFi-based Gesture recognition
In recent years, the utilization of WiFi signal measurements such as CSI and RSSI have been widely used for
gesture recognition [3][26][40]. By employing multiple antennas or receiving devices, this approach uses radio
frequency signals to track the movements of a hand and determine their distance and velocity. Despite these
advancements, these systems still present certain limitations. For example, RF-IDraw [31] utilizes an RFID tag
attached to a glove and achieves a tracking accuracy of 5.5 cm, WiDraw [25] can track the user’s hand with
a median error lower than 5 cm yet its operating range is limited to less than 2 feet and multiple antennas
are required. Wideo [13] necessitates the use of an antenna array with an average positioning error of 0.8m.
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QGesture [40], on the other hand, attains a hand tracking accuracy of 5.5 cm through the utilization of rough
phase information obtained from a commercially available WiFi device.
Different from existing work, we exploit the dynamic Fresnel zone model for mobile WiFi receivers. The

proposed dynamic Fresnel zone model quantifies the relationship between the receiver’s movement controlled by
the subject and the path length change of obtained CSI signal. We believe this model complements to existing
Fresnel zone model, creating more possibilities for the perception of mobile devices.

3 UNDERSTANDING DYNAMIC FRESNEL MODEL
In this section, we first introduce the basic principles of the dynamic Fresnel zone model when there is only
one reflection target in the free space of an indoor environment, and then analyze the characteristics of the
multi-carrier dynamic Fresnel zone. Following this, we design a series of experiments to verify the dynamic
Fresnel zone and derive its three properties. Finally, we examine the influence of other reflection target when
there is more than one surrounding subject in the indoor environment.

3.1 Preliminary
The Fresnel zones are concentric ellipses as shown in Fig.2, where P1 and P2 represent a pair of stationary RF
signal transceivers, while the Fresnel zone containing 𝑛 layers is constructed as follows:

|𝑃1𝑄𝑛 | + |𝑄𝑛𝑃2 | − |𝑃1𝑃2 | = 𝑛𝜆/2 (1)

where 𝑄𝑛 is the point of the 𝑛 th layer of ellipses, the length of the reflected path 𝑃1𝑄1𝑃2 is 𝑛𝜆/2 wavelengths
longer than the linear propagation path 𝑃1𝑃2. When an object crosses a series of Fresnel zones, the received
signal appears as a sin-like waveform, with peaks and valleys corresponding to the boundaries of the Fresnel
zones[28][45].

Fig. 2. Geometry of the Fresnel Zone

3.2 The Basic of Dynamic Fresnel Model
When the transceiver pair is located in free space or open environment without ambient reflection signal exists,
the received CSI signal is only related to the change of direct path between transceiver pair, which can be written
as:

𝐻 (𝑓𝑖 , 𝑡) = 𝐴(𝑡)𝑒−𝑗2𝜋 𝑓𝑖
𝑑 (𝑡 )
𝑐 (2)

where 𝑒−𝑗2𝜋 𝑓𝑖
𝑑 (𝑡 )
𝑐 is the phase shift of received CSI, 𝐴, 𝑑 (𝑡), 𝑓𝑖 and 𝑐 are the complex attenuation, propagation

length, frequency of the 𝑖 th sub-carrier and the velocity of light, respectively. In the case of a stationary transmitter
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and mobile receiver, the received CSI signal is only related to the change of the direct path between transceivers
when the transceiver pair is located in free space or an open environment without ambient reflection subject
exists.

Fig. 3. Presentation of the one surrounding subject scenario.

However, there may be fewer cases in which no static subject exists in a real-life environment. Whenever the
receiver moves, there is usually at least one reflection subject presented, e.g., the person holding the receiver. As
shown in Fig.3, when there is only one stationary surrounding subject in the environment, the signal received
from the mobile receiver is composed of two parts of propagation: the direct path, which propagates directly
from the transmitter (illustrated in red line), and the reflected path, which reflects through the subject (illustrated
in blue line). CSI obtained can be presented as:

𝐻 (𝑓𝑖 , 𝑡) = 𝐻1 (𝑓𝑖 , 𝑡) + 𝐻2 (𝑓𝑖 , 𝑡) = 𝐴1 (𝑡)𝑒−𝑗2𝜋 𝑓𝑖
𝑆𝑑𝑖𝑟 (𝑡 )

𝑐 +𝐴2 (𝑡)𝑒−𝑗2𝜋 𝑓𝑖
𝐿+𝑙 (𝑡 )

𝑐 (3)
where 𝐻1 (𝑓𝑖 , 𝑡) and 𝐻2 (𝑓𝑖 , 𝑡) present the component of direct path and reflected path, 𝑆𝑑𝑖𝑟 (𝑡) and 𝐿 + 𝑙 (𝑡) are the
path length of each component, respectively.
Accordingly, the length between the transmitter and reflection subject |𝑇𝑥𝑃 | remains unchanged when the

receiver moves with a stationary reflection subject, while the path length of direct signal |𝑇𝑥𝑅𝑛 | and reflected
signal from the target to transmitter |𝑃𝑅𝑛 | are both changes with receiver movement. In the context of radio
propagation, the distance between the direct path and reflected path determines the difference in phase [11],
Despite the fact that the path length of the reflected signal |𝑇𝑥𝑃𝑅𝑛 | is 𝜆 longer than the path length of the direct
signal |𝑇𝑥𝑅𝑛 |, there is a phase difference of 2𝜋 between the two signals, which indicates that the superimposed
signal is stronger. When the distance between two paths is 𝜆/2, the phase difference is 𝜋 , and the two signal
amplitudes are reversed, the superimposed received signals cancel each other out. We can write the difference
between the two paths as follows:

|𝑇𝑥𝑃 | + |𝑃𝑅𝑛 | − |𝑇𝑥𝑅𝑛 | = 𝐿 + 𝑙 (𝑡) − 𝑆𝑑𝑖𝑟 (𝑡) = 𝑛𝜆/2 (4)
Inspired by the definition of hyperbola, where for any point of P on the hyperbola set, the absolute difference

of the distances |𝑃𝐹1 |, |𝑃𝐹2 | to two stationary points 𝐹1,𝐹2 (the foci) is constant. Inspired by the definition of the
Fresnel zone model, we construct the dynamic Fresnel model as the concentric hyperbola with two foci in the
transmitter 𝑇𝑥 and static surrounding subject 𝑃 by ensuring:

| |𝑇𝑥𝑅𝑛 | − |𝑃𝑅𝑛 | | = | |𝑇𝑥𝑃 | − 𝑛𝜆/2| (5)
where 𝑅𝑛 is a point on the 𝑛th hyperbola.

As shown in Fig.4, the innermost hyperbola close to the transmitter and the stationary subject (two foci) is
defined as the 1st dynamic Fresnel zone, the hyperbola curve between the first hyperbola and the second is
defined as the 2nd dynamic Fresnel zone, and the 𝑛th dynamic Fresnel zone corresponds to the hyperbola curve
between the (𝑛 − 1)th and 𝑛th hyperbola. However, in the dynamic Fresnel zone model the number of hyperbolic
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Fig. 4. Geometry of the Dynamic Fresnel Zone

clusters is limited by the distance between the transmitter and surrounding subject, i.e. |𝑇𝑥𝑃 | <= 𝑛𝜆/2 and
𝑛 <= 2|𝑇𝑥𝑃 |/𝜆 accordingly. We further define the boundary of the 𝑛th dynamic Fresnel zone as the hyperbola
between 𝑛th and (𝑛 + 1)th dynamic Fresnel zones:

𝑏𝑛 = {(𝑅𝑛,𝑇𝑥, 𝑃) | |𝑇𝑥𝑃 | + |𝑃𝑅𝑛 | − |𝑇𝑥𝑅𝑛 | | = 𝑛𝜆/2(𝑛 <= 2|𝑇𝑥𝑃 |)} (6)

Apparently, when an object moves from the first Fresnel zone to the 𝑛th Fresnel zone, the phase difference
between the direct and reflected path signals increases as the object moves outward through the different Fresnel
zones. According to the basic interference principle, when the object crosses the boundary of the Fresnel zone,
the received signal appears as a peak or a valley. However, if the object moves along a hyperbola, the received
signal remains unchanged because the difference between the length of the reflected and direct signal paths does
not change.
Based on the analysis above, it is easy to obtain the first property of WiFi RF propagation with the mobile

receiver as follows:
• P1: WiFi dynamic Fresnel zones take the shape of concentric hyperbolas with two foci in the transmitter
and reflection subject which can be calculated mathematically.

3.3 Impact of Receiver’s Moving Direction
As can be seen from the above analysis, the density of hyperbolic clusters differs in different directions, so when
the receiver moves in the same direction along different directions, the phase change of the received signal differs;
For a better understanding of the relationship between the activity direction of the receiver and the phase change
of received signal, as presented in Fig.4 we assume that the receiver is moving in the direction of 𝛼 from the
line connecting of transmitter and reflection subject (two foci) at a distance of 𝑇𝑥𝑃 , the variation in the path
difference lengths of the reflected and direct paths can be expressed as:

Δ𝐷 = |𝑆𝑟𝑒 𝑓 (𝑡) − 𝑆𝑑𝑖𝑟 (𝑡) | = |𝑇𝑥𝑃 | + |𝑃𝑅𝑛 | −
√︃
|𝑃𝑅𝑛 |2 sin2 𝛼 + (|𝑇𝑥𝑃 | − |𝑃𝑅𝑛 | cos𝛼)2

= |𝑇𝑥𝑃 | + |𝑃𝑅𝑛 | −
√︂
( |𝑇𝑥𝑃 | − |𝑃𝑅𝑛 |)2 + 4|𝑇𝑥𝑃 | |𝑃𝑅𝑛 | sin2

𝛼

2

(7)

It can be seen that, when 𝛼 = 0, Δ𝐷 = 2|𝑇𝑥𝑃 |, in this case, the phase change caused by the movement of the
receiver is only affected by the moving distance, independent of the distance between the transmitter and the
reflection subject. As 𝛼 increases, Δ𝐷 and phase change of received RF signal decrease correspondingly. Thus we
can obtain the second property of the dynamic Fresnel model as fellow:
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• P2: The phase change caused by a receiver movement on a line between the transmitter and the reflection
subject is only related to the receiver movement distance.

3.4 Impact of Frequency Diversity
In this section, we devote to taking full use of the frequency diversity of the dynamic Fresnel zone. So far, we
introduced the main properties of the dynamic Fresnel zone model, we can see that, when the receiver is located
at the boundary of the dynamic Fresnel zone, the direct and reflected paths differ by an integer multiple of half
the wavelength (𝜆/2). Currently, we can measure the CSI of 30 or 52 subcarriers in most commercial WiFi devices,
each of which has its own wavelength and frequency. In WiFi signals, each channel has a stationary center
frequency, e.g. 5.24 GHz, and different sub-carriers are distributed around this center frequency at equal intervals
of Δ𝑓 = 312.5𝑘𝐻𝑧 in 802.11n and 802.11ac. Therefore, we can further describe the multi-carrier Fresnel zone
model as follows:

𝑏𝑛 = {(𝑅𝑛,𝑇 , 𝑃) | |𝑇𝑥𝑃 | + |𝑃𝑅𝑛 | − |𝑇𝑥𝑅𝑛 | | = 𝑛𝜆𝑖/2(𝑛 <= 2|𝑇𝑥𝑃 |)} (8)

where 𝜆𝑖 is wavelength of 𝑖th subcarrier, it can be seen that even though the receiver is in the same position, the
Fresnel zone differs for different subcarriers, e.g., when 𝑅𝑛 is at the boundary of the𝑚th Fresnel zone for the 1st
subcarrier, it may be between the𝑚th and (𝑚 + 1)th Fresnel zones for the 𝑁 th subcarrier.

Fig. 5. Dynamic Fresnel zone for both the head and tail subcarriers.

For a better understanding of the dynamic Fresnel model under frequency diversity, we consider the two
extreme subcarriers 𝑓1 = 5.24𝐺𝐻𝑧 and 𝑓2 = 𝑓1 + 51 × Δ𝑓 with wavelengths 𝜆1 and 𝜆2. As illustrated in Fig.5, we
simulate the dynamic Fresnel zone model with the frequency of 𝑓1 (line in red) and 𝑓2(line in blue), respectively.
It can be seen that these two subcarriers almost overlap their inner dynamic Fresnel zones boundaries and the
difference between their corresponding zone boundaries keeps increasing as the number of zones increases until
the boundary of the 𝑖th Fresnel zone of 𝑓𝑚 catches up with (𝑖 + 1)th Fresnel zone of subcarrier 𝑓𝑛 . Let c be the
speed of light, the phase difference Ψ(𝑓1, 𝑓2) between two subcarriers can be written as:

Ψ(𝑓1, 𝑓2) =
2𝜋 𝑓1 |𝐿𝐷 − 𝐿𝑅 |

𝑐
− 2𝜋 𝑓2 |𝐿𝐷 − 𝐿𝑅 |

𝑐
=
2𝜋Δ𝐹Δ𝐿

𝑐
(9)

where 𝐿𝐷 , 𝐿𝑅 present the path length of the direction signal and the reflected signal, respectively. From the
analysis above, we can see that the difference between subcarriers increases when the receiver moves from the
inner dynamic Fresnel zone to the outer dynamic Fresnel zone, when the receiver approaches the inner dynamic
Fresnel zone, the carrier discrepancy decreases.
Thus we can obtain the third property of the dynamic Fresnel zone model:
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• P3: As the receiver moves away from and closer to the inner Fresnel region, the subcarrier variability of
the received signal increases and decreases accordingly.

3.5 Verification with Benchmark Experiments
In this section, we verify the existence of WiFi dynamic Fresnel Zone in an indoor environment through
experiments. As shown in Fig.6, the verification experiments are conducted in an office room with less multipath
to better visualize the above properties. We use a metal cup with a diameter of 30 cm and a height of 19 cm as the
reflection subject. The transmitter and metal cup are placed 3m apart with 42 cm height, to precisely control
the displacement of the receiver, we mount it on a high-precision linear motion slider with an accuracy of 0.01
mm. Transmitter (Tx) and receiver (Rx) both use one omnidirectional vertically-polarized antenna. The central
frequency is 5.24 GHz, which corresponds to 5.725 cm wavelength. The initial distance between the receiver and
the metal cup is 12 cm, as the receiver moves along the slider, the length of both the direct and reflected path
changes accordingly.

Fig. 6. The experimental environment and deployment of transceivers.

3.5.1 Verification of P1. To verify the shape of the dynamic Fresnel zone, as shown in Fig.7(a), we first draw the
concentric hyperbolic curves, the boundaries of Fresnel zones are colored in blue and red, indicating the odd and
even Fresnel zones respectively. Note that, for better presentation, this is only a schematic. For the purpose of
verifying the existence of the dynamic Fresnel zone, we move the receiver along 3 different degrees with the
same 50 cm. We first move the receiver along the perpendicular bisector (0-degree) from 4 th to 22 th Fresnel
zone. We expect to observe 17 valleys and 17 peaks presented alternately, where the first one should be a valley
as a result of crossing the boundary of the 4 th Fresnel zone. To verify that WiFi Fresnel zones are concentric
hyperbolic curves, we control the receiver to move along three paths at the same distance, as shown in Fig.7(a).
The paths were labeled 0-degree, 45-degree, and 90-degree. For each of these three paths, we should observe 17,
15, and 8 peaks, corresponding to the number of zone boundaries crossed.

From the above experiment we can see that: (1) The occurrence sequence of valleys and peaks match the index
of the dynamic Fresnel model. (2) A concentric hyperbolic curve with foci at the transmitter and surrounding
subjects explains the occurrence time and the number of valleys/peaks for each path correctly. (3) A continuous
sine wave appears when the receiving signal crosses a series of dynamic Fresnel zones, confirming the expected
phase change.
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(a)

(b) (c) (d)

Fig. 7. Dynamic Fresnel zone experimental settings (up) and results (down): (b) 0-degree, (c) 45-degree, (d) 90-degree.

3.5.2 Verification of P2. To verify the phase change when the receiver moves along the perpendicular bisector
(0-degree, on a line between transmitter and surrounding subject). We fix the moving orientation and control the
receiver to move along 20 cm at 0-degree, and change the relative position of the transmitter in each experiment,
the distance between the transmitter to the reflection subject is 2.4m, 3.6m, and 4.2m, respectively.
By theoretical calculation, we should observe 6 valleys/peaks in each experiment. Fig.8 presents the CSI

amplitude received from each scenario, the same sine-like waveform was obtained in each experiment, as
expected.

(a) (b) (c)

Fig. 8. Received CSI amplitude when the distance between surrounding subject and transmitter is: (a) 2.4m, (b) 3.6m, (c) 4.2m.
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3.5.3 Verification of P3. As shown in Fig.5, we control the receiver to move from the inner dynamic Fresnel zone
to the outer. Based on our theoretical analysis, the consistency of different subcarriers tends to decrease over
time. Fig.9 shows the CSI amplitude from different subcarriers with idx=1, idx=15, and idx=30, respectively. We
can see that with the receiver moving outward, the position of each peak/valley from different subcarriers is
gradually dispersed, i.e., the first wave crests appear in different carriers at almost the same time, but by the time
it reaches the 4 th peak, there is an obvious sequence.

Fig. 9. CSI amplitude from 1 st, 15 th, and 30 th subcarrier when the receiver moves away from the inner dynamic Fresnel
zone.

To sum up, these benchmark experiments validate the three properties of the dynamic Fresnel zone model,
the experimental results match the theoretical plots very well. These three properties relate the phase change
from the mobile receiver to the dynamic Fresnel zone, and discover the nature and scope of the dynamic
Fresnel zone. According to the previous study, the human body is always modeled as a varying-size semi-
cylinder[28, 42, 43, 46], which means that the human body can be considered as a surrounding subject when a
person is standing. Consequently, activity associated with a mobile receiver can be viewed as moving through a
dynamic Fresnel zone with the transmitter as the two foci point. With the dynamic Fresnel zone model, we are
able to sense the motion of the receiver via WiFi signals.

3.6 Impact of Surrounding Subjects
We have already discussed the dynamic Fresnel zone model when there exists one reflection subject. Nevertheless,
in real life, there is always more than one static subject in the surrounding environment. As an example, when a
person holds a receiver during an activity, the received signal includes the reflected signal from the human target
as well as the reflected signal from other static objects, e.g., walls, furniture, etc. As the title suggests, this section
will discuss the effects of multiple reflection subjects on the dynamic Fresnel zone.

We first take the example of two surrounding subjects in the environment as presented in Fig.10, where 𝑃1
and 𝑃2 represent the two surrounding subjects, respectively, and the receiver is moving along the red line, close
to 𝑃1. It can be seen that the received signal contains a direct signal from the transmitter and reflected signals
from the two reflected subjects, respectively. In this state, the received signal consists of the direct signal and
reflection signal from two reflection subjects:

𝐻 (𝑓 , 𝑡) = 𝐻𝐷 (𝑓 , 𝑡) + 𝐻𝑅1 (𝑓 , 𝑡) + 𝐻𝑅2 (𝑓 , 𝑡) = 𝐴𝑆 (𝑡)𝑒−𝑗2𝜋 𝑓
𝐷 (𝑡 )
𝑐 +𝐴𝑃1 (𝑡)𝑒−𝑗2𝜋 𝑓

𝑆1+𝑑1 (𝑡 )
𝑐 +𝐴𝑃2 (𝑡)𝑒−𝑗2𝜋 𝑓

𝑆2+𝑑2 (𝑡 )
𝑐 (10)

where 𝐻𝐷 (𝑓 , 𝑡), 𝐻𝑅1 (𝑓 , 𝑡) and 𝐻𝑅2 (𝑓 , 𝑡) present CSI received from the transmitter and two reflection subjects,
respectively, 𝐴𝑆 , 𝐴𝑃1 and 𝐴𝑃2 is the amplitude power of each path. As shown in Fig.10, 𝐷 (𝑡) presents the length
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Fig. 10. Presentation of Two Surrounding Subjects Scenario

of the direct path, 𝑆1, 𝑆2 is the distance between the transmitter and each surrounding subject, 𝑑1 (𝑡), 𝑑2 (𝑡) present
the reflected path length from two surrounding subjects to the receiver, respectively. Without loss of generality,
we can divide the direct signal into two parts: the equation above can be written as:

𝐻 (𝑓 , 𝑡) = 𝐴𝑆 (𝑡)𝐴𝑃1

𝐴𝑃1 +𝐴𝑃2
𝑒−𝑗2𝜋 𝑓

𝐷 (𝑡 )
𝑐 +𝐴𝑃1 (𝑡)𝑒−𝑗2𝜋 𝑓

𝑆1+𝑑1 (𝑡 )
𝑐 + 𝐴𝑆 (𝑡)𝐴𝑃2

𝐴𝑃1 +𝐴𝑃2
𝑒−𝑗2𝜋 𝑓

𝐷 (𝑡 )
𝑐 +𝐴𝑃2 (𝑡)𝑒−𝑗2𝜋 𝑓

𝑆2+𝑑2 (𝑡 )
𝑐 (11)

In this case, the received signal can be viewed as a superposition of two dynamic Fresnel zones, with transmitter-P1
and transmitter-P2 as two foci points. Furthermore, the received signal can be considered as a superposition of the
signals received from each dynamic Fresnel zone. In accordance with the wave superposition principle, when two
electromagnetic waves of different frequencies are superimposed, the synthesized wave has the same number of
peaks and valleys as the high-frequency electromagnetic wave. We apply Fourier transform to superimposed CSI,
obtaining the strongest frequency-domain component representing the dynamic Fresnel zone with transmitter-P1
foci points. This method is used in real scenarios for CSI components conforming to our dynamic Fresnel model.

We verify the effect of other surrounding subjects by placing new reflectors at different locations around the
receiver. In this experiment, we use another metal cup with a diameter of 36 cm and a height of 19 cm as the
second surrounding subject. As illustrated in Fig.11, the distance between the transmitting terminal and the first
reflection point P1 is 2m, the second surrounding subject P2 is placed perpendicular to P1, and the straight-line
distance is 0.8m, the receiver moves 30 cm in a 45°, with the Initial distance of 12 cm from P1. In this scenario, the
distance from the second surrounding subject to the receiver is always larger than that from the first surrounding
subject to the receiver.
Fig.11(b) shows the CSI amplitude obtained when there is only one surrounding subject P1 located in the

environment, and Fig.11(c) illustrates the CSI amplitude obtained with the influence of both P1 and P2. It can be
seen that the peaks/valleys’ number of the obtained amplitude of both scenarios is the same, in good agreement
with the theoretical plots.

4 GUIDING SYSTEM DESIGN FOR RECEIVER’S ACTIVITY
In this section, we design a sensing system for mobile receiver leveraging on our proposed model in Section
3. Based on the mobile-receiver-based properties, the dynamic Fresnel zone model is able to guide the system
which supports the following three different functions: (1)Estimation of transmitter orientation; (2)Distance
measurement for the receiver; (3)Classify the activity trajectory of human subject;

4.1 System Overview
First, our system can assist the user in determining the relative direction of the transceiver pair, i.e., when the user
does not know where the transmitter is, our system can determine its relative orientation with greater precision.
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(a)

(b)

(c)

Fig. 11. Experiment setup in a real-life scenario (a), CSI amplitude obtain when there is only one surrounding subject (P1) (b)
and two neighboring surrounding subjects P1 and P2.

Then, our system can be viewed as a ruler. When the direction of the transmitter is known, we can measure the
moving distance of the receiver via the received CSI signal when it moves along 0-degree. Finally, guided by the
multi-carrier dynamic Fresnel zone, our system is able to classify five underlying activity trajectories of receiver.

Fig. 12. System Overview

As illustrated in Fig.12, our system begins with data acquisition and pre-processing, which takes raw Channel
State Information (CSI) readings gathered from commodity Wi-Fi receivers as input. In this step, we adopt the
Savitzky-Golay filter[22] to process the noisy raw signal. Note that, S-G filtering is also widely used as a denoise
method in the pre-processing step of existing WiFi sensing systems. Then, our system works in three parts,
corresponding to the three applications mentioned above. The orientation estimationmodule estimates the relative
orientation of the transceiver pair via the property of the dynamic Fresnel zone. The distance measurement
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module estimates the moving distance of the receiver by calculating the peaks/valleys of the received CSI signal.
The active trajectory classification module classifies the active trajectories of common receivers by the variability
of the performance of different trajectories in the multi-carrier Fresnel zone.

4.2 Orientation Estimation Module
This section examines how to guide the estimation of transmitter orientation via the dynamic Fresnel zone. From
the properties we summarized before, we can see that the sensing of the mobile receiver in the dynamic Fresnel
zone is orientation-dependent, i.e., when a person faces in different directions and holds the receiver move the
same distance, the peaks/valleys obtained from CSI amplitude are different. Our system is designed to determine
the relative orientation of the transmitter by moving the receiver the same distance in different directions when
the transmitter’s position is unknown. According to Fig.13, in order to accomplish this goal, we move the receiver
at every 90 degrees, and from this activity, we can determine the approximate orientation of the receiver. For
more precise orientation information, we move the same distance at another 30 or 40-degree interval within
120-degree around that direction, as shown in the right part of Fig.13, and from this, we can determine the exact
transmitter end orientation.

Fig. 13. Two steps for orientation estimation.

According to our experiments, it is difficult to control hands to move the same distance in different directions
and to ensure that each movement is precisely spaced by 90° or 30°. As a solution to this problem, we use the
IMU sensors available in handheld WiFi devices (e.g., smartphones) to assist our judgment. We refer to the IMU
trajectory reduction algorithm proposed in the existing system[4] and obtain the trajectory and relative angle of
the smartphone.
After determining the precise distance and angle of each movement of the receiver, we are able to calculate

the number of traversed dynamic Fresnel zones by counting the number of peaks and valleys obtained from
CSI amplitude. Based on the characteristics of the dynamic Fresnel zone, it can be determined that the receiver
traverses the more dynamic Fresnel zones when it is active on the line between the transmitter and the human
target, we can assume the approximately direction of the transmitter. By comparing the results obtained in the
second step at different orientations, combining with the dynamic Fresnel zone model, we can calculate a precise
result, which is almost the same as the actual value. The real-life experimental results are presented in Section 5.2.

4.3 Distance Measurement Module
Based on our analysis in Section 3.3, when the receiver moves on the line between the transmitter and the human
target, the obtained CSI signal only relates to the moving distance of the receiver. Therefore, at this point, the
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phase change of the received signal is not affected by the distance between the transmitter and the surrounding
subject, regardless of how far away the transmitter is.

Once we obtain the relative orientation of the transmitter, we can use the above characteristic of the dynamic
Fresnel zone to measure the moving distance of the receiver on the transceiver link. Equation 7, in particular,
can be used to determine the relative distance of the receiver activity by calculating the number of peaks in the
received CSI amplitude. That is to say, each dynamic Fresnel zone traversed is reflected as a peak in the CSI
amplitude, and the corresponding distance of the receiver increases or decreases by 𝜆/2. When a total of 𝑁 peaks
are received at the receiver, the relative distance of activity at the receiver can be computed as 𝑁 × 𝜆/2. The
detailed experimental results are presented in Section 5.3.

4.4 Activity Trajectory Classification Module
In Section 3.4, we analyze the property of the multi-carrier dynamic Fresnel zone and give an example in Fig. 9 to
illustrate that different sub-carriers behave differently when the receiver is active from the inner dynamic Fresnel
zone to the outer dynamic Fresnel zone. The system is intended to use the x-axis symmetry of the dynamic
Fresnel zone and its characteristics under multi-carrier to classify the active trajectory of human subject via
moving receiver. According to the properties of dynamic Fresnel zones, the receiver should be held directly
opposite the transmitter end in order to achieve better perceptual repeatability. With the help of the above two
modules, we are able to obtain a more accurate relative angle of the transmitter. This module addresses the design
of multiple robustly identifiable trajectory.

Fig. 14. Five movements we recognized: forward, backward, forward and backward, left and right, and drawing circle.

As illustrated in Fig.14, this system aims to recognize five realistic and commonly used movements, i.e. forward,
backward, forward and backward, left and right, and drawing circle. According to the analysis in Section 3.4, we
can observe that, when the receiver is moving forward, the discrepancy between subcarriers becomes larger, and
when the receiver is moving backward, the discrepancy between subcarriers becomes smaller. As the receiver
moves left and right, the subcarrier discrepancy becomes smaller and then larger, and it is smallest at the
crossing of the transmitting end and the surrounding subject. For two subcarriers, we characterize the subcarrier
discrepancy by the difference in time Δ𝑡𝑛 between their appearance of the 𝑛th wave peak/valley.
As illustrated in Fig.14, we define the signal variation patterns of five trajectories via the use of subcarrier

discrepancy. By using the symbol +, we indicate that the subcarrier discrepancy increases when the receiver
moves the same distance 𝑑 , and by using the symbol −, we indicate that it decreases. When the receiver is moved
away from the human target, the corresponding pattern of signal variability is indicated by +𝑑 . In the same
manner, other unique signal change patterns may also be defined, such as drawing circles as +𝑑 + 𝑑 − 𝑑 − 𝑑 ,
etc. Fig.15 shows the CSI amplitudes received by two subcarriers with Δ𝑖𝑑𝑥 = 29 when the receiver is drawing
circle, the pattern +𝑑 + 𝑑 − 𝑑 − 𝑑 can be observed obviously. By this way, we can achieve highly accurate of
activity trajectory recognition by mapping well-defined signal change patterns to different trajectory types
without training. Trajectories for receiver-side movement can also be recognized to provide a new means of
human-computer interaction. Real-life experiments are presented in Section 5.4. However, it is important to
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Fig. 15. CSI amplitude from two different subcarrier when the receiver act as drawing circle.

note that the performance of our algorithm may deduce in different scenarios especially in multi-path rich
environment (mobile receiver close to surrounding objects). In the future, we will continue to further improve
this algorithm.

5 EVALUATION
To evaluate the performance of the proposed mobile receiver-based sensing model, we conduct comprehensive
experiments to evaluate its performance. We first describe the system setup for data collection and then present
the results for each module from a series of experiments.

5.1 Experimental Settings
We use a pair of commercial WiFi 6 network cards provided by AICSemiconductor [2], as illustrated in Fig.16(a)
and (b), each WiFi card is equipped with one antenna. The transmitter operates at a central frequency of 5.24 GHz
with a bandwidth of 40MHz and broadcasts 100 packets per second. We directly collect CSI data from the receiver
and process the data in MATLAB using a DELL Precision 5520 laptop (Intel Xeon E3-1505M v6 CPU and 8GB
RAM). In general, we are able to obtain 52 sub-carriers from the receiver.

We recruit 8 volunteers (i.e., 3 males and 5 females), aged from 14 to 58 years old. We conducted experiments
in relatively quiet environments with less interference, including a conference room, an office, a hallway, and a
residential apartment which consists of two bedrooms, one living room, one study room, and one bathroom. We
collect a total of more than 120 hours of data for our experiments. The ground truth of the receiver’s moving
distance and trajectory is collected by the IMU sensors installed in Samsung’s Galaxy 4, we use the continuous
strokes reconstructed method proposed in [4] to obtain the trajectory.

5.2 Estimate the Direction of Transmitter in LoS Scenario
Experiments are conducted in three different environments, as shown in Fig.16(c-e), for each environment, we ask
the subject to stand or sit on the chair with the receiver held in hand. As presented in Fig.17(a), the transmitter is
placed with 5 different positions, and the distance between each position is 1 meter. The distance between the
transmitter and the human target (i.e. denoted as 𝑆 in Fig.17(a).) is ranged from 2.5m-5.5m, at a step size of 1 m.
As introduced in Section 4.2, the subject is first asked to move the receiver every 90 degrees in the same distance
and then move 4-5 times within 120 degrees around that approximate orientation we select.
We define an error as the absolute value of the difference between the transmitter’s orientation we calculate

and the true angle in real-life. Fig. 17(b) shows the confusion matrix of mean error. It can be seen that as the
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(a) (b) (c)

(d) (e) (f)

Fig. 16. The WiFi (a)transmitter, (b)receiver and (c-f) different experiment setups we used in this work.

(a) (b)

Fig. 17. The illustration of (a) transmitter’s orientation and (b) confusion matrix.

distance between the transmitter and the person becomes larger, the error increases, which we believe is the
reason for the larger signal noise at the receiver. The result reveals that the maximum mean error is 11 degrees.
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This means that our system provides a good estimation of the transmitter side direction in different scenarios
using a transceiver pair.

5.3 Measure the Moving Distance of Receiver in 0-degree
In this experiment, we focus on the second module of our system, evaluating the performance of 1D distance
measurement with a transceiver pair. As shown in Fig.16(f), the experiment is conducted in a corridor, and the
distance between the subject and the transmitter is varied from 2m to 10m at a step size of 1m. At each distance,
we ask the subject to move the receiver in his hand in the direction of the transmitter randomly.

We evaluate the performance with absolute displacement error, which is defined as |𝐷𝑒𝑠𝑡 − 𝐷𝑔𝑡 |, where 𝐷𝑒𝑠𝑡 is
the estimated receiver displacement and𝐷𝑔𝑡 is the ground truth obtained by IMU. Further, we classify the obtained
CSI signal by the moving distance of the receiver, i.e., less than 10 cm, 10 cm-20 cm, 20 cm-30 cm, 30 cm-40 cm,
and more than 40 cm. As shown in Fig. 18, the mean error of absolute displacement for each of the above cases is
less than 1 cm, demonstrating the distance measuring capability of our system. It can be seen that the average
error growing up with the receiver’s moving distance, we believe this is due to the fact that some volunteers are
unable to keep the receiver moving straightly towards the transmitter a longer distance.

Fig. 18. The absolute displacement error. Fig. 19. Confusion Matrix of trajectory classification.

5.4 Classify the Trajectory of Mobile Receiver
We focus on verifying the third module of our system in this experiment. Experiments are conducted in the
same scenarios in Fig.16(c-e), the distance between transmitter and volunteers is from 2.5m to 5.5m. We collect
samples from three different scenarios with five users. Each user was asked to face the transmitter and perform
every trajectory 20 times (i.e., 10 times for both right and left hand) in each scenario at a different time. Note that,
the volunteers do not move the receiver in a certain size, through our observations, we find that the moving
size of the receiver varied between 10 cm-60 cm, the moving size here refers to the distance moved forward and
backward or left and right, as well as the diameter of the drawing circle.
Fig.19 shows the confusion matrix of the classification accuracy, where T1-T5 present forward, backward,

forward and backward, left and right, and drawing circle, respectively. It can be seen that our system can achieve
high performance with an average recognition accuracy of 98.2%. Fig.20(a) shows the overall results with different
transmitter-subject distance in a different environment. It can be seen that, different environments and static

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 7, No. 2, Article 65. Publication date: June 2023.



Towards a Dynamic Fresnel Zone Model to WiFi-based Human Activity Recognition • 65:19

multi-paths have very little impact on accuracy. In our proposed recognition scheme, it is reasonable to assume
that it is designed to combat ambient noise and make the system robust in a variety of environments.

(a) (b) (c)

Fig. 20. The performance in (a) different scenario, (b) challenging scenario and (c) extra surrounding subject.

To investigate the impact of the distance between the receiver and the wall. We conduct experiments in the
scenario shown in Fig.21(a). Specifically, we place the transmitter 30 cm away from the wall and the vertical
distance between the human subject and the transmitter is 3m. We ask volunteers to stand at distances ranging
from 30 cm to 4m apart from the wall, facing the transmitter, to evaluate the performance of our system in
recognizing five different trajectories of mobile receiver. Additionally, as illustrated in Fig.21(b), we ask volunteers
to move the receiver with three different sizes: large (50 cm-60 cm), medium (30 cm-40 cm), and small (10 cm-
20 cm). It is important to note that the moving size here refers to the distance moved forward and backward or
left and right, as well as the diameter of the drawing circle.

(a) (b) (c)

Fig. 21. The illustration of (a) the subject’s different distances from the wall (b) three different sizes of the movements
and (b) performance of trajectory classification.

Fig.21(c) displays the overall recognition performance of five different trajectories of mobile receiver under
different moving displacement and distances from the wall. It can be seen that when a subject moves the receiver
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at a distance of more than 1.2m from the wall, the accuracy is not affected. When a subject is within 1m from
the wall, the closer the subject comes to the wall, the worse the accuracy becomes. Additionally, the smaller the
range of movement of the receiver is, the better the recognition performance we achieve. We believe that this is
because when a subject is closer to the wall, the distance between the receiver and the wall during movement is
less than the distance between the receiver and the subject. This observation is consistent with the analysis of
surrounding subjects in Sec.3.6.

5.5 Performance in Challenging Scenario
In this subsection, we evaluate the performance of our system in challenging scenarios, the experiment is set
up in a real residential apartment that consists of two bedrooms, one living room, one study room, and one
bathroom. We put the transmitter in a different room from the receiver with a wall in between. As presented in
Fig.22, the subject is located in the study room, and the transmitter is placed in different rooms, namely setups 1,
2, 3, 4, and 5, for each setup, there exists a wall in between the receiver which blocks the Line-of-Sight (LoS).
Fig.20(b) shows the mean orientation error given by the system in each setup. It should be noted that the exact
original orientation between transmitter and receiver is hard to obtain due to the complex structure and furniture
in the apartment, so we can only estimate a relative angle. It can be seen that the angular errors we calculate are
all within 30 degrees, at which point it is possible to successfully point out the room where the transmitter is
located.

Fig. 22. Experiment setup in the residential apartment. Fig. 23. Experiment settings for investigation of
surrounding subjects.

5.6 Impact of Ambient Reflection
To study the effect of ambient reflection, i.e., the reflected signal from other static objects in the environment,
we conduct additional experiments in a large office room (7.5m × 9m) as shown in Fig.23. We further vary the
distance between the transmitter and the subject from 2m to 5m at a step size of 1m. We place static reflectors
in each of the eight highlighted areas (i.e., the areas indicated by 𝑆1 − 𝑆8). Note that when the receiver is moving,
only the distance between the 𝑆4 and the receiver is larger than the distance between the subject and the receiver.
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The experimental results show that when the other subject stays or moves far away from the transceiver pair, the
ambient reflection can be tolerated. As presented in Fig.20(c) when there exists a static object in 𝑆4 or other areas
around the receiver, the classification result of the activities’ trajectory drop to around 60%, when it exists far
from both transmitter and receiver, the result is unaffected. To a certain degree, when the distance between the
motion and the transceivers increases, the performance is improved.

6 DISCUSSION AND LIMITATION
In this section, we discuss the limitations of this work and suggest potential directions for future work.
Impact of surrounding subjects: In the dynamic Fresnel zone model, we assume that the human target is

the nearest object in proximity of the mobile receiver. However, if there are multiple objects nearby, recognition
accuracy may decrease. Therefore, it is crucial to consider environmental factors when deploying the system
and to ensure that the receiver is positioned in a more open space to minimize the impact of the surrounding
environment. By doing so, we can improve the recognition accuracy of the system and enhance its overall
performance.

The non Line-of-Sight (NLoS) scenario: We observe that the proposed dynamic Fresnel zone model works
under the LoS scenario, which requires full visibility between the transceivers and the human target. However,
when the direct path between the transmitter and receiver is blocked, the signal may reach the receiver through
multiple reflections or bypassing, which can significantly affect the accuracy.
Comparison with stationary transceiver pairs: Our extensive experiments reveal that in contrast to the

standard Fresnel zone model, the dynamic Fresnel zone model designed for the mobile receiver scenario has
the advantage of a larger sensing range, e.g., when we increase the distance between the transceiver pair to
8m, the signal obtained from the stationary scenario is submerged in noise, making it difficult to observe clear
signal change patterns via raw CSI amplitude. However, in the mobile scenario, the signal change patterns
corresponding to three different hand gestures are clear.

Multiple transceiver pairs: Our analysis of the dynamic Fresnel zone model is currently based on a transceiver
pair. For future work, we plan to extend our study to multiple transceiver pairs to fully explore its potential.
Additionally, we aim to combine this model with the existing Fresnel zone model that uses stationary transmitters,
which will enable wider application scenarios. We will also use multiple antennas to further improve the
performance. It is worth noting that while this paper focuses on applying our theory to WiFi sensing, it can be
applied to other RF-based sensing in general.

7 CONCLUSION
This paper advances WiFi sensing by proposing the first theoretical model of the dynamic Fresnel zone in free
space, characterized by a cluster of concentric hyperbolas with foci at the transmitter and surrounding subject.
We validate the dynamic Fresnel zone model through extensive experiments in indoor environments, examining
the relationship between RF signal variations and human position, receiver’s moving direction, multi-subcarriers,
and the presence of other objects. The results of these experiments are surprising and provide insight into the
impact of moving receivers on RF signals. By utilizing this sensing model, we are able to detect the direction of
the transmitter with a median error of around 10 degrees, measure the receiver’s moving distance at vertical
angles with a millimeter-level accuracy, and classify 5 common receiver trajectories with an accuracy rate above
98%. We believe the methodology presented in this study fills a gap in the existing theoretical studies of WiFi
sensing based on Fresnel zones and understand wireless sensing at a deeper level.
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