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ABSTRACT: A privacy-compliant indoor localization approach utilizing a 3-D near-field (NF) passive radar imaging technique is pre-
sented. This technique leverages ubiquitously radiated electromagnetic fields for imaging, with passive tags introduced to enhance the
strength of scattering fields, thereby enabling precise localization at the imaging level. The method also supports localization in non-ideal
imaging scenarios, such as for limited bandwidth or in highly-reflective environments. Based on their geometrical properties the simple
and low-cost passive tags enable intuitive differentiation between individuals or objects. Associated privacy protection mechanisms are
discussed, where the frequency-varying properties of the passive tags provide additional flexibility and potential applications under pri-
vacy and ethical considerations. Several forms of passive tags are presented, where both simulation and experimental results validate the
effectiveness of the proposed passive tag designs.

1. INTRODUCTION

Outdoor localization techniques and their applications have
become relatively mature over the past decades, while in-

door localization technologies have emerged as a popular re-
search area more recently and are currently extensively investi-
gated [1]. Indoor localization involves estimating the position
of individuals or objects within enclosed environments, which
is critical for applications in sectors such as healthcare [2],
disaster management [3], smart buildings [4], the Internet of
Things (IoT) [5], and machine type communication (MTC) [6],
where precise location data enhances services, security, and op-
erational efficiency.
With the advancement of wireless communication technolo-

gies and the widespread use of portable electronic devices, ra-
dio frequency (RF)-based indoor localization has gained con-
siderable attention [7]. Examples include indoor localization
systems based on wireless communication technologies such as
WiFi [8–12], Bluetooth [13–15], and ZigBee [16]. At the same
time, diverse localization algorithms, which utilize information
such as received signal strength indicator (RSSI) [8], channel
state information (CSI) [11], angle of arrival (AoA) [17], time
of flight (ToF) [18], time difference of arrival (TDoF) [19], and
fingerprinting [11], have been successfully applied in this field.
Utilizing ubiquitous radiation sources, such as those from

Wi-Fi without dedicated devices, is essentially the idea of pas-
sive radar. However, this approach presents significant chal-
lenges. For instance, the RSSI-based method suffers from
very poor localization accuracy, particularly in through-the-
wall scenarios and environments with multipath fading [7, 20].
Similarly, the AoA-based technique is highly sensitive to in-
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accuracies in the estimated AoA [17]. ToF- and TDoF-based
techniques, on the other hand, demand strict synchronization
between transmit (Tx) and receive (Rx) devices and a high time-
domain sampling rate [7]. Fingerprinting techniques estimate
the location of targets of interest (TOIs) by comparing received
signals with a pre-recorded signal strength map of the entire
target environment. However, localization results can be unre-
liable in realistic scenarios [21].
Particularly in RF-based indoor localization, RF identifica-

tion device (RFID) technology is widely used [22–26]. It is
based on the transmission of data between RFID tags and corre-
sponding RFID readers, where sub-meter accuracy is, however,
hard to achieve. Active RFID tags work with a specific power
supply, enabling communication over several hundred meters
with low-cost circuit design, but they are commonly not inte-
grated into portable user devices [7]. On the other hand, passive
RFID tags operate without batteries, as they extract the required
energy from the illuminating electromagnetic waves and their
communication range is, thus, considerably shorter [7].
Besides RF-based indoor localization, vision-based indoor

localization systems, also known as camera-based or image-
based localization techniques, have been applied in areas such
as surveillance [27] and crowd counting [28]. These systems
typically rely on specific imaging devices, e.g., Kinect cam-
eras are used under good visible light conditions [29], while
infrared cameras are employed for thermal imaging in low-
visibility environments [30]. Building on this premise, pre-
vious research has primarily focused on extracting precise lo-
cation information from the corresponding images. Many re-
lated techniques, such as color histograms [31], automatic in-
dexing methods [32], and transfer learning [30, 33] have been
proposed.
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One of the most criticized aspects of these vision-based
methods is the use of cameras, which raises significant con-
cerns regarding user privacy [34]. In addition to the fact that
location information is inherently sensitive for users, the use of
optical or infrared cameras for indoor scene imaging can cause
significant discomfort. In fact, most existing indoor localiza-
tion systems have not adequately addressed privacy and ethical
concerns [7], as they primarily focus on achieving high local-
ization accuracy. This undoubtedly hampers the development
and commercialization of localization technologies.
In this work, we discuss an indoor localization technique

based on near-field (NF) passive radar microwave imaging that
utilizes passive tags for accurate detection and identification
of TOIs. This method can be regarded as a hybrid approach
combining RF-based and vision-based indoor localization. The
technique relies on the concept of passive radar, adapts the idea
of tags known from the context of RFID technology, and is
able to provide images of the indoor scenery, similar to the
information generated by camera-based systems. In contrast
to active microwave imaging, the presented passive technique
avoids active scanning, such as the movement of Tx/Rx pairs in
monostatic synthetic aperture radar (SAR) or cooperative scan-
ning systems in multiple-input-multiple-output SAR imaging
setups. Since no additional radiation is emitted, the presented
approach reduces potential interference with and disturbance
of existing communication systems in the indoor environment.
In this context, NF refers to complex electromagnetic environ-
ments such as indoor scenarios, in contrast to far-field cases
commonly encountered in remote sensing. With the assistance
of passive tags, the position of TOIs can be accurately recon-
structed by a holographic passive imaging technique, even un-
der conditions of limited imaging quality and resolution.
In this context, it is worth mentioning that the terms passive

and active in localization are often defined such that active lo-
calization determines the location of specific targets by local-
ization devices or tags carried by the TOIs, whereas passive
localization does not rely on any devices or tags, nor does it
require any participation from the TOI during the localization
process [1]. Based on this classification, the localization tech-
nology discussed in this work technically falls under the cate-
gory of active localization. However, the employed tags differ
significantly from most existing techniques, especially RFID,
as they are completely passive, i.e., they do not require batter-
ies and they do not need to extract energy from the incident
fields, which relieves the range limitations encountered with
passive RFID tags. In addition, various geometrical properties
can be easily incorporated for identification purposes. Lastly,
the non-optical nature of the microwave images drastically re-
duces ethical concerns, while operation of the system does not
require a visually bright illumination, which is commonly as-
sociated with and required by optical cameras.
In Section 2, the localization configuration with passive tags

and the imaging algorithms are briefly introduced. Numerical
and experimental results are presented in Section 3 and Sec-
tion 4, respectively. Privacy and ethical considerations related
to the passive tag design are briefly provided. Finally, conclu-
sions are drawn in Section 5.

2. CONFIGURATION AND ALGORITHM
The configuration under consideration based on a passive radar
setup is illustrated in Figure 1, where a single static Tx antenna
serves as the illumination source. Observation field samples are
collected by either a single scanning Rx antenna moving across
the entire sampling area, or more preferably, by a receiving an-
tenna array. A step size of half a wavelength λ/2 may be used
for sampling. All contributions including incident fields Ei di-
rectly from the Tx antenna, scattering fields Es from the TOIs,
and all other parasitic echo scattering fields Esp are captured by
the Rx antenna.

FIGURE 1. Typical configuration for indoor localization in a passive
radar setup within a bedroom, where a fixed Tx serves as the illumi-
nation source. The observation signals across the observation area are
collected by a single scanning Rx antenna. The TOIs to be localized
may include persons or objects within the room.

Passive tags are attached to the TOIs to enhance the strength
of the scattering fields and serve as beacons for localization.
The receiving signals from the Rx antenna are then post-
processed by the imaging algorithm in [35]. The process is
briefly summarized here. The output signal from the probe at
observation position rm is expressed as (a time dependency of
ejωt is assumed and suppressed) [35, 36]

U(rm) =

˚
Vw

w(r− rm)

[Ei (r, Ji) + Es (r, Js) + Esp (r, Jsp)] dv, (1)

where w(r− rm) is a vector weighting function describing the
receiving behavior of the Rx antenna with volume Vw. By in-
troducing a propagating plane-wave representation of the un-
derlying Green’s function, (1) can be written in terms of the
plane-wave spectra (PWS) of equivalent sources representing
the Tx antenna (J̃i), the TOIs (J̃s), and parasitic echoes (J̃sp).
The PWS are expanded by directive vector spherical harmon-
ics D(1/2) according to [37]

J̃i/s/sp(k, r′i/s/sp)=
N∑

n=1

n∑
m=−n

cnm(k, r′i/s/sp)D
(1/2)
nm (k̂), (2)

where k is the wave vector with unit vector k̂ and wave num-
ber k. The expansion order N is determined based on the size
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of the finest level octree boxes in the context of the multilevel
fast multipole method (MLFMM) [38]. Solving the resulting
linear system of equations gives the coefficients cnm and con-
sequently the PWS of the TOIs. Echo suppression for interfer-
ences J̃s and J̃sp is also possible in this process by removing the
corresponding PWS. The processes of the inverse source recon-
structions are performed individually for different frequencies,
making the approach both robust and compact. This method is
highly efficient due to its implementation via the concepts of
the MLFMM.
With the obtained PWS, e.g., J̃s for the TOIs, image gener-

ation using hierarchical disaggregation [39] is performed inde-
pendently for each discrete frequency f = 1, . . . , F

J̊s,p(kf , r′)=
‹

F
(̂
k · k̂(c)

)
J̃s,p(kf , rs)e−jkf ·(r′−rs)d2k̂, (3)

where p ∈ {x, y, z} indicates the component-wise operations
in Cartesian coordinates. F(k̂ · k̂(c)) is an angular spectral win-
dowing function that truncates undesired PWS contributions
from outside themain observation area, thereby enhancing clut-
ter suppression [40]. Once the the single-frequency images
J̊s,p(kf , r′) of the TOI have been obtained, they are superim-
posed coherently via

Js,p(r′)=
F∑

f=1

ψs,p(kf , r′)Ms,p(kf , r′)kf∆kf J̊s,p(kf , r′), (4)

where the phase and magnitude correction terms ψs,p(kf , r′)
and Ms,p(kf , r′) are found in [35]. The theoretical resolution
of the imaging algorithm for planar observations aligned with
the coordinate system in Figure 1 is estimated as [41]

δx =
λcx0
Lx

, δz =
λcz0
Lz

, and δy =
c0
B
, (5)

where Lx and Ly denote the aperture size; y0 is the range dis-
tance between the aperture plane and the image domain; B is
the bandwidth; c0 is the speed of light; and λc represents the
wavelength at the center frequency.
Utilizing this imaging algorithm, the spatial position of elec-

tromagnetic scatterers, including passive tags, can be readily
determined. Passive tags can cause stronger scattered fields
from the TOI, providing enhanced localization capabilities, es-
pecially when imaging resources are limited, such as in terms
of observation area size or signal bandwidth. They also serve
as the sole beacons when the static TOIs are no longer present
in the resulting images, such as when background subtraction is
applied to eliminate strong clutter from the indoor environment.
A requirement for passive tags in this process is that they must
scatter a measurable electromagnetic field when illuminated,
meaning that theoretically any sufficiently strong electromag-
netic scatterer can serve as a passive tag. A nother important
property of passive tags is their shape, which can be used to
distinguish different TOIs.

3. NUMERICAL RESULTS

3.1. Localization
First, we consider a simple passive tag in the form of a patch
antenna, as shown in Figure 2. The substrate dimensions of
the patch antenna are 10.46 cm × 7.07 cm, with a thickness of
0.37 cm and a relative permittivity of 2.15. The thin patch is
perfectly electrically conducting (PEC) material, with dimen-
sions 5.81 cm×3.92 cm. The feed point is located at the center
of the long edge of the patch, offset by 1.24 cm from the cen-
ter along the short edge. The antenna is designed to resonate
at a frequency of 2.4GHz, ensuring that it generates the largest
possible scattered electromagnetic field within the simulation
frequency range for imaging. The patch antenna is positioned
on the chest of a human model at a height of approximately
1.25m, as shown in Figure 3. The height of the human body is
around 1.8m. The body material is assumed to be muscle and
the corresponding parameters, such as relative permittivity εr
and dielectric loss tangent tan δ, are frequency dependent and
retrieved from an online simulator [42], e.g., εr = 52.79 and
tan δ = 0.24 at 2.4GHz.

FIGURE 2. Example of a patch antenna as passive tag.

FIGURE 3. Illustration of the simulation setup in FEKO including a
human model and a patch antenna serving as the passive tag.

Simulations were carried out using the commercial full-wave
simulation software FEKO [43]. The human body and the pas-
sive tag were placed around the origin of the coordinate sys-
tem. The illuminating source was a Hertzian dipole located at
the coordinates [x, y, z] = [0, 2, 1]m, which is 2meters in front
of the body model, roughly at a height close to the abdomen.
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(a) (b)

FIGURE 4. Multi-frequency imaging result of the human body with a
passive tag, where the passive tag appears as the bright spot in front of
the chest of the human model. (a) MIP from the front view. (b) MIP
from the side view.

(a) (b)

FIGURE 5. Imaging results of the human body without the passive tag.
(a) MIP from the front view. (b) MIP from the side view.

This setup aims to illuminate the whole body equally. The x-
and z-components of the electric field were collected over a
rectangular aperture in the plane y = 0.5m extending from
[x, z] = [−3,−3]m to [x, z] = [3, 3]m, which was positioned
directly in front of the human body to capture all relevant scat-
tered fields. Overall, 12 100 uniformly distributed probe posi-
tions on the observation plane were utilized to fulfil the desired
sampling rate and ensure a proper resolution of the image.
The Tx antenna radiates single-frequency continuous wave

signals with linearly distributed frequencies from 2GHz to
4GHz in steps of 50MHz. After the application of the imag-
ing algorithm and combination of the single-frequency results
according to (4), the results in Figure 4 are obtained. The recon-
struction area was constrained to a cubic space with the bound-
aries −0.5m ≤ x ≤ 0.5m, −0.2m ≤ y ≤ −0.2m, and
−0.1m ≤ z ≤ 1.9m. The normalized source densities are
mapped onto the faces of the cuboid enclosing the imaging re-
gion via a maximum intensity projection (MIP), where the front
view and the side view are shown in Figures 4(a) and (b), re-
spectively. In addition, a simulation without the passive tag
has been conducted and the resulting images are shown in Fig-
ure 5. A comparison between Figure 4 and Figure 5 clearly
reveals that the bright spot on the chest of the human phantom
is caused by the tag.
In the imaging process, the spatial relationship between the

imaged object and the observation plane is accurately recon-
structed. Therefore, the location of the passive tag can be read-
ily determined from the coordinates within the imaging domain,
as illustrated Figure 4 and Figure 5. However, it is important
to note that the resolution of the imaging system limits the ac-
curacy of the localization. From the side view shown in Fig-
ure 4(b), the passive tag is almost merged with the human body
due to the limited range resolution. The frequency range con-
sidered provides a resolution of approximately 15 cm, while the

closest distance between the passive tag and the surface of the
human body is only 3 cm.

3.2. Identification

Since the indoor localization method is based on the character-
istics of the imaging algorithm, it also enables the identification
of people or objects. This is typically challenging in conven-
tional microwave imaging compared to optical imaging, where
resolution limitations and the absence of visually recognizable
color information pose difficulties in distinguishing between
individuals or objects. However, in the scenario considered
here, this limitation can be overcome by designing passive tags
with different shapes. When the resolution is sufficient, these
uniquely shaped passive tags facilitate reliable identification of
people or objects.
To demonstrate this, several simple PEC scatterers with dif-

ferent shapes were used as passive tags replacing the previously
discussed patch antenna. These new passive tags were simu-
lated alongside the human model using FEKO. As shown in
Figure 6(a), a cross-shaped structure was positioned directly be-
low the right hand of the human model. With all other simula-
tion settings remaining unchanged, theMIP from the front view
is presented in Figure 6(b). In addition, a 3-D display using an
isosurface at a threshold value of −10 dB combined with 2-D
MIPs from different views is provided in Figure 6(c). Both the
human model and the cross-shaped structure beneath the hand
are clearly reconstructed in these imaging results. The geomet-
rical characteristics of the tags can serve as unique identifiers
for individuals. By having different people wear distinct types
of tags, it becomes possible to identify different individuals.
Further simulations and imaging results are presented in Fig-

ure 7, where Figure 7(a) shows a square-shaped passive tag, and
Figure 7(b) shows a triangular-shaped passive tag. All these
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(a) (b) (c)

FIGURE 6. Illustration and imaging results of a human model and a cross-shaped PEC scatterer serving as the passive tag. (a) Illustration of the
simulation setup in FEKO. (b) Imaging result shown as a MIP from the front view. (c) Imaging result presented as a combination of an isosurface
at a threshold value of −10 dB and 2-D MIPs from different views.

(a) (b)

FIGURE 7. Imaging results of the human body with different shapes of passive tags, including zoomed-in views for the tags. (a) Square-shaped
passive tag. (b) Triangular-shaped passive tag.

imaging results successfully reveal the shape of the tags. The
size of the tags was designed to be large enough to be recog-
nized under the resolution constraints imposed by the imaging
configurations, as given by (5). As resolution increases, it be-
comes possible to design smaller and more portable tags.
Regarding privacy concerns, it is essential to ensure that the

localization and identification system fulfills ethical require-
ments and that sensitive data is not misused. However, this
can be challenging, especially in cases where there is a lack
of trust between users and service providers. The considered
method, based on electromagnetic scattering and imaging, of-
fers a privacy protection mechanism by providing users with
full control over customizable settings, enabling a tailored lo-
calization algorithm. A straightforward objective in this regard
is reducing the intensity of the electromagnetic field scattered
by the passive tag. For instance, users can simply rotate the

tag or place it differently as illustrated in Figure 8. The cross-
shaped passive tag is here placed close to the waist of the human
bod. The corresponding imaging results clearly show that the
scattering strength of the passive tag is significantly reduced
and the identification becomes impossible in this scenario. A
similar concept can be applied to the manufacturing of passive
tags. By designing the tags to alter their electromagnetic scat-
tering properties, users are granted full control and flexibility in
determining how the tags behave. This allows for a customiz-
able approach where the scattering intensity and visibility can
be adjusted according to user preferences, thereby enhancing
both privacy and control over the localization system.
A potential application of the discussed localization and

identification method, similar to the case mentioned in [44],
involves installation in a museum room containing various ex-
hibits. The system can detect visitors and, based on their esti-

93 www.jpier.org



Wang et al.

FIGURE 8. Imaging result of the cross-shaped passive tag positioned
near the waist of the human body, together with a zoomed-in view of
the tag. The tag is less visible due to weaker scattered fields.

mated location, determine which exhibit they are interested in.
Furthermore, with identification capabilities, customized ser-
vices such as explanations in different languages are possible.
The utilized resource such as aperture size and bandwidth is ad-
justable according to the required localization accuracy. In such
a scenario, accuracy requirements are less stringent and fewer
resources are sufficient to fulfill the needs of the systems.

4. MEASUREMENTS RESULTS
Several measurement campaigns were conducted in the ane-
choic antenna measurement chamber at the Technical Techni-
cal University of Munich. A mannequin painted with zinc-
aluminum spray was placed and fixed on the spherical posi-
tioner, while two linearly polarized double-ridged horn anten-
nas (of type HF906 from Rohde & Schwarz [45] and of type
DRH18 from RFspin [46]) were utilized as the illuminating an-
tenna and the scanning probe, respectively, as depicted in Fig-
ure 9. The probe was mounted on a planar scanner, which is

FIGURE 9. Measurement configuration utilized in the anechoic cham-
ber. The origin of the coordinate system is set close to the waist of the
mannequin.

(a) (b)

FIGURE 10. (a) Photograph of the mannequin with two passive tags.
(b) Close-up image of the two patch antennas serving as the passive
tags in the measurement.

capable of mechanically moving along the x- and y-direction
in the plane z = 1.8m extending from [x, y] = [−1.2,−1]m
to [x, y] = [1.2, 1.2]m. Observation data for both x- and
y-polarization were collected at 11 110 distinct positions uni-
formly distributed across the measurement plane.
The first measurement was performed without any passive

tag as a reference. In the second measurement, two patch an-
tennas were attached to the right arm and abdomen of the man-
nequin using tape, as shown in Figure 10(a) and highlighted by
red circles. The patch antennas are narrowband with a reso-
nance frequency of approximately 2.425GHz. A close-up im-
age of the antennas is provided in Figure 10(b). Both mea-
surements were conducted via a vector network analyzer in a
stepped-frequency mode for frequencies ranging from 1.5GHz
to 6GHz with a step size of 50MHz. While such measure-
ments deliver directly the single-frequency observation data for
the subsequent imaging process, in a realistic deployment of
the method with ubiquitous Tx signals of a certain bandwidth,
the received signals are typically measured with a wideband re-
ceiver and Fourier transformed in order to provide the required
single-frequency observation data.
The results obtained with and without passive tags are pre-

sented in Figures 11(a) and (b), respectively. The visualization
domains are within a cubic space bounded by −0.5m ≤ x ≤
0.5m, −1m ≤ y ≤ 1.2m, and −0.1m ≤ z ≤ 0.4m. Due to
the non-uniform illumination of the mannequin by the trans-
mitter, the image of the mannequin shows stronger induced
equivalent sources in the region directly facing the illumination
source, particularly around the waist. Nonetheless, the overall
shape of the human body has been successfully reconstructed.
In addition, two bright spots are evident at the locations where
the antennas are placed, serving as beacons to determine the
precise coordinates of the passive tags. These bright spots be-
come even clearer when the result in Figure 11(a) is used as a
background and subtracted from Figure 11(b), making the po-
sitions of the two antennas more pronounced, as shown in Fig-
ure 11(c).
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(a) (b) (c)

FIGURE 11. Imaging results of the mannequin with or without passive tags shown as a MIP from the front view. (a) Without passive tags. (b) With
two passive tags and the positions of the tags highlighted by red circles. (c) Imaging result after background subtraction.

(a) (b) (c)

FIGURE 12. Imaging results of the mannequin with or without passive tags shown as a MIP from the front view. The frequency ranges from 2.2GHz
to 2.4GHz with five equidistant frequency points. (a) Without passive tags. (b) With two passive tags. (c) After background subtraction.

Due to the narrowband radiation characteristics of the an-
tennas, the strength of the back-scattered fields is insufficient
across the entire measured frequency band. As a result, the
imaging performance for the mannequin in Figure 11 is supe-
rior to that of the passive tags. On the other hand, this spe-
cific frequency behavior is also advantageous for privacy pro-
tection, particularly when imaging of the TOI itself such as the
mannequin in this case is not desirable. This can be achieved
by limiting the imaging resources. Restricting the frequency
bandwidth reduces resolution, thereby decreasing imaging per-
formance. Note that more image artifacts are usually encoun-
tered when a smaller number of single-frequency images is su-
perimposed [35]. When the imaging resources are constrained,
imaging for complex or weak scattering objects, e.g., the man-
nequin, becomes challenging. However, it remains possible to
localize passive tags. For instance, when only five frequencies
spanning from 2.2GHz to 2.4GHz are employed for the setup

of Figure 11, the imaging results in Figure 12 are obtained. As
observed, the entire visualization domain is dominated by arti-
facts, lacking any discernible shape features, and appears to be
nearly identical regardless of the presence of the tags. Solely
looking at Figures 12(a) and (b), a clear localization of the tags
is not possible. However, after background subtraction, the tag
on the abdomen remains clearly visible and can still be utilized
for localization, while the visibility of the tag on the arm of the
mannequin is worse, as shown in Figure 12(c). Background
subtraction can also effectively remove clutter due to static ob-
jects such as walls and furniture in indoor environments [47].
In this case, it also enhances the robustness of the localization
method under limited imaging resources. Additionally, it en-
ables the removal of undesired static TOIs from the imaging
results, thereby supporting privacy protection.
The frequency selective property enhances the flexibility of

the localization system and aids in building a privacy protec-
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(a) (b) (c)

FIGURE 13. (a) Photograph of the mannequin with two passive tags, with the head and arms adjusted from the previous measurement. (b) Imaging
result over a frequency bandwidth of 1.5GHz to 6GHz. (c) Imaging result over a frequency bandwidth of 6GHz to 12GHz.

tion mechanism. For instance, two distinct localization systems
operating at different frequencies can be installed in the same
room and utilized for different TOIs and purposes, while main-
taining privacy isolation from each other. In order to illustrate
the effect of a narrowband tag and its frequency selective be-
havior, two additional measurements were conducted using dif-
ferent frequency bands and the results are shown in Figure 13.
The head and arms of the mannequin were slightly adjusted
while the passive tags remained unchanged. The imaging re-
sults for the frequency ranges of 1.5GHz to 6GHz and 6GHz to
12GHz are shown in Figures 13(b) and (c), respectively. Simi-
lar to Figure 11(b), the passive tag on the abdomen of the man-
nequin is clearly visible, as highlighted by the red circles in Fig-
ure 13(b). However, because the tags are not resonant within
the higher frequency band, they cannot be seen in Figure 13(c),
despite the increased resolution. By designing tags with dif-
ferent scattering properties, users can select tags that are not
visible to systems with a limited frequency range. This enables
a customizable approach, allowing scattering intensity and vis-
ibility to be adjusted according to user preferences, thereby en-
hancing both privacy and control over the localization system.
A comprehensive evaluation framework for localization sys-

tems is proposed in [7], which compares techniques in terms
of availability, cost, energy efficiency, scalability, localization
accuracy, reception range, and latency. The presented tech-
nique demonstrates advantages in terms of availability, since
it is based on the concept of passive radar, which does not re-
quire complex infrastructure aside from the measurement de-
vices. The method can be deployed conveniently in various ap-
plication environments, including large spaces such as offices
and hospitals, with presence of ubiquitous Tx signals. In terms
of cost and energy efficiency, the passive tags are highly eco-
nomical and do not require a power supply or battery. These
features also enhance the scalability of the approach, where the
measurement devices may, however, introduce additional costs
and consume some energy. Depending on the requirements and

available measurement resources, the localization accuracy can
be customized over a wide range, up to micro-location accu-
racy [15]. The passive tags also help to extend the reception
range in the considered NF scenarios. While a larger reception
range may reduce localization accuracy, this can be compen-
sated by increasing the size of the measurement aperture and
the utilized bandwidth, as indicated in (5). Regarding latency,
despite the highly-efficient implementation of the imaging al-
gorithm, real-time localization remains challenging due to the
measurement process. Nonetheless, the approach presents an
alternative technical route compared to existing methods, offer-
ing enhanced privacy considerations and flexible customization
options.

5. CONCLUSION
An indoor localization method based on a 3-D holographic pas-
sive radar imaging technique has been discussed and illustrated.
This localization method utilizes passive tags that rely solely on
electromagnetic scattering and eliminate the need for traditional
signal transmission or response mechanisms commonly used in
technologies like RFID. The approach allows for precise local-
ization in an intuitive manner within complex indoor geome-
tries, even with limited collected data for imaging. The passive
tags are pure electromagnetic scatterers without any integrated
circuits or chips, making them easy to adapt and manufacture.
Identification of people or objects is also possible through dif-
ferent geometrical properties of the passive tags when imaging
resolution is sufficient. Privacy protectionmechanisms specific
to this technique are also considered. For example, by carry-
ing tags with distinct shapes and frequency behaviors, the users
themselves can decide what level they can be tracked and iden-
tified. The method has, thus, the potential to enable versatile
indoor localization while maintaining privacy protection capa-
bilities.
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