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Abstract—Accurate ranging and localization are crucial for
the success of various applications, such as autonomous drones
navigating, complex urban landscapes, and immersive augmented
and virtual reality experiences (AR/VR) in the Metaverse. While
outdoor environments benefit from the precision of Global Posi-
tioning System (GPS) technology, indoor settings present unique
challenges that demand innovative solutions. IEEE 802.11az, also
known as Next Generation Positioning (NGP), is engineered to
address these challenges by enhancing indoor ranging and posi-
tioning accuracy. This paper delves into the critical factors that
influence the ranging effectiveness of IEEE 802.11az technology.
Through an extensive simulation campaign, we examine how
various elements, including bandwidth, the number of transmit
and receive antennas, and other environmental factors, impact the
accuracy of indoor ranging. Our findings aim to provide a detailed
understanding of the technological and practical considerations
essential for optimizing IEEE 802.11az implementations.

Index Terms—IEEE 802.11az, indoor ranging, localization

I. INTRODUCTION

In today’s interconnected world, high-accuracy ranging and
localization have become foundational technologies with pro-
found impacts across a wide spectrum of applications. From en-
abling autonomous vehicles to navigating city streets safely [1]—
[3] to facilitating seamless augmented and virtual reality
(AR/VR) experiences that blend digital objects with the physi-
cal world [4], the precision of location data is paramount. More-
over, in healthcare, accurate indoor tracking systems are critical
for asset management and emergency response enhancement,
directly influencing patient care quality [5].

While the Global Positioning System (GPS) has revolu-
tionized outdoor navigation, its effectiveness diminishes in
indoor environments and in applications requiring ultra-precise
localization [6]. To address this, a plethora of technologies
such as Ultra-Wideband (UWB) [7], Radio Frequency Identifi-
cation (RFID) [8], and others have been explored for enhanced
positioning capabilities. Among these, cellular positioning [9]
and Wireless Fidelity (Wi-Fi) positioning [10] stand out as
pioneers that do not necessitate new infrastructure installation
and offer more globally accessible location services. While
cellular localization has been integral since the first generation
of mobile networks, primarily for emergency call services,
it demonstrates coarse accuracy [11]. Wi-Fi localization was
introduced with IEEE 802.11v, enhancing network efficiency
and supporting indoor location-based services.

Both technologies have seen substantial advancements over
the years. For instance, the latest developments in millimeter-
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Fig. 1: Indoor ranging between users and Wi-Fi access points

wave (mmWave) 5G have brought accurate localization to the
forefront, achieving ranging precision down to the centimeter.
However, cellular technologies face challenges indoors due
to signal attenuation and path loss, especially with mmWave
frequencies, limiting their effectiveness without additional in-
frastructure. In contrast, Wi-Fi remains a viable solution for
indoor environments. Within the IEEE 802.11 community,
commonly referred to as Wi-Fi, a specific project dedicated to
directly enhancing localization capabilities is underway, known
as Next Generation Positioning (NGP) or IEEE 802.11az.

Figure 1 illustrates a geolocation scenario with users relying
on ranging information for indoor localization. In this paper, our
focus is to demystify the ranging capabilities of IEEE 802.11az
technology through extensive simulation campaigns. 802.11az
builds on the advancements of previous Wi-Fi standards to
significantly improve indoor positioning accuracy. It introduces
High-Efficiency (HE) ranging Physical layer (PHY) Protocol
Data Units (PPDUs) in two formats: HE ranging Null Data
Packets (NDP) and HE Trigger-Based (TB) ranging NDP, both
designed to enhance Time of Arrival (ToA) measurements.

A key feature of the NGP technology is the use of super-
resolution techniques, such as Multiple Signal Classification
(MUSIC), for precise ToA estimation in multipath environ-
ments. This standard supports the use of secure High-Efficiency
Long Training Field (HE-LTF) sequences, which can be re-
peated to further improve ranging accuracy. Our study sys-
tematically analyzes how factors like Signal-to-Noise Ratio
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(SNR), bandwidth, and HE-LTF repetitions affect the precision
of these ranging measurements, providing critical insights into
the capabilities and limitations of IEEE 802.11az for next-
generation indoor localization.

The contributions of our work are as follows:

o We provide a detailed analysis of IEEE 802.11az rang-
ing capabilities through extensive simulations. Our study
focuses on understanding how various factors, like band-
width, SNR, and the number of HE-LTF repetitions,
influence the accuracy of ToA measurements.

« We investigate super-resolution techniques, specifically
the MUSIC algorithm, for ToA estimation in multipath
environments. Our work demonstrates the effectiveness of
these techniques in enhancing the precision of ranging
measurements in complex indoor settings.

o« We evaluate the performance of IEEE 802.11az under
different environmental conditions, providing insights into
its capabilities and limitations for next-generation indoor
localization. Our findings offer valuable guidance for
optimizing Wi-Fi-based positioning systems and highlight
the potential of 802.11az to deliver sub-meter accuracy in
real-world applications.

II. BACKGROUND & RELATED WORKS

There are different localization techniques with unique
strengths and limitations. Methods such as Received Signal
Strength (RSS) [12]-[14] and fingerprinting [15] are appealing
for their simplicity; however, their efficacy is significantly com-
promised in dynamic environments where real-time changes are
not captured. While these approaches are straightforward, they
often fall short in precision and adaptability. On the other hand,
Angle of Arrival (AoA) measurements offer higher accuracy
through angulation but require complex antenna arrays, making
the system intricate and challenging to implement [16].

Among the available methods, ranging-based techniques
combined with trilateration emerge as the superior choice for
demanding applications that necessitate high-accuracy local-
ization [17]. Unlike RSS and fingerprinting, ranging is less
susceptible to environmental changes and does not rely on
pre-established maps. Furthermore, it avoids the complexities
associated with AoA [18] by focusing on the measurement
of the time or distance between the transmitter and receiver
to pinpoint locations. This method strikes a balance between
simplicity and precision, avoiding the major pitfalls of other
techniques. For cutting-edge applications, where precision is
paramount, trilateration based on accurate ToA and ranging
measurements provides the most reliable input data, ensuring
robust and precise localization even in challenging settings [19].

Wi-Fi localization began with IEEE 802.11v in 2011, de-
signed to enhance network management by allowing data
collection from network-connected devices to support basic
location awareness. Although it laid the groundwork, it was
IEEE 802.11mc, introduced in 2016, that made significant
strides in indoor positioning. This standard, also known as
Wi-Fi Fine Timing Measurement (FTM), allowed for precise
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Fig. 2: The recent transition journey from 802.11ac (Wi-Fi 5)
to 802.11be (Wi-Fi 7) with the emergence of 802.11az (NGP)
in between, specifically designed for advanced positioning

measurement of signal travel times between devices and access
points, achieving location accuracies up to one meter.

Subsequent Wi-Fi generations, including Wi-Fi 5 (802.11ac)
[20], [21] and Wi-Fi 6 (802.11ax) [22]-[24], continued to
incorporate and refine these localization capabilities, focusing
on improving signal processing and management to support
higher densities of devices and applications requiring more
precise spatial data. These standards enhanced the accuracy and
reliability of existing methods without fundamentally changing
the localization approach.

The latest in these series of enhancements is IEEE 802.11az,
or NGP, which further improves on the precision introduced by
802.11mc by integrating advanced time and angle measurement
techniques [25]. NGP aims to provide sub-meter accuracy
essential for cutting-edge applications like augmented reality
and detailed asset tracking in complex environments.

III. FUNDAMENTALS OF IEEE 802.11AZ RANGING

This section introduces the ranging framework implemented
in IEEE 802.11az NGP, aimed at providing users with precise
real-time location data in indoor multipath environments. The
transition from Wi-Fi 5 (802.11ac) to Wi-Fi 7 (802.11be) is
illustrated in Figure 2. Within this journey, the IEEE 802.11az
standard introduces a refined approach to Time of Arrival
ToA estimations, significantly leveraging the super-resolution
capabilities of the MUSIC technique, as detailed in [26].

IEEE 802.11az supports bandwidths up to 160 MHz, intro-
ducing two novel High-Efficiency (HE) ranging Physical Layer
(PHY) Protocol Data Units (PPDUs): the HE ranging Null Data
Packet (NDP) and the HE Trigger-Based (TB) ranging NDP.
These PPDUs are designed to enhance ToA measurements,
drawing parallels to the HE sounding NDP and HE TB feed-
back NDP PPDU formats from the 802.11ax standard, which
are crucial for their respective localization functions.

Ranging Mechanism: The ranging process involves the
transmission of HE ranging NDPs, which facilitate the posi-
tioning of users through secure High-Efficiency Long Training
Field (HE-LTF) sequences. For single users, the waveform
incorporates HE-LTF symbols tailored for individual scenarios,
optionally including a secure sequence. Conversely, the multi-
user waveform is restricted to secure HE-LTF symbols suitable
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Algorithm 1 IEEE 802.11az Ranging Using MUSIC Algorithm

Require: Channel Frequency Response (CFR) data
Ensure: Estimated ToA
1: Procedure: MUSIC Ranging
2: Interpolate absent subcarriers in CFR to achieve uniform
subcarrier spacing
3: Construct correlation matrix from estimated CFR
4: Apply spatial smoothing to reduce correlation between
multipath components
5: Use forward-backward averaging to enhance accuracy of
the correlation matrix
6: Treat CFR estimates from different spatial streams as
distinct snapshots
7: Incorporate all snapshots into correlation matrix analysis
8: Conduct eigendecomposition of the correlation matrix
9: Separate signal and noise subspaces
10: Identify time-domain delay profile where signal and noise
subspaces intersect orthogonally
11: Determine ToA by locating initial peak in the multipath
delay profile, assuming Direct Line-of-Sight (DLoS) path

for multiple users. To optimize distance estimation, both wave-
form types may repeat HE-LTF symbols multiple times. This
entire process is visually detailed in Figure 3, with the process
step-by-step breakdown in Algorithm 1.

Foundation of MUSIC: The MUSIC algorithm, central to
our framework, operates by estimating the power spectrum
based on the eigenvalues decomposition of the covariance
matrix formed from array sensor data. MUSIC distinguishes
between the signal and noise subspaces by identifying the
eigenvalues that do not contribute to the signal, thus isolating
the directions of arrival of the signal. This super-resolution
method is effective in multipath scenarios where it can accu-
rately identify the direct path amidst numerous reflections.

Operational Details: The user begins by transmitting an
Uplink (UL) NDP, noting the Time of Departure (ToD) as ¢;.
The access points (APs) record the ToA as 5. Subsequently, the
APs transmit a Downlink (DL) NDP, marking the ToD as t3,
and the user logs the ToA as t4. These time stamps facilitate
the calculation of the Round Trip Time (RTT), analogous to
the FTM used in previous standards, which is crucial for
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Fig. 3: Overview of the distance ranging process
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Fig. 4: Measurements of RTT between a user and an AP,
analyzed using MUSIC estimation

determining the distance:

Rrrr = (ta —t1) — (t3 — t2). (D

The distance d is computed as d = RRTT o ¢ where c is

the speed of light. The steps involved in this procedure are
depicted in Figure 4, which visually summarizes the measure-
ment sounding phase between an AP and a user. For a detailed
procedural breakdown, refer to Algorithm 2, which outlines the
step-by-step method for calculating RTT and distance.

Bandwidth Considerations: The IEEE 802.11 standards,
specifically Wi-Fi 5 (802.11ac) and Wi-Fi 6 (802.11ax), tech-
nically support a range of bandwidths including 20 MHz,
40 MHz, 80 MHz, and 160 MHz. However, in practical appli-
cations, 20 MHz and 40 MHz bandwidths are predominantly
utilized due to their sufficient performance and compatibility
with a wide range of devices and environments. In contrast,
IEEE 802.11az leverages the 160 MHz bandwidth more exten-
sively, capitalizing on its potential to significantly enhance ToA
precision in indoor localization scenarios.

Validation through Simulations: To assess the effectiveness
of the MUSIC-based ranging method in multipath settings, we
focus on the impact of bandwidth expansion in IEEE 802.11az.
Figure 5 illustrates the multipath delay profiles obtained using
the MUSIC algorithm at different bandwidths, highlighting the

Algorithm 2 Ranging Timestamps and RTT Calculation

Require: Transmission and reception timestamps
Ensure: Distance between user and AP
1: Procedure: Calculate RTT
2: User sends Uplink (UL) NDP, logs Time of Departure
(ToD) as t;
AP records ToA of UL NDP as to
AP sends Downlink (DL) NDP, logs ToD as 3
User records ToA of DL NDP as t4
Calculate RTT using: Rpyp = (t4 —t1) — (t5 — t2)
Calculate distance: d = RRQTT x ¢, where c: speed of light

A O
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Fig. 5: Illustration of an 802.11 packet’s journey through a multipath channel, utilizing the MUSIC super-resolution method to
determine the delay profile and ToA across differing bandwidths: (a) 20 MHz; (b) 40 MHz; (c) 160 MHz

performance gains when employing the 160 MHz bandwidth.
While previous standards such as Wi-Fi 5 and Wi-Fi 6 com-
monly utilized narrower bandwidths of 20 MHz and 40 MHz,
IEEE 802.11az’s predominant use of 160 MHz offers a novel
exploration into higher precision ranging. Figure 5 compares
the delay profiles from 20 MHz and 40 MHz settings, familiar
in earlier Wi-Fi versions, against the 160 MHz setting which
is a hallmark of 802.11az. This comparison, showcased in Fig-
ures 5(a), 5(b), and 5(c), explicitly demonstrates that increasing
the bandwidth enhances the MUSIC algorithm’s accuracy in
determining the ToA, providing a compelling argument for the
adoption of higher bandwidths in complex indoor environments
where precise localization is critical.

IV. COMPREHENSIVE RANGING ASSESSMENT

This section presents the analysis of indoor ranging capabil-
ities facilitated by IEEE 802.11az APs. The simulations critical
to our study were performed on a MacBook Pro, which features
an Apple M3 MAX CPU and is equipped with 64 GB of RAM.
All computational tasks were executed using MATLAB 2024a,
utilizing toolboxes designed for NGP indoor positioning with
real-life parameter values [27], [28].

The analysis initiates with the user and the NGP AP ex-
changing ranging measurements. This method is replicated
systematically across a spectrum of potential locations within
various indoor environments that a user might navigate. Such
comprehensive replication allows for a thorough evaluation of
our ranging strategy’s performance at a multitude of key points
throughout the indoor settings.

To ensure a comprehensive and inclusive evaluation, simula-
tions are conducted in a spacious indoor environment measuring
25 m x 25 m X 4 m. The NGP AP is centrally located at
(12.5 m,12.5 m,4 m). The user’s potential locations within
the space are defined on a grid as follows:

x€{0m, 0.5m, 1m, ..., 25 m} (Az=0.5m),
y€{0m, 0.5m, 1m, ..., 25 m} (Ay=0.5m),
z€{0m, 0.5m, 1m, ..., 3m} (Az=0.5m)

Simulations involve generating a ranging NDP, with delays
adjusted to reflect distances to the NGP AP from various points
within the environment. These adjustments account for both

Transmitter Channel Packet Reception Transmitter
HE waveform Delay Detection Distance
generator 1 Ranging
TGax multipath Time Synchronization
channel Frequency Correction
1
AWGN HE-LTF
Channel demodulation

]
HE-LTF channel
estimation

Fig. 6: Simulation procedure for the ranging framework

fractional and integer sample shifts to accurately model the
signal propagation.

The detailed sequence of transmission and reception, along
with the processing steps for each link between the user and the
NGP AP, is depicted in Figure 6. This aids in understanding the
measurement exchange process and facilitates accurate distance
estimation within our simulated system.

Next, we describe the specific configurations employed in
our experiments, focusing on the waveform characteristics
exchanged between the user and the NGP AP, as well as the
channel setup parameters. Certain parameters are maintained
constant across all simulations to ensure consistency, while
others are varied to explore their effects on the system per-
formance. This approach allows us to identify optimal settings
for the Wi-Fi AP, maximizing the benefits of the IEEE 802.11az
standard. All these parameters, both the constant ones and the
variables, are detailed in Table I.

Over-the-Air Configuration: The configuration for wave-

TABLE I: Over-the-Air Parameters

Parameters Values
Carrier Frequency 5 GHz
Bandwidth (20, 40, 160) MHz

# of TX Antenna 1-3

# of RX Antenna 1-3

# of Space-Time Streams 1-3
Guard Interval 1.6 usec

Breakpoint Distance 5m

RMS Delay Spread
Maximum Delay

15 nanoseconds
160 nanoseconds

Rician K-factor 0 dB
Number of Taps 9
Number of Clusters 2
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Fig. 7: Mean Absolute Error (MAE) representations for various bandwidths: (a) 20 MHz; (b) 40 MHz; and (c) 160 MHz
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Fig. 8: Illustration of Cumulative Distribution Function (CDF) plots for ranging accuracy across various bandwidths: (a) 20 MHz;

(b) 40 MHz; and (c) 160 MHz

form generators at each NGP AP and the user involved several
key parameters tailored for this study. The primary channel
bandwidth of 160 MHz was chosen in line with IEEE 802.11az
specifications. For comparative analysis, this was juxtaposed
with 20 MHz and 40 MHz bandwidths, commonly employed
in earlier Wi-Fi standards. The setup for both the NGP AP
and the user varied from 1 — 3 antennas for both transmission
and reception, allowing configurations of 1 x 1 Single Input
Single Output (SISO), 2 x 2 Multiple Input Multiple Output
(MIMO), and 3 x 3 MIMO systems. The experiments utilized
1—3 space-time streams corresponding to the SISO system and
MIMO systems, respectively.

The HE ranging NDP settings were adjusted to require
1 — 3 repetitions of the HE-LTF, providing flexibility in signal
robustness. A consistent guard interval of 1.6 microseconds was
maintained across setups, and the sampling rate was matched to
the channel bandwidths of 20, 40, and 160 MHz, to reflect the
varied operational conditions. All operations were conducted
on a carrier frequency of 5 GHz, optimal for balancing range
and interference mitigation. Additionally, the RTT measurement
process included a built-in time delay of 16 milliseconds
between the UL NDP ToA and the DL NDP ToD, crucial for
timing accuracy in the ranging calculations.

Channel Configuration: For the channel setting, we utilized
a MATLAB system object to simulate two distinct types
of channels. The first channel type is characterized by a
predominant DLoS path, which is the strongest among all
available paths. This configuration is ideal for evaluating the

system’s performance in optimal conditions where the direct
signal path is clear and unobstructed. The second channel type
incorporates a DLoS path that, while still present, is not the
most prominent among the paths. This scenario is tailored to
assess the system’s robustness and accuracy in more complex
environments where multiple paths, including reflections and
non-line-of-sight components, might affect the signal’s integrity
and timing measurements.

Evaluation Analysis: Simulations are conducted to evalu-
ate the ranging capabilities at every potential location within
the designated area. Each location involves multiple packet
exchanges in both uplink and downlink modes between the
NGP AP and the user. The first step in our analysis involves
calculating the ranging errors at each point under varying chan-
nel conditions and noise profiles. All noise profiles are modeled
using Additive White Gaussian Noise (AWGN) with different
power densities to reflect realistic environmental interferences.

The measured distances between the NGP AP and the user
are then rigorously compared with their actual known distances.
This core phase of our simulation is essential for estimating
the distances from the NGP AP to the user accurately. By
analyzing the discrepancies between the measured and actual
distances, we can assess the precision and reliability of our
ranging methods under varied operational conditions.

Figure 7 illustrates the Mean Absolute Error (MAE) for
ranging under various bandwidths. The results are derived from
simulations using a 2 x 2 MIMO system with two space-time
streams. The channel parameters were designed to mirror real-

767



2025 International Conference on Computing, Networking and Communications: Wireless Communications

I 2 x2 MIMO with 2 Space-Time Streams ( C)

1 3x3 MIMO with 3 Space-Time Streams

057

CDF

1x1 SISO with 1 Space-Time Stream
(a) 1 X1SISOvith1Space Time Stream _ ()
o8 a9
2 0.5 Q0.5
&} O
——HE-LTF: 1
——HE-LTF: 2
HE-LTF: 3
0~ 0
0 1 2 3 4 5 0 0.2

Absolute Ranging Error (meters)

0.4
Absolute Ranging Error (meters)

——HE-LTF: 1 ——HE-LTF: 1
——HE-LTF: 2 ——HE-LTF: 2
HE-LTF: 3 HE-LTF: 3
0k
0.6 0.8 0 0.1 0.2 0.3 0.4

Absolute Ranging Error (meters)

Fig. 9: Illustration of CDF plots for ranging accuracy across various transmit/receive antenna configurations and number of
HE-LTF repetition: (a) 1 x 1 SISO system with one space-time stream; (b) 2 x 2 MIMO system with two space-time streams;

and (c) 3 x 3 MIMO system with three space-time streams

life conditions of an indoor multipath fading environment. The
MAE is computed as the average of the absolute differences
between the estimated distances and the actual distances from
each point in the area of interest to the NGP AP.

Figures 7(a) and 7(b) showcase the MAE results for the
20 MHz and 40 MHz bandwidths, respectively, which are the
most commonly used in Wi-Fi 5 and Wi-Fi 6 for ranging
and localization. These serve as benchmarks for our analy-
sis, in contrast to Figure 7(c), which presents results using
the 160 MHz bandwidth—predominantly employed in IEEE
802.11az for advanced ranging and localization tasks. Each
graph displays the MAE across three different SNRs in the
room, from 15 dB to 35 dB. As indicated by the data, higher
SNR levels are associated with lower MAE, corroborating
the expected inverse relationship between noise levels and
measurement accuracy. Furthermore, the data illustrates that
the extended bandwidth available in IEEE 802.11az technology
substantially enhances ranging accuracy. This improvement is
attributed to better multipath resolvability and more accurate
ToA detection, underpinning the technological advancements
in IEEE 802.11az over its predecessors.

In Figure 8, we illustrate the Cumulative Distribution Func-
tion (CDF) for ranging accuracy as it varies across different
SNR values and bandwidth settings. Mirroring the approach
in Figure 7, we use the 20 MHz and 40 MHz bandwidths in
Figures 8(a) and 8(b) as benchmarks for comparison. The CDF
for our main proposal, which employs a 160 MHz bandwidth,
is showcased in Figure 8(c). Within each figure, the CDF of
ranging accuracy for various SNR values is plotted, spanning
from 15 dB to 35 dB.

The patterns noted in Figure 7 regarding the impact of SNR
and bandwidth on ranging accuracy are similarly reflected in
these CDF plots. This consistency confirms that higher SNR
values and larger bandwidths contribute to reduced ranging
errors. These results highlight the effectiveness of the IEEE
802.11az standard in enhancing ranging accuracy through im-
proved signal processing and bandwidth utilization.

In addition to SNR and bandwidth, our experiments have
identified several other parameters critical to the ranging per-
formance in IEEE 802.11az systems, including HE-LTF rep-
etitions, the number of spatial streams, and the number of
transmit and receive antennas. Figure 9 provides a detailed

summary of the impacts these parameters have on ranging
accuracy. Specifically, it illustrates the effects of varying the
number of transmit and receive antennas, the number of space-
time streams, and the number of HE-LTF repetitions.

For a granular analysis, Figures 9(a), 9(b), and 9(c) display
the results for different system configurations: a 1 x 1 SISO
system with one space-time stream, a 2 X 2 MIMO system
with two space-time streams, and a 3 x 3 MIMO system with
three space-time streams, respectively. Each figure explores the
influence of increasing HE-LTF repetitions from one to three,
assessing their effect on ranging accuracy.

To generate these figures, we utilized the same parameters as
previously established for the location of the NGP AP and the
grid for the user locations. We conducted the simulations using
the same multipath fading channel suited for complex indoor
settings, consistent with our earlier tests. The simulations were
run with a fixed SNR of 25 dB and a bandwidth of 20 MHz,
which allowed us to isolate the effects of other variables under
study. Although the predominant bandwidth in IEEE 802.11az
is 160 MHz, we conducted these specific simulations at a
20 MHz bandwidth. This decision was made to focus on the
influence of antenna configurations, spatial streams, and HE-
LTF repetitions without the overarching influence of bandwidth
on the outcomes. Using a fixed SNR of 25 dB and a narrower
bandwidth, we facilitated faster simulation speeds. While we
use a lower bandwidth and SNR for these tests, it is evident
from previous results shown in Figures 7 and 8 that higher
bandwidths and SNRs would enhance the accuracy of the rang-
ing outcomes. This point underscores that the improvements
observed with higher antenna counts, more spatial streams, and
increased HE-LTF repetitions would be even more pronounced
under higher bandwidth and SNR conditions.

Figure 9 clearly shows that ranging errors decrease with an
increase in HE-LTF repetitions, attributed to the noise reduction
in the CFR through the averaging of multiple CFR estimates.
Furthermore, the results show that higher-order MIMO config-
urations lead to improved ranging accuracy, which is a result of
more CFR snapshots being available from the different spatial
streams. These additional snapshots enhance the correlation
matrix estimate, facilitating more precise ToA and distance
estimations. Moreover, we can see that enhancements in MIMO
configurations reduce ranging errors, attributed to the genera-

768



2025 International Conference on Computing, Networking and Communications: Wireless Communications

tion of more CFR snapshots from the available spatial streams.
This leads to a more accurate correlation matrix, improving
ToA and distance estimations.

V. CONCLUSION

We conducted a comprehensive analysis of the ranging capa-
bilities of IEEE 802.11az in indoor environments. Our method-
ology included the development of a detailed test scenario
within a large indoor space, where we fixed an NGP AP and
assessed the ranging performance across the entire designated
environment. We simulated interactions based on real-world
parameters reflective of an indoor multipath fading channel. The
results from our experiments highlight the significant influence
of bandwidth on ranging accuracy; specifically, we found that
larger bandwidths lead to higher accuracy. Additionally, the
implementation of MIMO systems, featuring multiple transmit
and receive antennas along with several space-time streams,
was shown to substantially enhance the ranging accuracy in
comparison to SISO systems with only one space-time stream.
Moreover, our findings demonstrate that an increase in HE-
LTF repetitions contributes to a decrease in ranging errors. This
improvement is attributed to the effective reduction of noise in
the CFR through the averaging of multiple CFR estimates.
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