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As 5G technology has reached its midlife, mobile operators are increasingly rolling out 5G Standalone (SA),
which is pivotal in unlocking the full potential of 5G networks. Prior research has mainly focused on 5G
Non-Standalone (NSA) performance, while comprehensive evaluations of operational 5G SA deployments
remain scarce. Through two cross-country US driving trips (3200+ km) in 2023 and 2024, we conduct, to the
best of our knowledge, the first large-scale study of T-Mobile’s 5G Standalone (SA) deployment in the US,
analyzing its evolution while comparing it head-to-head with 5G NSA. Our study shows a shift in the operator’s
5G deployment priorities from 2023 to 2024 in favor of 5G SA compared to 5G NSA, with 5G SA deployments
extending across diverse geographical areas. Advanced features, such as higher carrier aggregation with
diverse band combinations and new frequency bands with different duplexing capabilities, allow SA to achieve
better performance compared to NSA, whose peak performance has plateaued, reflecting limited upgrades as
the operator transitions to SA infrastructure. Additionally, we examine the handover duration and uplink
power control in SA and NSA networks, offering deeper insights into the operational dynamics of the two
modes.
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1 Introduction
The latest generation of cellular networks, 5G, promises ultra-high bandwidth and low latency,
enabling a new class of applications such as Augmented and Virtual Reality (AR/VR) [31, 32, 35–
37], Connected Autonomous Vehicles (CAVs) [46, 51, 58], and the Metaverse. To accelerate the
deployment of 5G, most operators initially adopted the Non-Standalone (NSA) architecture, which
leverages the existing 4G LTE core for control plane signaling while introducing 5G New Radio

Authors’ Contact Information: Moinak Ghoshal, Northeastern University, Boston, MA, USA, ghoshal.m@northeastern.edu;
Omar Basit, Purdue University, West Lafayette, IN, USA, obasit@purdue.edu; Sizhe Wang, wang.sizh@northeastern.edu;
Phuc Dinh, dinh.p@northeastern.edu; Imran Khan, khan.i@northeastern.edu; Yufei Feng, feng.yuf@northeastern.edu;
Zhekun Yu, Northeastern University, Boston, MA, USA, yu.zheku@northeastern.edu; Y. Charlie Hu, Purdue University,
West Lafayette, IN, USA, ychu@purdue.edu; Dimitrios Koutsonikolas, Northeastern University, Boston, MA, USA, d.
koutsonikolas@northeastern.edu.

This work is licensed under a Creative Commons Attribution 4.0 International License.
© 2025 Copyright held by the owner/author(s).
ACM 2834-5509/2025/12-ART43
https://doi.org/10.1145/3768990

Proc. ACM Netw., Vol. 3, No. CoNEXT4, Article 43. Publication date: December 2025.

https://doi.org/10.1145/3768990
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.1145/3768990


43:2 Moinak Ghoshal et al.

(NR) as a data connectivity layer. NSA has facilitated the rapid rollout of 5G, delivering significant
improvements in throughput over LTE [16, 21, 22, 26, 27, 40, 41, 53, 56]. However, NSA’s reliance
on LTE introduces additional signaling overhead and limits the full potential of 5G, particularly in
achieving ultra-low latency and maximizing network efficiency.

In contrast, the Standalone (SA) architecture represents a fully independent 5G network, operating
without reliance on the 4G core and enabling advanced features such as network slicing, enhanced
security protocols, and lower latency [4, 6]. While SA deployments began in the US in as early
as 2020, they gained significant traction only in late 2022 [7]. Despite this progress, SA adoption
remains in its early stages compared to NSA, with T-Mobile being the only US network operator
offering 5G SA service in 2024. Understanding how commercial SA networks compare to NSA
networks in terms of coverage, performance, mobility management, and network characteristics is
essential as operators transition towards a fully SA 5G future.
Since the 5G rollout in 2019, a large number of studies [16–22, 24, 26–28, 33, 39–43, 45, 48,

49, 53–57] have measured various aspects of 5G performance including coverage, throughput,
latency, carrier aggregation (CA), resource allocation, handovers, beamforming, and application
QoE. However, all these studies either focus exclusively on 5G NSA networks [16–19, 21, 22, 24, 26,
27, 33, 39–43, 45, 48, 49, 53, 54] or inspect 5G SA networks in extremely limited scope [20, 28, 55–
57], and hence do not provide a complete picture of 5G SA coverage and performance today. In
particular, a number of important questions remain unanswered: (i) What is the current coverage of
5G SA deployments compared to the existing NSA deployments? (ii) How do SA deployments differ
from NSA deployments in terms of throughput, latency, mobility management, and other network
characteristics? (iii) How has SA performance evolved over time, and does it address the initial gaps
identified during its early deployment?

To answer these questions, we conduct the first large-scale measurement study of T-Mobile’s1 5G
SA and NSA deployments in the US via two large-scale driving measurement campaigns (Boston to
Chicago, Chicago to Boston) conducted 18 months apart (May 2023 and November 2024). Our study
spans multiple frequency bands, both in the low-band (n71) and mid-band (n25, n41), and different
duplexing modes (FDD and TDD). Unlike prior studies, which focused on short-term or limited-scale
measurements, our dataset includes over 3200 km of drive tests and in-field network measurements
across urban, suburban, and highway environments. The collected dataset covers key aspects of 5G
SA and NSA network behavior, including downlink (DL) and uplink (UL) performance, latency,
CA, mobility management, and transmit power control. Our analysis provides a multi-faceted
comparison of SA and NSA deployments, highlighting their evolution and trade-offs. The key
findings of our work are summarized as follows:
• 5G SA emerges as the leading deployment mode in 2024 with a drastically improved coverage
over the past 18 months, from 23.8% in May 2023 to 63.3% in Nov. 2024. Our results show an
initial stronger focus on urban deployment; however, by Nov. 2024, SA coverage has expanded
significantly even outside large urban centers. Overall, our results highlight the operator’s strategic
focus on driving a substantial transition from LTE-dependent NSA to fully standalone 5G networks.
• SA has maintained higher DL throughput in both years despite NSA’s improvements in 2024 due
to refinements in LTE-5G dual connectivity. Further, SA demonstrates significant UL throughput
improvements from 2023 to 2024, driven by the focused CA efforts and the capabilities of new
smartphone models. In contrast, NSA UL throughput remained largely unchanged from 2023 to
2024 and NSA’s peak performance across both years and both traffic directions appears to have
plateaued. 5G SA also provides comparable or better RTT performance in comparison to NSA in
both years. Overall, these results highlight the growing maturity of SA networks to provide better

1T-Mobile is the only major US operator with non-negligible 5G SA coverage.
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Fig. 1. 5G NSA vs. SA architecture. Fig. 2. Measurement Route.
performance, as well as the operator’s focus on gradually phasing out NSA in favor of standalone
5G for long-term scalability.
• 5G SA supports higher CA levels than 5G NSA, resulting in a higher aggregate bandwidth
and improved network performance. Additionally, the introduction of new frequency bands and
duplexing modes in 5G SA, combined with the advanced capabilities of newer UE models, enables a
large number of diverse CA configurations with intra-/inter-band CA and FDD/TDD combinations
of up to 4 carriers in 2024 (vs. only 2 in 2023). The large diversity of available configurations offers
the operator a variety of choices for its SA deployments that trade off performance, latency, and
robustness, while reflecting the increasing complexity and maturity of SA deployments as 5G
networks continue to evolve. In contrast, our results show that the operator has not advanced
NSA’s CA capabilities. The NSA mode aggregates at most 2 carriers in both years, in spite of the
fact that newer UE models support higher aggregation levels.
• Surprisingly, we found that the 5G→5G handover duration is higher in 5G SA compared to
5G NSA due to rigorous signaling and advanced security mechanisms employed in the current
5G SA deployments. Nonetheless, the handover duration for both deployment modes and for
intra-frequency SA handovers in particular has reduced significantly from 2023 to 2024.
• Our analysis shows that NSA uses higher control channel (PUCCH) transmit (Tx) power, largely
attributed to NSA’s deployments in non-urban areas, where greater pathloss necessitates higher Tx
power to maintain effective communication with base stations. However, SA exhibits higher data
channel (PUSCH) Tx power around 60% of time, even though it always achieves lower pathloss than
NSA. Further breakdown of PUSCH power based on different traffic types reveals the operator’s
policies to elevate Tx power in the presence of UL-heavy traffic. This policy, combined with SA’s
high UL CA helps SA achieve superior UL performance in comparison to NSA.
Contributions. In summary, this work makes the following contributions: (1) We collect a large
first-of-its-kind 5G SA and NSA dataset via two cross-country driving measurement campaigns,
conducted 18 months apart, and spanning 3,200+ km. (2) Leveraging this dataset, we conduct
the first large-scale, detailed characterization of T-Mobile’s 5G SA network, examining coverage,
network performance, mobility management, and other critical network features. (3) Our study
offers a head-to-head comparison of 5G SA and NSA networks across two years, shedding light on
the evolution and maturity of SA deployments. (4) Our dataset and scripts are publicly available [5].

2 5G SA and NSA architectures
Fig. 1 shows the fundamental architectural differences between the 5G NSA and SA modes. In 5G
NSA, the 5G base station (gNB) is primarily responsible for data transmission, while the control
plane operations are controlled by the 4G LTE core (EPC) via the LTE base station (eNB). The LTE
base station can be used for data transmission in addition to the 5G base station in dual connectivity
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mode (EN-DC). In contrast, 5G SA operates independently, with its own 5G Core (5GC), allowing
both control and data planes to function solely through the 5G infrastructure. This eliminates the
dependency on LTE, enabling advanced 5G features such as reduced latency, enhanced security
protocols, and network slicing.

3 Methodology
Measurement Route.We conducted two measurement campaigns, 18 months apart (May 2023 and
November 2024), spanning over 3200 km of driving across the US. The route of the measurement
campaigns is shown in Fig. 2. InMay 2023 (05/13/2023 - 05/16/2023), we conducted a driving trip from
Boston to Chicago, while in November 2024 (11/06/2024 - 11/08/2024), we drove from Chicago to
Boston. We covered major cities along the route, including Rochester, Buffalo, Cleveland, Columbus,
and Indianapolis. All measurement data reported in this study were collected on interstate highways,
in suburban areas, and within city limits. Additional measurements were conducted within several
major cities encountered along the routes. Our dataset includes more than 0.5 TB of data and 2580
minutes of measurements.
5G Carriers, User Equipment (UE), and Servers. We conducted measurements with all 3 major
US operators – T-Mobile, Verizon, and AT&T. However AT&T provided no SA coverage while for
Verizon the SA coverage was 0% and ≤ 1% in 2023 and 2024, respectively. Hence, we only consider
T-Mobile in this paper. T-Mobile has a nationwide deployment of 5G low- and mid-band, and a
very limited deployment of high-band (mmWave).

We used two smartphones – Samsung Galaxy S21 Ultra and Samsung Galaxy S24 Ultra – as our
user equipment (UE) for data collection. In our 2023 drive, we used the Samsung Galaxy S21 Ultra
model, which was still considered a state-of-the-art smartphone at the time of our measurements
and was used in other 5G studies conducted around the same time (e.g., [21–23, 29]). In contrast,
in our 2024 drive, we used the Samsung Galaxy S24 Ultra model, released in the U.S. in January
2024. Our goal was to capture the evolution of cellular performance for the two driven by both
infrastructure and end-user device advancements. The S24 Ultra features a more advanced modem
(Qualcomm Snapdragon X75 vs. Qualcomm Snapdragon X65 in the S21 Ultra). This upgrade enables
the S24 Ultra to support higher CA in mid/low bands, with up to 4 component carriers (CCs) in
the DL direction and up to 2 CCs in the UL direction, compared to the S21 Ultra’s 2-CC/1-CC CA
capabilities, and take full advantage of 5G SA’s advanced CA features, as we show in §5.2. For our
server-side infrastructure, we deployed an AWS EC2 server in Virginia.
Experimental Methodology. We conducted backlogged DL/UL TCP throughput tests using
nuttcp [44] and measured round-trip time (RTT) using ICMP ping in a round-robin sequence
throughout each drive. Application-layer throughput and ping-RTT samples were logged at 500
ms and 200 ms intervals, respectively. Since commercial off-the-shelf smartphones do not grant
access to low-level KPIs, such as 5G mode (SA vs. NSA), handover details, frequency bands, or
CA, we employed Accuver XCAL Solo [13] devices to extract those features. These devices access
the Qualcomm diagnostic interface of the smartphone, allowing us to capture signaling messages
between the UE and the base station and to gather low-level KPIs essential for a comprehensive
analysis of network coverage and performance.

4 Coverage
We begin by taking a closer look at T-Mobile’s 5G SA and NSA coverage in the US. We define
coverage for a particular technology as the fraction of miles driven under that technology over the
total miles driven during our trips. Fig. 3a shows that in both years 5G (SA and NSA combined)
was the prevalent technology during our driving route (93.6% of the total miles driven in 2023 and
97.8% in 2024). In 2023, 5G NSA was the leading 5G deployment mode with a coverage of 71.3%
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Fig. 3. 5G Standalone and Non-Standalone coverage analysis.

of the total miles driven while SA coverage accounted only for 22.3%. In contrast, in 2024, 5G SA
became the dominant deployment mode with a coverage of 61.9% vs. 35.9% for NSA. This significant
shift reflects T-Mobile’s focused and aggressive efforts to transition toward a fully standalone 5G
infrastructure.
Next, we explore whether the SA and NSA deployment strategies vary based on location type.

We categorize test locations as either "Big City" (within a 5-mile radius of the downtown of a city
with a population over 300K) or "Non-Big City" (outside a 10-mile radius from the downtown of
any big city)2 and present the results in Fig. 3b. In big cities, SA coverage increased significantly
from 35% in 2023 to 90% in 2024, highlighting the prioritization of SA deployments in urban, high
user density regions, where there is a higher need for high-bandwidth and low-latency networks.
Interestingly, even outside major urban centers, we observe non-negligible SA coverage both in 2023
and 2024: 19% and 58%, respectively. These results show a slower growth in SA coverage outside
urban centers compared to the big cities, suggesting that T-Mobile first concentrated their efforts
on SA deployments in urban areas before expanding into less populated regions. Nevertheless,
we observe a clear decline in NSA coverage for both area types in 2024 indicating the operator’s
strategic move towards phasing out LTE-dependent 5G NSA networks in favor of a fully standalone
5G infrastructure.
We point out that during our driving tests, we had no control over the cellular technology to

which the UE was connected. It is possible that a given location offers both NSA and SA coverage,
and the operator’s policies determine which of the two 5G technologies the UE will connect to at a
given time. As such, the low NSA coverage in 2024 in Figs. 3a, 3b does not necessarily mean that
T-Mobile has removed 5G NSA gNBs or replaced them with SA gNBs; it could also suggest that the
operator heavily prioritized their SA service in areas where both modes were available.
To study this aspect in more detail, we conducted two smaller controlled driving experiments:

one in Chicago, West Lafayette, IN, and the highway connecting the two cities, which was also
part of our main drives in 2023 and 2024 (referred to as "Chicago"), and a second one in the city of
Boston. In these experiments, we used two S24 phones side-by-side, and locked one of them to NSA
2Ideally, we would like to use the gNB location for our classification, but we only have the UE location, which can result in
some misclassifications, when the UE is outside the 5-mile radius of a large city but is connected to a gNB inside the 5-mile
radius. To avoid such misclassifications, we omit all the locations between a 5-mile and 10-mile radius.
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Table 1. T-Mobile NSA and SA head-to-head analysis.

(a) Coverage
Chicago Boston
LTE 5G LTE 5G

NSA 5% 95% 8% 92%
SA 17% 83% 2% 98%

(b) Cell id (PCI) and channel number (ARFCN) Distribution
Same PCI

Same ARFCN
Same PCI

Different ARFCN
Different PCI
Same ARFCN

Different PCI
Different ARFCN

Chicago 44% 40% 6% 10%
Boston 43% 38% 8% 11%
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Fig. 4. Difference between NSA and SA PCell bandwidth in Chicago and Boston.

mode and the other one to SA mode using the operator service code *#2263#. When the locked
mode was unavailable, the UE fell back to LTE. The coverage results are summarized in Table 1a.
Table 1a shows very high coverage for both 5G deployment modes, confirming that T-Mobile

often deploys both modes at a given location. In the Chicago drive, NSA coverage was 95% vs. 83%
for SA. Interestingly, in the Boston drive, SA coverage is slightly higher than NSA coverage (98%
vs. 92%), suggesting the existence of a small number of 5G gNBs offering only SA service.
Resource sharing between SA andNSA. For those locations where both 5Gmodes were available,
we further look at the serving cell (Physical Cell ID/PCI) and the channel number (ARFCN) used by
each mode in Table 1b. Table 1b shows that the prevalent deployment mode (84% in Chicago, 81%
in Boston) in both datasets is to use the same serving cell for both modes. In contrast, cells offering
only one mode appear less frequently – in 16% of the locations in Chicago and 19% of the locations
in Boston.
For the locations where both phones connect to the same serving cell, the operator has two

options to support both modes. It can either use the same channel for both modes and share the
resources (e.g., via RAN slicing) or use a dedicated channel for each mode, offering performance
isolation at the cost of higher spectrum usage. Interestingly, Table 1b shows a balance between
the two options (44% vs. 40% in Chicago, 43% vs. 38% in Boston), with a slight preference towards
the first option, which reduces spectrum usage at the cost of (potentially) reduced performance.
In contrast, for the locations where each mode is served by a different cell, we observe a slight
preference towards different channels for each mode (10% vs. 6% in Chicago, 11% vs. 8% in Boston)
potentially to reduce inter-cell interference.

For the cases where both modes are served by the same primary cell, we further plot the difference
in the primary cell’s bandwidth used by each mode (𝐵𝑊𝑆𝐴 −𝐵𝑊𝑁𝑆𝐴) in Figs. 4a, 4b. When the same
channel is used by both modes, the operator allocates the full channel bandwidth to both modes
(𝐵𝑊𝑆𝐴 − 𝐵𝑊𝑁𝑆𝐴 = 0) in the DL direction (Figs. 4a(left), 4b(left)). In contrast, in the UL direction
(Figs. 4a(right), 4b(right)), the operator allocates the full bandwidth to both modes 60% of the time,
but splits the bandwidth unequally 40% of the time, favoring either of the two modes. When the
two modes are served by different channels, SA is allocated a wider channel most of the time.

Overall, T-Mobile’s 5G SA coverage has shown significant growth from 2023 to 2024, surpassing NSA
as the leading 5G deployment mode. Although a higher prioritization of deployment is observed in
large urban centers, the SA coverage has grown significantly even in smaller cities and rural areas.
Our smaller focused studies suggest that the most common deployment mode is to upgrade NSA gNBs
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Fig. 5. NSA vs. SA: DL Throughput.
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Fig. 6. NSA vs. SA: UL Throughput.
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Fig. 7. NSA and SA head to head performance comparison in Chicago and Boston.

to also offer SA services (using either the same or a different channel) instead of replacing NSA gNBs
with SA gNBs or deploying additional SA cells.

5 Network Performance
In the previous section, our results showed high 5G SA coverage in 2024. In this section, we explore
whether the high 5G SA coverage actually translates to better performance compared to 5G NSA.

5.1 Throughput
Fig. 5a shows the CDFs of DL throughput by 5G NSA and 5G SA in 2023 and 2024. For 5G SA,
the median throughput remains the same in both years, but we observe an improvement in peak
throughput (90th percentile) and worst-case throughput (20th percentile). For 5G NSA, there is a
noticeable throughput improvement in 2024, especially in the lower and median percentiles, but
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the peak throughput remained unchanged. The improvement in 5G NSA throughput in 2024 is
attributed to the refinements in LTE-5G dual connectivity (DC), as seen in Figs. 5b and 5c. Both the
5G and LTE (DC) average throughput have increased significantly to provide a combined overall
higher throughput in 2024. Despite these improvements, 5G SA outperforms 5G NSA in terms of
DL throughput in both years. Although the gap has narrowed in 2024 (from 218 Mbps to 119 Mbps
in the median case), 5G SA still provides substantial gain over 5G NSA in terms of DL throughput.
Next, we analyze the UL performance of 5G SA and NSA. Fig. 6a shows the CDFs of 5G NSA

and SA UL throughput for 2023 and 2024. We observe a completely different trend here compared
to the DL performance. The UL performance of 5G NSA has remained largely unchanged from
2023 to 2024, whereas there is a significant improvement in UL performance of 5G SA over the
same duration. The 25-th/50-th/75-th percentile of 5G SA UL throughput increased from 3/22/47
Mbps in 2023 to 12/36/64 Mbps in 2024. In fact, the 5G SA throughput was lower than the 5G NSA
throughput in 2023, but higher in 2024.
Similar to DL throughput, we again break the 5G NSA UL throughput into 5G and LTE (DC)

in Figs. 6b and 6c. We observe that in 2023, the throughput contribution from the 5G cell in NSA
was actually lower than 5G SA throughput, but the LTE (DC) component helped 5G NSA achieve
an overall higher throughput compared to 5G SA. In 2024, we observe a small increase in the
contribution of the 5G component and a small reduction in the contribution of the LTE component,
but the 5G SA UL throughput slightly surpasses the combined 5G and LTE NSA throughput. Again,
this finding is contrasting to the DL performance (Figs. 5b and 5c), where we observed that both
the 5G and LTE throughput for NSA increased from 2023 to 2024.
We note that the results in Figs. 5a, 6a are obtained by measurements at different locations, as

the UE was connected only to one mode at a given location, and hence, they may be affected by
various confounding factors (for example, the area type). For a more fair, head-to-head comparison,
we again use our smaller datasets from the Chicago and Boston drives, collected with two UEs
locked in NSA and SA mode, respectively. The results in Figs. 7a-7d confirm the results from our
large-scale measurement campaign in 2024, showing a significant throughput gain in the median
case for SA over NSA in both the DL (163/112 Mbps in Chicago/Boston vs. 119 Mbps in Fig. 5a) and
UL direction (22/21 Mbps in Chicago/Boston vs. 5 Mbps in Fig. 6a).
Overall, we observe an increasing trend in 5G SA performance in both traffic directions, with SA

consistently outperforming NSA in most scenarios. While NSA shows a noticeable improvement in DL
performance from 2023 to 2024, its UL performance remained largely unchanged. Interestingly, the
peak throughput values for NSA appear to have plateaued, indicating a possible shift in the operator’s
deployment priorities.

5.2 CA in 5G SA vs. NSA and its Impact on Performance
5G SA is expected to support higher CA [8–11], aggregating carriers from multiple frequency
bands (mid and low bands) and different duplexing modes (FDD and TDD) in both traffic directions.
High CA increases the aggregate bandwidth and has the potential to improve the overall network
performance. In this section, we take a deeper look at the diversity of CA among 5G SA and
NSA deployments, the different band combinations that exist, and the overall impact on network
performance. Since CA is only performed under heavy traffic, we only use the data collected during
download/upload tests for this comparison.
Overall CA Distribution. Fig. 8 shows the CA distribution for 5G NSA and 5G SA for 2023 and
2024 in both traffic directions.

In the DL direction, in 2023 both NSA and SA relied exclusively on 1-CC and 2-CC configurations,
but the percentage of 2-CC configurations for SA is much higher than for NSA (80% vs. 42%). In 2024,
2-CC CA becomes the primary configuration for NSA (78%), while we observe the introduction
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of 3-CC and 4-CC configurations for SA (20% and 60%, respectively). We note here that these CA
patterns are also influenced by the UE model. Recall that our measurements in 2023 were done
with a S21 Ultra smartphone, which supported a maximum of 2 CCs. Hence, it is possible that the
operator also allowed for CA of 3 and 4 CCs in 2023, but this is not reflected in our 2023 dataset
due to the UE model. On the other hand, in 2024, even with the use of a better phone supporting
higher CA, our results show that T-Mobile refrained from configuring higher CA for 5G NSA.
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Fig. 8. CA distribution.

In the UL direction, we see lower levels of
CA overall for both deployment modes in both
years. In 2023, we observe no CA for either
mode, which again could be due to the limita-
tion of the S21 UEmodel, which did not support
ULCA. In 2024, similar to theDL direction, even
though the S24 model supports 2-CC aggrega-
tion, we observe 2-CC configurations only for
SA (41% of the time), while 5G NSA still sup-
ports only 1 CC.
Band Combinations in CA. Fig. 9 shows the distribution of the different frequency bands
aggregated for 5G NSA and SA in 2023 and 2024 in both traffic directions. Any band or band
combination that appears less than 5% of the time is included in the "others" category.

Figs. 9c and 9d show the band combinations for DL CA for 2023 and 2024. For NSA, the frequency
band distribution has not changed drastically from 2023 to 2024. In 1-CC configurations, n41, which
is the high-capacity TDD 5G-mid band, dominates as the primary band in both years, with a smaller
percentage (25% in 2023, 29% in 2024) contributed by n71, which is a low frequency FDD band.
With 2-CC aggregation, we again see a dominance of two n41 CCs aggregated in both years, and a
small percentage (less than 6%) of 5G-low band (n71 FDD) and 5G-mid band (n41 TDD) aggregation
in 2023, which slightly increases (11%) in 2024.
On the other hand, we observe several interesting trends in 5G SA. While in 2023 most of the

1-CC SA deployments were using the 5G-mid TDD n41 TDD band, in 2024, we observe around 46%
of the time the use of 5G-low and 5G-mid FDD bands, including the newly available FDD 5G-mid
band n25. For 2-CC configurations, in 2023, similar to NSA, we mainly observe the combination
of two n41 CCs or n41 combined with n71 (with the difference that the primary cell here always
uses the high-capacity n41 band). In contrast, in 2024, we observe a large diversity, with several
combinations of n41, n71, and n25. Further, in 2024, for 3-CC and 4-CC configurations, we observe
a significantly broader variety of band combinations, with a notable share of ’others,’ indicating
the presence of numerous less-common combinations that, while smaller in number, contribute
to the overall diversity. These configurations show the growing complexity and maturity of SA
deployments that leverage higher CA to maximize spectrum utilization and ultimately lead to better
performance, as observed in §5.1.
The availability of a large number of TDD and FDD combinations in 2024, particularly under

3-CC and 4-CC configurations, offers the operator a variety of choices for its SA deployments that
trade off performance, latency, and robustness. The combination of a TDD band (n41, with a total
bandwidth of 194 MHz) with an FDD band (n71 or n25, with a total bandwidth of 35 MHz and
65 MHz, respectively) can potentially reduce throughput compared to aggregating two wide n41
channels, but offers extended coverage and improved robustness [56]. As both FDD bands operate
at lower frequencies – 600 MHz (n71) and 1.9 GHz (n25) vs. 2.5 GHz (n41), they have a higher range.
As a result, the UE can continue using the lower-frequency FDD 5G band when it moves outside of
the boundaries of the TDD cell, rather than downgrading to LTE. An additional benefit of the FDD
bands is reduced latency, as DL and UL transmissions can take place simultaneously.
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Fig. 9. 5G NSA vs. SA: CA and frequency bands distribution.

Next, we look at the distribution of frequency bands in the case of UL CA. Fig. 9a and 9b show
the frequency band breakdown for different CAs in 2023 and 2024. Recall from Fig. 8 that NSA
always uses 1 CC for UL communication. We observe similar band distributions for NSA in 2023
and 2024 with n41 being the dominant band and n71 used for a smaller fraction of time, similar to
the DL direction. For SA, the trend for 1-CC configurations in the UL direction is also similar to the
DL direction. The n41 band is used almost exclusively in 2023, while in 2024, low- and mid-band
FDD n71 and n25 bands are often used, but n25 is given higher preference over n71, unlike in the
DL direction. Interestingly, we observe almost no diversity in 2-CC configurations; the combination
of TDD mid band n41 and FDD mid band n25, which balances performance and robustness, is used
95% of the time.
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Fig. 10. CA vs. aggregate bandwidth.

We note that, given the large number of available bands and channel bandwidth configurations
(10-100 MHz), a higher CA does not necessarily lead to a higher aggregate bandwidth. This is clearly
visible in Figs. 10a, 10b, which show the different CA and aggregate bandwidth combinations for NSA
and SA, respectively, in the DL direction. In the case of NSA, we observe 2-CC configurations with
aggregate bandwidths of 60, 80, and 90MHz vs. 1-CC configurations over a wide channel of 100MHz.
Similarly, in the case of SA, we observe 2-CC configurations with lower aggregate bandwidth than 1-
CC configurations, 3-CC configurations with lower aggregate bandwidth than 2-CC configurations,
and 4-CC configurations with lower aggregate bandwidth than 3-CC configurations. In contrast, in
the UL direction (Figs. 10c, 10d), 2-CC configurations always lead to higher bandwidth than 1-CC
configurations.
Throughput and bandwidth correlation. In the previous section, we explored the diversity
of band combinations in 5G SA and NSA and showed that a higher CA does not always lead
to a higher aggregate bandwidth. In this section, we examine the distribution of the aggregate
bandwidths resulting from using those diverse band combinations and investigate how the aggregate
bandwidth correlates with throughput. Understanding this relationship will provide insights into
the performance advantages enabled by wider bandwidths and more advanced CA configurations.
Since the LTE component of the total NSA throughput is not related to the 5G bandwidth, we use
the 5G MAC throughput in this section instead of the application layer throughput.

Figs. 11a, 11b plot the DL throughput vs. the aggregate bandwidth for NSA and SA in 2023 and
2024, respectively. The percentages above the boxplots show the fraction of samples of a given
bandwidth in our dataset. The first observation we make from these figures is that the relationship
between throughput and aggregate bandwidth is not strictly monotonic. The throughput of a cell is
affected by many factors in addition to the cell bandwidth (e.g., MIMO, cell load, channel quality),
which are outside our control. However, despite the lack of a strict monotonicity, we do observe
that very low bandwidths (≤ 60 MHz) generally yield very low throughput and high bandwidths
(≥120 MHz in 2023, ≥200 MHz in 2024) generally yield the highest throughput.

In 2023 (Fig. 11a), NSA exhibits a more balanced distribution across low, medium, and high
aggregate bandwidths, while SA demonstrates a strong tendency towards higher bandwidths, with
a substantial number of samples (95.2% vs. 66.5% for NSA) achieving bandwidths of 100 MHz or
more. Consequently, the higher bandwidth configurations in SA allow it to achieve better overall
throughput compared to NSA, as shown previously in Fig. 5a.
In 2024 (Fig. 11b), we observe a large fraction (71%) of high-bandwidth configurations (200+

MHz) for SA, contributed by aggregating 3 and 4 CCs. On the other hand, since NSA aggregates a
maximum of 2 CCs, the maximum aggregate bandwidth it achieves is limited to 190 MHz, which is
the most commonly used aggregate bandwidth (64.2% of the samples vs. 0 samples in 2023). The
large fraction of samples at 190 MHz bandwidth with a median throughput of 231 Mbps leads to
a substantial improvement in NSA’s overall throughput in 2024, as shown previously in Fig. 5a.
On the other hand, the high-bandwidth configurations for SA do not improve its overall median
throughput compared to 2023; in fact, the median throughput at the highest bandwidth of 230 MHz
is much lower than the median throughput at lower bandwidths (215-225 MHz). However, they do
lead to a substantial increase in its peak throughput, above the 90th percentile (Fig. 5a).
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Fig. 11. NSA vs. SA: DL throughput vs. aggregate DL bandwidth in 2023 and 2024.

Next, we perform a similar analysis with UL bandwidth and throughput in Figs. 12a, 12b. Similar
to the DL case, higher bandwdiths generally lead to higher throughput, although the throughput-
bandwidth relationship again is not strictly monotonic.

Fig. 12a shows that in 2023, both deployment modes had a high percentage of 100 MHz aggregate
bandwidth samples, which is the highest available bandwidth for a single CC (recall that in 2023
both SA and NSA used only 1-CC configurations in the UL direction). However, 5G NSA had a
non-negligible distribution of low bandwidths (≤ 40 MHz) as well compared to SA, while SA used
almost exclusively (96.6% of the samples) cells with 80 MHz or 100 MHz bandwidth, resulting in
overall higher 5G throughput (Fig. 6b).
In 2024 (Fig. 12b), we see a very different picture for both NSA and SA. NSA now uses only 5

bandwidth configurations (vs. 7 in 2023). The fraction of 100 MHz samples has dropped significantly,
from 57% to 39.2%, but we also observe a large fraction (35.8%) of 90 MHz samples (absent in 2023),
which actually yield slightly higher throughput than the 100 MHz samples. In contrast, for SA, the
introduction of 2-CC CA in 2024 leads to a large number of bandwidth configurations (9 vs. only 4
in 2023) from 5 MHz up to 120 MHz. The large percentage of samples above 100 MHz (40.5%) due
to CA boost SA’s throughput significantly in 2024 compared to 2023 (Fig. 6a).

In summary, our analysis shows the growing maturity of 5G SA deployments, leveraging higher CA
and bandwidth configurations and diverse band combinations, which, combined with the advanced
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Fig. 12. NSA vs. SA: UL throughput vs. aggregate UL bandwidth in 2023 and 2024.
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Fig. 13. SA vs. NSA RTT.

capabilities of newer UE modesl, enable SA to achieve higher performance compared to NSA. In contrast,
the CA configurations for NSA remained largely static across both years (2-CC in the DL direction,
1-CC in the UL direction), even with more capable UE models, marking a clear plateauing of the peak
achievable throughput. Overall, SA deployments show a clear trajectory towards higher bandwidth
utilization and enhanced performance, underscoring their critical role in the ongoing evolution of 5G
infrastructure.

5.3 RTT
Fig. 13a shows the CDF of RTT over NSA and SA in 2023 and 2024. In both years, the SA RTT is
either similar to or shorter than the NSA RTT. This is expected, as in 5G SA, there is no reliance
on the underlying LTE core for control plane interactions, which inflates the overall end-to-end
latency for NSA. However, we observe that, regardless of the deployment mode, the RTT has
increased in 2024 compared to 2023. The increase is higher for SA, while for NSA, the RTT actually
has decreased slightly above the 80th percentile. We conjecture that with T-Mobile’s aggressive
deployment of 5G across the country, more users have been using 5G services, causing congestion
and eventually inflating the RTT. A similar observation was reported in [25] for the years 2022 and
2024.
We further break down the RTT samples based on the 5G frequency bands in Fig. 13b. In 2023,

the NSA RTT was much higher than the SA RTT in the n71 band, while the gap was much smaller
in the n41 band. NSA’s inflated RTT over the n71 band and the largest percentage of n71 samples
in NSA compared to SA (21% vs. 8%) resulted in an inflation of the overall NSA RTT in Fig. 13a.
In 2024, the RTT over the n71 and n41 bands increased substantially for both deployment modes.
However, in the case of SA, we also see the appearance of the new n25 band, which operates in
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Fig. 14. SA vs. NSA 5G→5G handover duration.

mid-band with FDD, and has the highest RTT among the three SA bands. The introduction of the
n25 band and the much smaller percentage of n41 samples in SA in 2024 compared to 2023 (68% vs.
92%) contribute to the overall inflation of RTT for SA in 2024 and close the gap with NSA.
The high RTT for the n25 band appears counter-intuitive, as one would expect the RTT to be

lower in an FDD system with dedicated DL/UL channels compared to a slot-based TDD system,
where the latency should be higher because of asymmetric DL/UL slot distribution prevalent in
today’s cellular networks. Upon further inspection, we found that n25 uses a smaller subcarrier
spacing (SCS) of 15 KHz compared to 30 KHz in the n41 band. The subcarrier spacing is the frequency
gap between individual subcarriers in an OFDM signal. A larger SCS means that the frequency
separation between adjacent subcarriers in the OFDMwave form is larger. This reduces the duration
of each OFDM symbol and enables faster data transmission, which reduces the end-to-end RTT.

In general, SA consistently achieved either comparable or lower RTT than NSA, benefiting from the
absence of the LTE anchor, which inflates the latency due to added control plane signaling. However,
the inclusion of the new FDD band n25 in 5G SA in 2024 inflated the SA RTT and reduced the gap with
NSA.

6 Handover Duration in 5G SA and NSA
Mobility management in cellular networks, especially the handover (HO) process, plays a key role
in providing seamless and ubiquitous Internet access. NSA relies on the 4G LTE core for signaling
and control-plane interactions while SA operates independently with its own 5G core. In this
section, we focus on comparing the 5G→5G HO durations in the two deployment modes. 3
Overall HO duration analysis. We define the HO duration as the time from the moment the UE
receives an RRC Reconfiguration message from the network that instructs the UE to start the HO
process until the moment the UE sends an RRC Reconfiguration Complete message to the network
indicating a successful HO. Fig. 14a shows the 5G→5G HO duration for SA and NSA in both years.
We make two observations. First, the HO duration for both technologies has decreased from 2023
to 2024. The drop is more pronounced in case of 5G SA, where the median HO duration decreased
from 49 ms to 39 ms in 2024. Second, surprisingly, the NSA 5G→5G HO duration is always lower
than the SA counterpart.
The second observation is counter-intuitive, as one would expect the NSA HO latency to be

higher because of the involvement of an additional LTE cell over which the 5G cell is anchored to.
However, we found that 5G→5G in T-Mobile’s NSA deployment are done via a Secondary Node
(SN) modification, which can be performed without the involvement of the LTE anchor [1, 14],
thus significantly reducing the HO signaling. On the other hand, in the case of SA, the HO happens
always between two 5G master nodes and involves a substantial amount of signaling between the
two cells as well as the 5G core network. Higher signaling exchanges naturally leads to higher
delay in the HO execution process.

3We also examined the HO failures for both modes. We found that the HO failure rate is very low – 1-2% for NSA and <1%
for SA – in both years. Hence, we do not further analyze HO failure rate in this work.
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Intra-frequency vs. inter-frequency HOs. We further break down the HOs into intra- and
inter-frequency HOs in Fig. 14b. We observe that switching to a different frequency cell incurs
higher latency for both NSA and SA in both years. This is expected, as a higher amount of signaling
is required in the case of inter-frequency HOs, where the UEs need to adjust the radio carrier
frequency for communication.
The reduction in HO duration for both intra- and inter-frequency HOs in 2024 compared to

2023 is lower for NSA than for SA. For SA, especially in intra-frequency HOs, we observe a drastic
improvement in 25-th/50-th/75-th percentile HO duration from 2023 to 2024 highlighting the
maturity and optimization of SA deployments. Additionally, the minimum inter-frequency HO
duration for SA in 2024 decreased to 24 ms (from 47 ms in 2023) and around 25% of the samples are
considerably lower in 2024 compared to 2023. However, across both HO types and years, the HO
duration for NSA is still lower than for SA.
Impact of security key exchanges. 5G SA networks introduced enhanced security mechanisms [2,
4, 6] compared to existing 5G NSA and LTE networks by incorporating stricter security measures,
particularly in the context of key exchanges. The key exchange process includes both ciphering
and integrity protection that ensures confidentiality and authenticity of signaling messages and
user data. These security mechanisms play a crucial role in determining the HO duration. We check
the RRC Reconfiguration message sent by the network to initiate a HO for the type of security keys
that are exchanged and break down the HO duration based on the type in Fig. 14c.

We observed 3 and 2 distinct scenarios w.r.t. key exchanges in NSA and SA, respectively. In NSA,
the three scenarios are: (a) 5G cipher NEA2 (New Encryption Algorithm 2) used only for user plane
data, as integrity protection for user plane data in dual connectivity is not supported [2], (b) 5G
cipher NEA2 used for user plane data and LTE EEA2 (EPS Encryption Algorithm 2) cipher and LTE
EIA2 (EPS Integrity Algorithm 2) integrity protection for signaling layers, and (c) No security keys
exchanged. For SA, we have: (a) 5G cipher NEA2 and integrity protection NIA2 for both signaling
and user plane data, and (b) No security keys exchanged.

In Fig. 14c, the HO duration for the cases where both the cipher and integrity protection keys are
exchanged is the highest for both modes. In this scenario, the duration for NSA is comparatively
shorter than for SA, probably because the 5G user plane does not have integrity protection due to
dual connectivity in NSA. In contrast, in SA, both signaling and user plane data have ciphering and
integrity protection key exchanged during the HO. Moreover, NSA relies on LTE’s EEA2 and EIA2
for ciphering and integrity protection, whereas in SA, more advanced NEA2 and NIA2 keys are
exchanged with stringent security measures leading to higher HO duration.
When only 5G cipher is exchanged without any LTE cipher or integrity protection (for NSA

only), the HO duration reduces significantly. This is expected, as in this scenario, there is no active
involvement of the LTE anchor, and the dearth of signaling between the 5G cell and the LTE anchor
cell reduces the latency considerably.

Finally, we take a look at those cases where no security-related keys were exchanged in SA and
NSA. For SA, the duration drops to a minimum duration of as low as 14 ms and most samples are
less than 40 ms. This is a significant reduction w.r.t. to the case where both the keys are exchanged
in SA. For NSA, the HO duration when no keys are exchanged, is mostly similar to the duration
when only 5G cipher key is exchanged for user plane data, with the gap between the two cases
becoming substantial only after the 80th percentile.
Overall, there are multiple factors that affect the HO duration in SA and NSA. NSA benefits from

reduced signaling overhead in cases where the LTE anchor is not involved in the 5G→5G HO, which
minimizes the HO delay. In contrast, SA introduces more signaling requirements and enhanced security
mechanisms, such as exchange of NEA2 and NIA2 keys for signaling and user plane data. These rigorous
checks ensure robust security but inherently increase latency. Additionally, the type of HO – intra-
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Fig. 15. Overall PUSCH power and PUCCH power for SA and NSA; Pathloss in SA and NSA; PUSCH power
breakdown by traffic type.

vs. inter-frequency – also impacts the HO duration. These findings underscore the trade-offs between
reduced signaling complexity and latency in NSA versus robust security and independence of SA,
highlighting the distinct priorities and challenges in mobility management for the two architectures.

7 Tx Power in SA and NSA
UL transmit (Tx) power is a critical metric in cellular networks, reflecting the strength of the
signal used by the UE to communicate with the base station. UL Power Control (ULPC) in cellular
networks [3, 12] is a mechanism used to adjust the Tx power of mobile devices in the UL direction.
ULPC optimizes the quality and efficiency of the communication while minimizing interference
to other users. It continuously adjusts the transmit power levels based on feedback from the base
station, environmental conditions, and network requirements to maintain an optimal balance
between signal quality and power consumption. In this section, we compare the PUSCH (Physical
UL Shared Channel) power and PUCCH (Physical UL Control Channel) power for 5G NSA and SA
deployments.
Fig. 15a shows the PUSCH power and PUCCH power for SA and NSA. We observe that the

PUSCH power is comparable for the two deployment modes. The SA PUSCH power is slightly
higher than the NSA PUSCH power 60% of the time but lower 40% of the time. On the other hand,
the control channel PUCCH power for NSA is always higher compared to SA and the gap is much
more pronounced compared to the PUSCH power. The median PUCCH power for NSA is 9 dBm,
compared to only 3 dBm for SA.
To understand these differences, we plot the pathloss of NSA and SA in Fig. 15b. We observe

that the pathloss for NSA is always higher than for SA, with the NSA median being 110 dB and the
SA median being 107 dB. This explains why the PUCCH power for NSA is always higher than for
SA. Since NSA has higher percentage of deployments in non-urban areas, i.e., highways, where
the base stations are typically further away from the UEs, the UEs use higher PUCCH power to
compensate for higher path loss due to longer UE-base station distance.

However, the higher pathloss for NSA does not explain why in Fig. 15a around 60% of the time
the PUSCH power is lower for NSA than for SA. To explore further, we break down the PUSCH
power based on the traffic type: backlogged DL traffic, backlogged UL traffic, ICMP-ping RTT tests
in Fig. 15c. We observe that the PUSCH power is slightly higher for SA compared to NSA in the
case of UL backlogged traffic, whereas for the other two types of traffic, where there is not much
active UL traffic – TCP ACKs for DL tests and ICMP echo requests for ping tests – the SA PUSCH
power is either similar to or lower than the NSA PUSCH power. This highlights the operator’s
policy to use higher Tx power for SA in presence of heavy UL traffic. This policy, combined with
higher UL carrier aggregation for SA, explains the higher UL throughput observed in § 5.1 for 5G
SA deployments compared to NSA.
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8 Discussion
In this section, we discuss several unique aspects of our experimental mthdology and explain why
they have only minimal influence on our findings.
(i) Head-to-head comparison between SA and NSA. Our primary objective in this work is

to understand and compare coverage and performance of the two modes (SA vs. NSA) from the
perspective of a general user. To this end, we conducted our driving campaigns with a single phone,
without locking it to a specific network mode – thus reflecting how a real user would experience
the network. We acknowledge that this methodology does not fully capture the actual coverage of
the two modes: in many locations, both NSA and SA may be available, and the mode selected by
the UE depends on the operator’s policies. To mitigate this limitation, we conducted two smaller
controlled driving experiments with two S24 phones in parallel, explicitly locking one to NSA and
the other to SA. The details of these experiments have been described in §4 and the results in §4
and §5.1 align with the findings from our main driving campaigns.
(ii) Driving routes. Our two driving routes shared the same endpoints (Boston, Chicago) and

followed the same highways, but the second trip was in the reverse direction. While this could
in theory cause minor variations in UE–base station distance (depending on which side of the
highway the vehicle was on), a difference of a few meters has negligible effect on received power
and performance, especially for low- and mid-band frequencies.4 Routes within downtown areas
also varied somewhat due to traffic conditions, signals, or road closures. These differences are
unlikely to affect our findings, as downtowns of large cities typically have dense 5G coverage.
(iv) Duration and time of measurement campaigns. The 2023 campaign lasted four days,

with the final morning dedicated to downtown Chicago. In 2024, we covered downtown Chicago on
the first day before departure. The overall duration is not critical, as both campaigns followed the
same route. The campaigns were conducted in different months (May vs. November), which could
influence traffic load but not coverage, and traffic is inherently outside our control. We deliberately
scheduled the 2024 campaign in November to capture a more mature stage of SA deployment.
Weather effects are negligible for low- and mid-band frequencies, and all measurements were
conducted under clear skies.
(iii) Generalization of the results. Our results are based on measurements from a single

operator, T-Mobile, the only US carrier with SA deployed at scale during our study. At the same
time, major European operators had only NSA deployments [22]. The study focuses on the East
Coast and Midwest along one driving route; we acknowledge that results may differ in other regions
such as rural areas. Nonetheless, we point out that this is the largest measurement study of SA
networks to date, with the exception of the work in [57], which focuses exclusively on the impact
of NSA/SA on video streaming in China. As global SA rollouts accelerate, we expect our work to
serve as a foundation for broader studies in other regions.

9 Related Work
5GMeasurement Studies. Since the 5G rollout in 2019, a large number of studies [16–19, 21, 22, 24–
28, 33, 39–43, 45, 48, 49, 53–56] havemeasured various aspects of operational 5G networks, including
coverage, network performance, carrier aggregation, resource allocation, handovers, beamforming,
and application QoE. Most of these studies are performed over commercial 5G NSA deployments.
In contrast, 5G SA has received limited attention in the literature, particularly in terms of its
large-scale evolution and comparative analysis with NSA.
Outside the US, only Yuan et al. in [57] study the performance of live video streaming over

5G SA and NSA networks in China from a content provider’s perspective. They report that SA

4Recall that T-Mobile does not use mmWave bands, which have much shorter range.
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results in lower broadcast and viewer buffer delays and rebuffer proportions than NSA. In the
US, Narayanan et. al in [43] and Hassan et. al in [28] conducted preliminary measurements with
T-Mobile’s SA deployments before 2022, when T-Mobile deployed 5G SA operating only at 600
MHz (5G low band) in a fragmented and limited capacity in the US. T-Mobile started deploying
5G mid band SA services as their primary deployments in late 2022. The works in [20, 55] are the
only ones that performed measurement-based analysis of SA networks after 2022. However, [55]
takes a snapshot of the SA performance in only two cities with just 10 hours of measurements in
April 2023, when SA networks in the midband just started getting rolled out. As a result, it does
not include any measurements over the n25 band or with 4-CC CA. It also reports a maximum
aggregate bandwidth of only 160 MHz for SA with 3-CC CA, while our study (§5.2) reveals a much
larger diversity of aggregate bandwidths – up to 180 MHz for both modes in 2023 and up to 190/230
MHz for NSA/SA in 2024. On the other hand, [20] only evaluates the latency of control plane
procedures (attachment and registration, RRC connection, authentication and security, PDN/PDU
connection) at three locations without studying data plane performance or coverage, and hence, it
is complementary to our study. To our best knowledge, there is no other large-scale measurement
work studying the coverage, performance, and network characteristics of operational SA networks
and comparing them head to head with the existing NSA network across different regions of the
US over an extended time period.
5G SA Evaluation over Simulations and Controlled Environments. There have been several
studies [15, 30, 34, 38, 47, 50, 52] on different aspects of 5G SA based on theoretical analysis,
simulations, and measurements done in controlled settings. While these works offer valuable
insights, they often fail to capture the full range of real-world scenarios, as different network
operators implement unique policies and configurations that are difficult to replicate in controlled
environments. Our work captures the real world performance of operational 5G SA networks via a
large-scale measurement campaign comprising multiple cross-country trips.

10 Conclusion
We conducted the first large-scale measurement study characterizing the evolution of 5G Standalone
deployments while performing a head-to-head comparison with the prevalent 5G Non-Standalone
networks. Through two cross-country driving trips in the US (3,200+ km) 18 months apart, our
work captures the comprehensive landscape of 5G deployment, performance, mobility management,
and other network characteristics. Our study shows a significant improvement in 5G SA coverage
from 2023 to 2024 with deployments in both urban and non-urban areas. In terms of performance,
5G SA demonstrates clear advantages in terms of both throughput and latency thanks to features
such as high carrier aggregation and the use of newer frequency bands, which enable diverse
intra-/inter-band and FDD/TDD configurations. In contrast, NSA peak performance has plateaued,
primarily due to limited use of CA in NSA deployments. Furthermore, our analysis reveals some
interesting information with regard to mobility management in SA and NSA networks, where
the interplay between signaling complexity and security mechanisms plays an important role in
governing the handover duration in 5G networks.
Overall, our study underscores the importance of continued investment in 5G SA networks to

fully achieve the potential of 5G and by open-sourcing our dataset, we aim to support researchers
in exploring 5G deployments towards more efficient and robust next-generation networks.

Acknowledgments
We thank the anonymous reviewers and our shepherd for their helpful comments. This work is
supported in part by NSF grant 2312834.

Proc. ACM Netw., Vol. 3, No. CoNEXT4, Article 43. Publication date: December 2025.



A First Large-Scale Study of Operational 5G Standalone Networks 43:19

References
[1] 2019. Radio Access Network; Evolved Universal Teestrial Radio Access (E-UTRA) and NR; Multi-Connectivity;

Stage 2, (Release 15), document . https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx?
specificationId=3198/

[2] online. 3GPP 5G Security. https://www.3gpp.org/news-events/3gpp-news/sec-5g/
[3] online. 5G NR Uplink Power Control Procedure | Power Control In 5G NR. https://www.rfwireless-world.com/5G/5G-

NR-Uplink-Power-Control.html
[4] online. 5G standalone (5G SA). https://www.techtarget.com/searchnetworking/definition/5G-standalone-5G-SA
[5] Online. [CoNEXT ’25]A First Large-Scale Study of Operational 5G Standalone Networks. https://github.com/NUWiNS/

conext2025-a-first-large-scale-study-of-operational-5g-standalone-networks.
[6] online. Experience 5G without limits. https://www.ericsson.com/en/5g/5g-sa
[7] online. Standalone 5G roadtrip guidebook: AT&T, Dish, T-Mobile and Verizon. https://www.fierce-

network.com/5g/standalone-5g-roadtrip-guidebook-att-dish-t-mobile-and-verizon-0#:~:text=T%2DMobile%
20claimed%20to%20be,in%20mid%2Dband%20as%20well;

[8] online. T-Mobile Claims a 5G Six-Carrier Aggregation “First”. https://www.telecompetitor.com/t-mobile-claims-a-5g-
six-carrier-aggregation-first/

[9] online. T-Mobile is Boosting Your Speeds With 4X Carrier Aggregation. https://tmo.report/2023/07/t-mobile-is-
boosting-your-speeds-with-4x-carrier-aggregation/

[10] online. T-Mobile plays up 5G SA lead with Samsung S24 series. https://www.fierce-network.com/5g/t-mobile-plays-
5g-sa-lead-samsung-s24-series

[11] online. T-Mobile Delivers Another World’s First with 6-Carrier Aggregation. https://www.t-mobile.com/news/
network/t-mobile-delivers-another-worlds-first-with-6-carrier-aggregation

[12] online. Uplink Power Control. https://www.nrexplained.com/upc
[13] accuverxcalsolo [n. d.]. XCAL Solo. https://accuver.com/sub/products/view.php?idx=11;.
[14] Mamta Agiwal, Hyeyeon Kwon, Seungkeun Park, and Hu Jin. 2021. A Survey on 4G-5G Dual Connectivity: Road to 5G

Implementation. IEEE Access 9 (2021), 16193–16210.
[15] Junaid Ansari, Christian Andersson, Peter de Bruin, János Farkas, Leefke Grosjean, Joachim Sachs, Johan Torsner,

Balázs Varga, Davit Harutyunyan, Niels König, and Robert H. Schmitt. 2022. Performance of 5G Trials for Industrial
Automation. Electronics 11, 3 (2022).

[16] Omar Basit, Imran Khan, Moinak Ghoshal, Y. Charlie Hu, and Dimitrios Koutsonikolas. 2025. 5G Metamorphosis: A
Longitudinal Study of 5G Performance from the Beginning. In Proc. of ACM IMC.

[17] Giuseppe Caso, Mohammad Rajiullah, Konstantinos Kousias, Usman Ali, Luca De Nardis, Anna Brunstrom, Ozgu
Alay, Marco Neri, and Maria-Gabriella Di Benedetto. 2023. An Initial Look into the Performance Evolution of 5G
Non-Standalone Networks. In Proc. of IFIP/IEEE TMA.

[18] Phuc Dinh, Moinak Ghoshal, Yunmeng Han, Yufei Feng, Dimitrios Koutsonikolas, and Joerg Widmer. 2024. Demystify-
ing Resource Allocation Policies in Operational 5G mmWave Networks. IEEE Transactions on Networking 33, 2 (2024),
1–16.

[19] Yufei Feng, Phuc Dinh, Moinak Ghoshal, Eduardo Baena, Hamza Bouchebbah, and Dimitrios Koutsonikolas. 2025.
Vivisecting Beam Management in Operational 5G mmWave Networks. In Proc. of ACM CoNEXT.

[20] Rostand A. K. Fezeu, Jason Carpenter, Eman Ramadan, Faaiq Bilal, Ziyan Wu, Nanditha Naik, Duncan Joly, Dehkon-
tee Chea Cuppah, and Zhi-Li Zhang. 2025. A Peek into 5G NSA vs. SA Control Plane Performance. In Proc. of ACM
HotMobile.

[21] Rostand A. K. Fezeu, Claudio Fiandrino, Eman Ramadan, Jason Carpenter, Daqing Chen, Yiling Tan, Feng Qian, Joerg
Widmer, and Zhi-Li Zhang. 2024. Roaming across the European Union in the 5G era: Performance, challenges, and
opportunities. In In Proc. of IEEE INFOCOM.

[22] Rostand A. K. Fezeu, Claudio Fiandrino, Eman Ramadan, Jason Carpenter, Lilian Coelho de Freitas, Faaiq Bilal, Wei Ye,
Joerg Widmer, Feng Qian, and Zhi-Li Zhang. 2024. Unveiling the 5G Mid-Band Landscape: From Network Deployment
to Performance and Application QoE. In Proc. of ACM SIGCOMM.

[23] Rostand A. K. Fezeu, Eman Ramadan, Wei Ye, Benjamin Minneci, Jack Xie, Arvind Narayanan, Ahmad Hassan, Feng
Qian, Zhi-Li Zhang, Jaideep Chandrashekar, and Myungjin Lee. 2023. An In-Depth Measurement Analysis of 5G
mmWave PHY Latency and Its Impact on End-to-End Delay. In Proc. of PAM.

[24] Claudio Fiandrino, David Juárez Martínez-Villanueva, and Joerg Widmer. 2022. Uncovering 5G Performance on Public
Transit Systems with an App-based Measurement Study. In Proc. of ACM MSWiM.

[25] Moinak Ghoshal, Omar Basir, Imran Khan, Z. Jonny Kong, Sizhe Wang, Yufei Feng, Phuc Dinh, Y. Charlie Hu, and
Dimmitrios Koutsonikolas. 2025. Replication: Performance of Cellular Networks on the Wheels. In Proc. of ACM IMC.

[26] Moinak Ghoshal, Imran Khan, Z. Jonny Kong, Phuc Dinh, Jiayi Meng, Y. Charlie Hu, and Dimitrios Koutsonikolas.
2023. Performance of Cellular Networks on the Wheels. In Proc. of ACM IMC.

Proc. ACM Netw., Vol. 3, No. CoNEXT4, Article 43. Publication date: December 2025.

https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx?specificationId=3198/
https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx?specificationId=3198/
https://www.3gpp.org/news-events/3gpp-news/sec-5g/
https://www.rfwireless-world.com/5G/5G-NR-Uplink-Power-Control.html
https://www.rfwireless-world.com/5G/5G-NR-Uplink-Power-Control.html
https://www.techtarget.com/searchnetworking/definition/5G-standalone-5G-SA
https://github.com/NUWiNS/conext2025-a-first-large-scale-study-of-operational-5g-standalone-networks
https://github.com/NUWiNS/conext2025-a-first-large-scale-study-of-operational-5g-standalone-networks
https://www.ericsson.com/en/5g/5g-sa
https://www.fierce-network.com/5g/standalone-5g-roadtrip-guidebook-att-dish-t-mobile-and-verizon-0#:~:text=T%2DMobile%20claimed%20to%20be,in%20mid%2Dband%20as%20well;
https://www.fierce-network.com/5g/standalone-5g-roadtrip-guidebook-att-dish-t-mobile-and-verizon-0#:~:text=T%2DMobile%20claimed%20to%20be,in%20mid%2Dband%20as%20well;
https://www.fierce-network.com/5g/standalone-5g-roadtrip-guidebook-att-dish-t-mobile-and-verizon-0#:~:text=T%2DMobile%20claimed%20to%20be,in%20mid%2Dband%20as%20well;
https://www.telecompetitor.com/t-mobile-claims-a-5g-six-carrier-aggregation-first/
https://www.telecompetitor.com/t-mobile-claims-a-5g-six-carrier-aggregation-first/
https://tmo.report/2023/07/t-mobile-is-boosting-your-speeds-with-4x-carrier-aggregation/
https://tmo.report/2023/07/t-mobile-is-boosting-your-speeds-with-4x-carrier-aggregation/
https://www.fierce-network.com/5g/t-mobile-plays-5g-sa-lead-samsung-s24-series
https://www.fierce-network.com/5g/t-mobile-plays-5g-sa-lead-samsung-s24-series
https://www.t-mobile.com/news/network/t-mobile-delivers-another-worlds-first-with-6-carrier-aggregation
https://www.t-mobile.com/news/network/t-mobile-delivers-another-worlds-first-with-6-carrier-aggregation
https://www.nrexplained.com/upc
https://accuver.com/sub/products/view.php?idx=11;


43:20 Moinak Ghoshal et al.

[27] Moinak Ghoshal, Z. Jonny Kong, Qiang Xu, Zixiao Lu, Shivang Aggarwal, Imran Khan, Yuanjie Li, Y. Charlie Hu, and
Dimitrios Koutsonikolas. 2022. An In-Depth Study of Uplink Performance of 5G MmWave Networks. In Proc. of the
ACM SIGCOMM 5G-MeMU Workshop.

[28] Ahmad Hassan, Arvind Narayanan, Anlan Zhang, Wei Ye, Ruiyang Zhu, Shuowei Jin, Jason Carpenter, Z. Morley
Mao, Feng Qian, and Zhi-Li Zhang. 2022. Vivisecting mobility management in 5G cellular networks. In Proc. of ACM
SIGCOMM.

[29] Bin Hu, Xumiao Zhang, Qixin Zhang, Nitin Varyani, Z. Morley Mao, Feng Qian, and Zhi-Li Zhang. 2023. LEO Satellite
vs. Cellular Networks: Exploring the Potential for Synergistic Integration. In Proc. of ACM CoNEXT.

[30] Jan Erik Håkegård, Henrik Lundkvist, Ashish Rauniyar, and Peter Morris. 2024. Performance Evaluation of an Open
Source Implementation of a 5G Standalone Platform. IEEE Access (2024).

[31] Z Jonny Kong, Qiang Xu, and Y. Charlie Hu. [n. d.]. ARISE: High-Capacity AR Offloading Inference Serving via
Proactive Scheduling. In Proceedings of the 22nd Annual International Conference on Mobile Systems, Applications and
Services (2024). 451–464.

[32] Z. Jonny Kong, Qiang Xu, Jiayi Meng, and Y. Charlie Hu. 2023. AccuMO: Accuracy-Centric Multitask Offloading in
Edge-Assisted Mobile Augmented Reality. In Proc. of ACM MobiCom.

[33] Konstantinos Kousias, Mohammad Rajiullah, Giuseppe Caso, Ozgu Alay, Anna Brunstorm, Luca De Nardis, Marco
Neri, Usman Ali, and Maria-Gabriella Di Benedetto. 2022. Coverage and Performance Analysis of 5G Non-Standalone
Deployments. In Proc. of ACM WiNTECH.

[34] R. Dhinesh Kumar, Suresh Chavhan, and Joel J. P. C. Rodrigues. 2022. Integration of 5G Standalone and Non-Standalone
Network Architectures for V2X Networks. In Proc. of SpliTech.

[35] Zeqi Lai, Y. Charlie Hu, Yong Cui, Linhui Sun, and Ningwei Dai. 2017. Furion: Engineering High-Quality Immersive
Virtual Reality on Today’s Mobile Devices. In Proc. of ACM MobiCom.

[36] Jiayi Meng, Z. Jonny Kong, Y. Charlie Hu, Mun Gi Choi, and Dhananjay Lal. 2022. Do We Need Sophisticated System
Design for Edge-assisted Augented Reality?. In Proc. of ACM EdgeSys.

[37] Jiayi Meng, Sibendu Paul, and Y. Charlie Hu. 2020. Coterie: Exploiting Frame Similarity to Enable High-Quality Multi-
player VR on Commodity Mobile Devices. In Proceedings of the Twenty-Fifth International Conference on Architectural
Support for Programming Languages and Operating Systems. https://doi.org/10.1145/3373376.3378516

[38] RamyMohamed, Sofiane Zemouri, and Christos Verikoukis. 2021. Performance Evaluation and Comparison between SA
and NSA 5G Networks in Indoor Environment. In 2021 IEEE International Mediterranean Conference on Communications
and Networking (MeditCom).

[39] Joao Moreno, Marcello Contini, and Ana Aguiar. 2024. 5G NSA Performance: A Measurement Study. In Proc. of IFIP
WONS.

[40] Arvind Narayanan, Eman Ramadan, Jason Carpenter, Qingxu Liu, Yu Liu, Feng Qian, and Zhi-Li Zhang. 2020. A first
look at commercial 5G performance on smartphones. In Proc. of ACM WWW.

[41] Arvind Narayanan, Eman Ramadan, Rishabh Mehta, Xinyue Hu, Qingxu Liu, Rostand AK Fezeu, Udhaya Kumar
Dayalan, Saurabh Verma, Peiqi Ji, Tao Li, et al. 2020. Lumos5G: Mapping and predicting commercial mmWave 5G
throughput. In Proc. of ACM IMC.

[42] Arvind Narayanan, Muhammad Iqbal Rochman, Ahmad Hassan, Bariq S. Firmansyah, Vanlin Sathya, Monisha Ghosh,
Feng Qian, and Zhi-Li Zhang. 2022. A Comparative Measurement Study of Commercial 5G mmWave Deployments. In
In Proc. of IEEE INFOCOM.

[43] Arvind Narayanan, Xumiao Zhang, Ruiyang Zhu, Ahmad Hassan, Shuowei Jin, Xiao Zhu, Xiaoxuan Zhang, Denis
Rybkin, Zhengxuan Yang, Zhuoqing Morley Mao, Feng Qian, and Zhi-Li Zhang. 2021. A Variegated Look at 5G in the
Wild: Performance, Power, and QoE Implications. In Proc. of ACM SIGCOMM.

[44] nuttcp [n. d.]. nuttcp - Network Performance Measurement Tool. https://www.nuttcp.net.
[45] Paniz Parastar, Andra Lutu Ozg Ozgu Alay, Giuseppe Caso, and Diego Perino. 2023. Spotlight on 5G: Performance,

Device Evolution and Challenges from a Mobile Operator Perspective. In Proc. of IEEE INFOCOM.
[46] Hang Qiu, Fawad Ahmad, Fan Bai, Marco Gruteser, and Ramesh Govindan. 2018. AVR: Augmented Vehicular Reality.

In Proc. of ACM MobiCom.
[47] Justus Rischke, Peter Sossalla, Sebastian Itting, Frank H. P. Fitzek, and Martin Reisslein. 2021. 5G Campus Networks: A

First Measurement Study. IEEE Access (2021).
[48] Muhammad Iqbal Rochman, Vanlin Sathya, Damian Fernandez, Norlen Nunez, Ahmed S. Ibrahim, William Payne,

and Monisha Ghosh. 2023. A comprehensive analysis of the coverage and performance of 4G and 5G deployments.
Computer Networks 237 (2023).

[49] Muhammad Iqbal Rochman, Wei Ye, Zhi-Li Zhang, and Monisha Ghosh. 2023. A Comprehensive Real-World Evaluation
of 5G Improvements over 4G in Low- and Mid-Bands. Technical Report 2312.00957[cs.NI].

[50] Deepti Sharma, Sanyam Singhal, Amrita Rai, and Amandeep Singh. 2021. Analysis of power consumption in standalone
5G network and enhancement in energy efficiency using a novel routing protocol. Sustainable Energy, Grids and

Proc. ACM Netw., Vol. 3, No. CoNEXT4, Article 43. Publication date: December 2025.

https://doi.org/10.1145/3373376.3378516
https://www.nuttcp.net


A First Large-Scale Study of Operational 5G Standalone Networks 43:21

Networks 26 (2021), 100427.
[51] Shuyao Shi, Jiahe Cui, Zhehao Jiang, Zhenyu Yan, Guoliang Xing, Jianwei Niu, and Zhenchao Ouyang. 2022. VIPS:

Real-time Perception Fusion for Infrastructure-assisted Autonomous Driving. In Proc. of ACM MobiCom.
[52] Davide Villa, Imran Khan, Florian Kaltenberger, Nicholas Hedberg, Ruben Soares da Silva, Anupa Kelkar, Chris Dick,

Stefano Basagni, Josep M. Jornet, Tommaso Melodia, Michele Polese, and Dimitrios Koutsonikolas. 2024. An Open,
Programmable, Multi-vendor 5G O-RAN Testbed with NVIDIA ARC and OpenAirInterface. In Proc. of IEEE NG-OPERA.

[53] Dongzhu Xu, Anfu Zhou, Xinyu Zhang, Guixian Wang, Xi Liu, Congkai An, Yiming Shi, Liang Liu, and Huadong Ma.
2020. Understanding operational 5G: A first measurement study on its coverage, performance and energy consumption.
In Proc. of ACM SIGCOMM.

[54] Xinlei Yang, Hao Lin, Zhenhua Li, Feng Qian, Xingyao Li, Zhiming He, Xudong Wu, Xianlong Wang, Yunhao Liu,
Zhi Liao, et al. 2022. Mobile access bandwidth in practice: Measurement, analysis, and implications. In Proc. of ACM
SIGCOMM.

[55] Wei Ye, Jason Carpenter, Zejun Zhang, Rostand A. K. Fezeu, Feng Qian, and Zhi-Li Zhang. 2023. A Closer Look at
Stand-Alone 5G Deployments from the UE Perspective. In Proc. of IEEE MeditCom.

[56] Wei Ye, Xinyue Hu, Steven Sleder, Anlan Zhang, Udhaya Dayalan, Ahmad Hassan, Rostand Fezeu, Akshay Jajoo,
Myungjin Lee, Eman Ramadan, Feng Qian, and Zhi-Li Zhang. 2024. Dissecting Carrier Aggregation in 5G Networks:
Measurement, QoE Implications and Prediction. In Proc. of ACM SIGCOMM 2024.

[57] Xinjie Yuan, Mingzhou Wu, Zhi Wang, Yifei Zhu, Ming Ma, Junjian Guo, Zhi-Li Zhang, and Wenwu Zhu. 2022.
Understanding 5G performance for real-world services: a content provider’s perspective. In Proc. of ACM SIGCOMM.

[58] Xumiao Zhang, Anlan Zhang, Jiachen Sun, Xiao Zhu, Y Ethan Guo, Feng Qian, and Z Morley Mao. 2021. EMP:
Edge-assisted Multi-vehicle Perception. In Proc. of ACM MobiCom.

Appendix
A Ethics
This work does not raise any ethical concerns. The study was carried out by PhD students and
faculty. We purchased multiple unlimited cellular data plans from all three US carriers and our
experiments comply with their customer agreements.

Proc. ACM Netw., Vol. 3, No. CoNEXT4, Article 43. Publication date: December 2025.


	Abstract
	1 Introduction
	2 5G SA and NSA architectures
	3 Methodology
	4 Coverage
	5 Network Performance
	5.1 Throughput
	5.2 CA in 5G SA vs. NSA and its Impact on Performance
	5.3 RTT

	6 Handover Duration in 5G SA and NSA
	7 Tx Power in SA and NSA
	8 Discussion
	9 Related Work
	10 Conclusion
	Acknowledgments
	References
	A Ethics

