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Abstract—This study introduces a 3-D passive LTE user
equipment tracker (3D-PLUT) system, which precisely locates
multiple user equipments (UEs) in three dimensions by passively
monitoring their uplink signals within long-term evolution (LTE)
networks. Unlike conventional methods that are restricted to 2-D
tracking or require active UE participation, this system employs
a novel algorithm that utilizes unencrypted LTE uplink signals
for 3-D location tracking. The system features a mechanically
rotating antenna array for azimuth angle determination and
a digital monopulse method for elevation measurement. The
distance is calculated based on the timing advances (TAs) and
differences in the time of arrival (TOA). Furthermore, the
system includes a calibration process with a designated UE,
which significantly enhances its capability to differentiate between
line-of-sight (LOS) and multipath signals, thereby substantially
improving localization accuracy in complex environments. The
experimental results indicate an azimuth accuracy within 5◦, an
elevation accuracy within 6◦, and an average distance error of
12 m. Notably, calibration reduced the variance in positional
estimates over time from 22 to 10 m. Therefore, the 3D-PLUT
system offers a robust and effective solution for passive 3-D
tracking of UEs, making it suitable for applications such as
emergency response and urban navigation.

Index Terms—3-D tracking, calibration methods, localization
experimental verification, long-term evolution (LTE) uplink sig-
nals, passive user equipment (UE) localization, time of arrival
(TOA).

I. INTRODUCTION

THE escalating demand for user equipment (UE) loca-
tion services (LCSs) [1], [2], [3], [4], [5], [6] across

various industries is catalyzing advancements in location-
tracking technologies within wireless communication systems
[7], [8], [9], [10], [11], [12]. Although conventional global
navigation satellite systems (GNSSs) deliver accurate loca-
tion information in unobstructed outdoor environments, they
encounter significant reception challenges in harsh propagation
conditions such as those within buildings, urban centers, and
underground areas [5], [13], [14]. This limitation is particularly
problematic in emergency situations where GNSS positioning
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data cannot be accessed without UE intervention. This limi-
tation has spurred the development of alternative UE location
technologies that utilize the existing infrastructure of long-
term evolution (LTE) networks [15], [16], [17].

LTE networks, with their comprehensive coverage and
high data throughput, are increasingly integral to the imple-
mentation of sophisticated location-tracking solutions. The
3rd Generation Partnership Project (3GPP) introduced several
technologies within the LTE framework to support various
localization methods, including timing advance (TA), time of
arrival (TOA), and uplink time difference of arrival (UTDOA)
[18]. These methods utilize precise time measurements from
reference signals such as the sounding reference signal (SRS)
and demodulation reference signal (DMRS) to estimate dis-
tances and calculate locations accurately.

Moreover, recent research has highlighted a surge in interest
in exploiting LTE radio waves and external receivers for target
detection and tracking [19], [20], [21], [22]. Simultaneously,
studies are exploring how to pinpoint the location of a UE in
situations where it does not actively engage with a location-
tracking system, particularly in emergencies [23], [24], [25],
[26], [27], [28], [29], [30], [31], [32], [33]. There are primarily
two approaches to detecting the location of UEs: active and
passive. The active approach, as detailed in [23], [24], [25],
and [26], involves the use of simulated base stations that
can interfere with regular communications. Conversely, passive
methods rely on measurements of LTE signal traffic, providing
a nonintrusive alternative for location tracking. In [27], [28],
and [29], a passive downlink receiver employing a software-
defined radio (SDR) demonstrated the potential for detecting
terminal distance using TA values, although this method lacks
precise localization [30]. Studies documented in [31], [32], and
[33] explored the extension of downlink and uplink receivers
to monitor terminal locations more accurately. Specifically,
Kotuliak et al. [31] utilized the TOA combined with the TA
command of the UE uplink signal, while Kumar et al. [32]
introduced a method to estimate UE location using synthetic
aperture radar (SAR). Additionally, Oh et al. [33] presented
a technique for estimating the azimuth and elevation of a UE
using received signal strength (RSS) through beam scanning.

Despite these advancements, existing passive location-
tracking technologies primarily focus on 2-D localization.
However, the growing complexities of urban environments
and buildings necessitate the development of 3-D location-
tracking capabilities. Moreover, multipath signals, prevalent
in complex environments, pose significant challenges to the

' 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0009-0008-0576-3265
https://orcid.org/0009-0007-7232-8282
https://orcid.org/0009-0007-4726-8433
https://orcid.org/0000-0003-4879-1262
https://orcid.org/0000-0002-2850-8063








JANG et al.: PASSIVE 3-D USER EQUIPMENT TRACKING USING LTE UPLINK SIGNALS 5506313

Fig. 4. Illustration of timing and signal delays in uplink and downlink reception, demonstrating the propagation delays experienced by the transmitters and
receivers of each device.

Fig. 5. Received TA value corresponds to the distance from the center of a
cross section of the spherical shell. The discrepancy between this value and
the actual propagation delay represents the system error T� .

The time required for the uplink signals to reach the eNodeB
is calculated by considering the propagation delays involved
as follows:

tUE UL RX, eNodeB = t1 + 4ms − 2 t�1 (6)
tCal UE UL RX, eNodeB = t1 + 4ms − 2 t�2: (7)

When the 3D-PLUT system receives both uplink and down-
link signals, it is essential to account for the distances from
the eNodeB and UE to the 3D-PLUT, effects of multipath, and
system internal delays. Since the 3D-PLUT synchronizes with
the base station using PSS and SSS, similar to the UE, a delay
of t1 + 4ms is calculated independent of the delay in tDL PLUT.
The resource block allocation information for each RNTI is
then compared with the actual uplink signal through the DCI.
The time delay is calculated using the DMRS as follows:

tUE UL RX, PLUT

= t1 + 4ms − tUE − 2t�1 + tUL PLUT + tint + tmult (8)
tCal UE UL RX, PLUT

= t1 + 4ms − tCal UE − 2t�2 + tCal UL PLUT + tint: (9)

Here, tmult is defined as the additional time delay caused by
multipath propagation, which is incurred by the reflected or

diffracted signal paths relative to the direct LOS path. Given
that 3D-PLUT and Cal UE are located at the same site, tCal UE
equals tDL PLUT and tCal UL PLUT = 0. Within the system hard-
ware, various RF components such as LNAs, power amplifiers,
and ADCs can induce a time delay (tint) between the two
channels, which can vary over time. Furthermore, the CFOint
caused by hardware discrepancies is decomposed into time-
invariant and time-varying offsets. The time-invariant offset
is mitigated by DMRS and PSS/SSS-based synchronization,
while the time-varying component, which fluctuates within a
period shorter than 1 ms, is incorporated into the tint term.
To mitigate the impact of delays caused by internal system
components, the uplink reception time for the UE as measured
by the 3D-PLUT is subtracted from that of the Cal UE

tUE UL RX, PLUT − tCal UE UL RX, PLUT

= tDL PLUT + 2t�2 − tUE − 2t�1
+ tUL PLUT + tmult: (10)

The locational data of the 3D-PLUT and eNodeB are
utilized to compute tDL PLUT and t�2. By substituting (3) into
(10), we obtain the following:

tUE UL RX, PLUT − tCal UE UL RX, PLUT

= TT A2 − tDL PLUT − TT A1 + tUE

+ tUL PLUT + tmult (11)
tUE + tUL PLUT

= tUE UL RX, PLUT − tCal UE UL RX, PLUT

+ tDL PLUT − TT A2 + TT A1 − tmult: (12)

This approach restricts the position of the UE to the surface
of the ellipsoid in 3-D space when tmult = 0. Consequently, the
position is confined to the intersection plane of the spherical
shell and the ellipsoid, as shown in Fig. 2. Additionally, uti-
lizing the previously estimated azimuth and elevation angles,
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Fig. 6. Block diagram illustrating the configuration of the 3D-PLUT system.

the position corresponds to a specific point on this intersection
plane.

When multipath effects are present, characterized by tmult ,
0, they can be analyzed by examining the relationship between
the timing errors and the energy concentration of the multi-
path rays [43]. A significant presence of multipath effects,
evidenced by numerous individual paths to the 3D-PLUT
receiver, leads to increased variance in the distribution of the
timing errors. This variance provides a statistical indication of
the extent of multipath interference.

Consequently, the system is capable of estimating the 3-D
position of the UE using measurements of the azimuth, ele-
vation, and distance from a single location. The required time
depends on the speed of the rotating motor. As this speed
determines the spatial resolution, it can be flexibly determined
depending on the environment and the movement of the target
UE. It can also differentiate between LOS and multipath
signals by analyzing variations in tUE UL RX, PLUT.

IV. 3D-PLUT SYSTEM ARCHITECTURE

Fig. 6 presents a block diagram of the 3D-PLUT hardware
architecture. The system comprises four channels, split evenly
to handle both downlink and uplink signals. It utilizes USRP
B210 units for both downlink and uplink signal reception,
synchronized with a GPS disciplined oscillator (GPSDO).

The overall hardware architecture is designed to ensure
reliable signal reception through a multilayer synchronization
scheme. In the hardware domain, both the downlink and
uplink receivers are synchronized to within 50 ns using a
10-MHz reference provided by the GPSDO. Additionally,
each receiver segment, which contains two RX channels, is
further synchronized in real time by an internal LO. This LO
maintains a stable base frequency and minimizes frequency
drift overextended periods. This dual-layer synchronization
framework supports the precise and stable operation of the
3D-PLUT system.

To optimize the reception of the downlink signal, the
downlink receiver segment of the 3D-PLUT system includes a
low-noise amplifier (LNA), a bandpass filter, and an antenna
specifically tuned to the base station frequency. Conversely,
the uplink receiver setup consists of an LNA and a filter

Fig. 7. (a) Interior view of the 3D-PLUT system antenna within a test
chamber. (b) Accompanied by a graph of S11 measurements plotted against
frequency.

bank calibrated to the uplink frequency spectrum. Additionally,
eight Yagi–Uda antennas are employed to enhance directional
signal detection, thereby improving uplink reception.

The functionality and performance of each hardware com-
ponent are as follows.

A. Antenna

The antenna in the 3D-PLUT system is crucial for accu-
rately determining the direction of incoming signals in both
azimuth and elevation dimensions. These antennas must also
possess wideband capabilities to accommodate the full spec-
trum of LTE signals. To meet these demands, the system
incorporates a wideband Yagi–Uda antenna [44], [45]. The
Yagi–Uda antennas used in the system are capable of covering
a broad frequency range from 800 to 2600 MHz, as depicted
in Fig. 7, which shows the S11 results. This configuration
ensures the stable reception of signals across all LTE bands.

The beam pattern of the antenna, which is directional in
both azimuth and elevation, plays a crucial role in determining
the accuracy of angle estimation [37], [46]. As illustrated in
Fig. 8(a), the azimuthal beam widths of the single antenna
used in the system are 94◦ at 0.844 GHz, 70◦ at 1.735 GHz,
74◦ at 1.9475 GHz, and 72◦ at 2.530 GHz, varying according
to the LTE carrier frequency. In Fig. 8(b), the elevation beam
widths are recorded at 53◦, 50◦, 52◦, and 50◦.

To enhance the precision of azimuth estimation, the anten-
nas were configured in a 1 � 4 array using an RF combiner.
This arrangement significantly narrowed the azimuthal beam
widths to 28◦, 14◦, and 10◦ across 0.844, 1.735, 1.9475, and
2.530 GHz, respectively [see Fig. 8(c)]. These values represent
more than a fourfold reduction compared to those of a single
antenna, and the gain increases by a factor of 4. Therefore,
the total improvement in the CRLB due to both beamwidth
reduction and gain increase is expressed as follows:

CRLBarray

CRLBsingle
=

�
94
28

�2

� 4 = 45:2: (13)

This implies that the DOA estimation accuracy is significantly
improved. This leads to much better angular resolution and
overall estimation precision.

For elevation estimation, the monopulse method utilizes
two antenna arrays positioned at specific angles to receive
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Fig. 8. Beam pattern graphs at LTE frequencies 0.844, 1.735, 1.948, and
2.530 GHz. (a) and (b) Normalized azimuth and elevation patterns for single
antenna elements. (c) and (d) These patterns for the antenna array.

Fig. 9. (a) Side view of the array antenna of the 3D-PLUT system and
(b) monopulse ratio measurements at LTE frequencies when the antennas are
positioned at a 50◦ angle.

signals in the elevation direction, as depicted in Fig. 9(a). The
array mimics the beamwidth characteristics of a single antenna
element in the elevation direction, as shown in Fig. 8(d). The
tilted array antennas result in a beam pattern that appears tilted
at the corresponding angle. Given that the average beamwidth
of an antenna element at elevation is 50◦, the angle between
the antennas is set to match this value.

The monopulse ratio can be modeled as a function of the
angle for each frequency using a tilted antenna, as depicted in
Fig. 9(b). This technique facilitates the precise estimation of
elevation angles, particularly around 20◦, where the monopulse
ratio increases monotonically. For instance, at frequencies of
0.844 and 1.9475 MHz, the monopulse ratio escalates mono-
tonically from −8◦ to 40◦. Similarly, at 1.735 and 2.530 MHz,
the ratio uniformly ascends from 0◦ to 40◦. These results
indicate that the system is capable of estimating elevations
up to 50◦.

B. RF Combiner

To enhance the reception of the LTE signals, six RF
combiners were employed to configure the antennas in a

Fig. 10. (a) Graphical representation of the S11 and S21 amplitude results of
the RF combiners and (b) corresponding phase variations across frequencies.

Fig. 11. Display of LNA with filter bank results. (a) Power spectrum with
filter bank activated/deactivated, (b) power spectrum at 50- and 70-dB gain
levels, and (c) and (d) dynamic range measurements at each central LTE
frequency.

4 � 2 array. According to the network analyzer measurements
shown in Fig. 10(a), these RF combiners are designed for use
across each uplink band, maintaining S21 at approximately
−3 dB throughout the entire LTE spectrum. Additionally,
as illustrated in Fig. 10(b), the combiners demonstrate in-
phase behavior across frequencies, making them ideal for the
construction of a wideband array antenna.

C. LNA With Filter Bank

In the reception of LTE uplink signals, an LNA and a filter
bank are utilized to amplify the signal within the specific LTE
band and enhance the noise figure. The operational frequencies
of this LNA with filter bank are designed for LTE uplink
bands: band 1 (1920–1980 MHz), band 3 (1710–1785 MHz),
band 5 (824–849 MHz), band 7 (2500–2570 MHz), and band
28 (703–748 MHz), as detailed in Fig. 11(a). As depicted in
Fig. 11(b) and (d), the maximum gain is 70 dB, with the
flatness maintained within 15 dB and the noise levels at 5 dB.
Additionally, the P1dB values are −10 dB at 718 MHz and
−7 dB above 844 MHz. The power consumption of the LNA
is 90 W. This combination of the LNA and filter bank ensures
that uplink signals are received with high strength within the
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Fig. 18. (a) Results for Case 3, depicting the time-delay differences of
Galaxy S23FE as it moves, (b) time delays for the Cal UE (Galaxy Note 8),
(c) calibrated time-delay differences, and (d) estimated distance between the
3D-PLUT and the target UE using calibration data.

3) Case 3 (Verification of the Performance of Real-Time
Monitoring When Moving Terminals Within a Building): The
tracking performance of the 3D-PLUT system was assessed by
monitoring the variation in time delay and estimated distance
as the device traversed a corridor within a building. The
experiment involved the device starting from Position 6 (40 m
away from the 3D-PLUT) and moving 70 m to the end of
the corridor, culminating at a distance of 110 m from the 3D-
PLUT, across three iterations at a speed of 6 km/h. Fig. 18(a)
illustrates the fluctuations in time delay along the path of
the Galaxy S23FE device, highlighting the impact of device
movement on time-delay measurements prior to calibration.
Fig. 18(c), which was calibrated using the time-delay values
from the Note 8 terminal shown in Fig. 18(b), validates the
capability of the 3D-PLUT system in accurately estimating
the distance to the target terminal. As depicted in Fig. 18(d),
movement of the target UE ranged from 38 to 112 m, aligning
closely with the actual measured travel distance with an accu-
racy within �4 m. Accuracy may decrease as the target moves
faster, and the experiment showed an accuracy within �8 m for
a target moving at 12 km/h. Theoretical analysis indicates that
the proposed 3D-PLUT system can effectively localize moving
targets traveling at speeds of up to approximately 27 km/h in
the radial direction and 45 km/h in the angular direction.

C. Experiment 2: Performance Verification of in-Building
Localization Using Multiple Devices

In a subsequent experiment, the aim was to demonstrate the
localization prowess of the 3D-PLUT system with multiple
terminals situated in the area enclosed by Buildings 1 and 2.
Six terminals were deployed, each positioned at a distinct
location. The location details of each terminal are provided
in Fig. 19 and Table II.

The localization process commenced with the determination
of the azimuth and elevation angles for each terminal, as
depicted in Fig. 20(a) and (b). According to Table II, the
precision of these estimates was within 5◦ for the azimuth and

Fig. 19. Experimental setup for experiment 2. (a) Photograph of the site,
showing the buildings and the 3D-PLUT system. (b) Diagram illustrating the
positions of multiple UEs within the buildings.

Fig. 20. Graphical representation of (a) RSS and (b) monopulse ratios by
azimuth angle for all UEs across different positions.

TABLE II
RESULTS FROM EXPERIMENT 2, DETAILING THE ESTIMATED AZIMUTH,

ELEVATION, DISTANCE, AND TOTAL ACCURACY FOR EACH POSITION

6◦ for the elevation. Following this, distances were calculated
using the calibrated time delay and TA values. The discrep-
ancies relative to the actual positions of the terminals were
within 12 m.

Fig. 21 illustrates the distribution of the estimated UE
positions across 200 experiments, conducted over a period
of 5 h, designed to assess the accuracy and stability of the
position estimation capabilities of the system, both before and
after calibration. In Fig. 21(a), the results prior to calibration
with the Cal UE indicate that the maximum error in the
estimates reached 46 m. Notably, while the variance in azimuth
estimates remained stable, it increased in elevation and dis-
tance estimations up to 22 m. This increase was attributed
to the difference in the RSS between channels, exacerbated
by RF elements and the variability in time delay over time.
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Fig. 21. Estimated UE locations (a) before and (b) after calibration from
multiple experiments at each position, accompanied by a contour map
depicting the projection of these locations onto the XY plane.

Given that both elevation and azimuth contribute to distance
estimation, it was observed that the variance in distance esti-
mation fluctuated with changes in elevation and azimuth on the
ellipse derived from time-delay calculations. Post-calibration
results, depicted in Fig. 21(b), show that the estimated UE
positions at each location clustered around the true position
with a maximum error of 25 m and a variance no greater
than 10 m, indicating significantly improved consistency in
the performance of the system after Cal UE calibration. The
broader range of position estimation errors at some locations
can be attributed to factors such as altitude, azimuth, the
complexity of the multipath environment, and the absence
of LOS between the 3D-PLUT system and the terminal.
Consequently, the magnitude and direction of the errors varied
depending on the specific multipath effects encountered at each
location and the calibration process of the system.

In Fig. 22(d), the RSS and time-delay graph by azimuth
at Position 4 is analyzed. This case demonstrates that 3D-
PLUT can distinguish between LOS and multipath signals in
mixed LOS and NLoS scenarios. By utilizing calibrated time-
difference data, we quantified the time increase attributable to
multipaths. The increase in tUE UL receive − tCal UE UL receive rep-
resents the additional time delay, tmult, induced by multipaths.
The LOS signal was observed near the azimuth of −25◦, while
the multipath signal was detected near 40◦. A comparison
of the time differences between these two points indicates that
the multipath signal incurs a time delay of 0.5 �s, suggesting
that the signal reflected off the building wall at 40◦ experienced
a delay equal to the additional distance traveled to reach the
3D-PLUT. In contrast, Fig. 21(a) and (f), at Positions 1 and 6,
shows that the time-delay effect caused by the multipath was
only 0.05 �s, signifying a negligible impact at these locations.
By analyzing the RSS and time-difference data relative to
the azimuth, we effectively distinguished between LOS and
multipath signals, enhancing our understanding of the signal
interactions between the UE and the 3D-PLUT system within
the environment. However, the experimental results at Position
5 [see Fig. 22(e)] indicate that the localization accuracy
degrades under pure NLoS conditions, emphasizing multipath-
induced limitations and the necessity of further advanced
multipath mitigation strategies.

Fig. 22. Detailed results of RSS and uplink–downlink time differences for
(a) Position 1, (b) Position 2, (c) Position 3, (d) Position 4, (e) Position 5,
and (f) Position 6.

TABLE III
COMPARISON OF EXISTING PASSIVE UE LOCALIZATION METHODS

A consistent observation across all locations in Fig. 22
is that the tmult values are close to zero near the angles
corresponding to the UE and LOS. However, tmult increases
significantly, approximately 180◦ away from the estimated
location of the terminal. At angles in between, the calibrated
time difference tends to increase positively in the presence of
multipath signals. These findings indicate that both RSS and
calibrated time-difference data by azimuth can be employed
to analyze the direction and extent of delay introduced by
multipath influences on the uplink signal of the UE in route
to the 3D-PLUT system.

Table III presents a performance comparison between
existing techniques and the proposed method. Conventional
methods typically estimate the location of a UE in only two
dimensions, whereas the algorithm and system introduced in
this study facilitate 3-D location estimation. Unlike previous
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