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ABSTRACT
The Stand-Alone (SA) 5G deployment mode promises many bene-
fits over the Non-Stand-Alone (NSA) 5G mode, such as improved
throughput, lower latency, and more architectural flexibility, to bet-
ter support future emerging applications such as AR/VR, IoT, and
teleoperated driving. These promised improvements also extend
to the control plane operations of 5G-SA, such as attachment/reg-
istration procedures to mobile networks, mobility, and security
management to provide better user quality-of-experience (QoE).
Most of the existing work explores the data plane and end-to-end
performance of 5G. In this paper, we investigate and quantify the
performance differences in the control plane of 5G-SA compared
to 5G-NSA. Our results indicate that 5G-SA mostly has a worse
(i.e., slower) control performance (by 16.6% for attachment/registra-
tion, PDU session establishment and 64.3% RRC procedure), unlike
expectations, raising questions about current (virtualized) 5G-SA
deployment and core network functionality placement.
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1 INTRODUCTION
Control Plane (CP) operations in cellular networks are essential
for users’ Quality of Experience (QoE); when a mobile device is
undergoing control plane communications, the ongoing voice/data
session is halted until the control plane operations are done. This
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Figure 1: Significance of Control Plane in HO

process, while disruptive, is necessary to ensure overall QoE. For
instance, when a user is moving, voice/data flowing from a User
Equipment (UE) via the Base Station (BS)1 to the core network2
must be redirected to a new BS with better signal quality. A key
mobility management procedure (i.e., Handover (HO)) is triggered
to switch between BSs. During a HO, the control plane signaling
overhead accounts for ∼56% of the HO duration time (see Fig. 1),
which directly impacts the upper-layer and users’ QoE by halting
application voice/data [22]. HOs happen frequently, for example,
during an 8-minute walk, we experienced 31 HOs, (see [26] for
more details and different types of HOs).

We classify control plane operations (i.e., signaling) based on
the entities involved as: (i) from a mobile device (i.e., UE) to its
serving cell (or BS), or (ii) from the UE to different core network
components (see §2 for more details). Additionally, a UE interacting
with different core network deployments could experience different
control plane performance. As shown in Fig. 2, there are gener-
ally two 5G deployment modes: 5G Non-Standalone (5G-NSA) and
5G Standalone (5G-SA). In 5G-NSA, the 4G eNodeB provides all
control plane connectivity while the data plane goes through the
5G gNodeB, and both to the 4G core EPC; while in 5G-SA, the
control and data plane go through the gNodeB to the 5G Core. As
a result, the control plane signaling execution time between UE
to the BS and core could be different in 5G-SA vs. 5G-NSA. For
example, HOs can occur on average every 400 m in 5G-NSA and
900 m in 5G-SA [22]. This is because, in 5G-NSA there are HOs
between 4G-4G, 4G-5G, and 5G-5G. This emphasizes the impact and
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Figure 2: 5G-NSA vs. 5G-SA Architecture

1evolved Node B (eNodeB) in 4G and next Generation Node B (gNodeB) in 5G
[see 3GPP TS 38.331 [4] for more details].

2Evolved Packet Core (EPC) in 4G and 5G Core Network (5G Core) in 5G [see
3GPP TS 24.501 [5] for more details].
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Figure 3: 4G/5G Control Plane Taxonomy

rapid escalation of control plane operations on users’ QoE. Another
fundamental architectural deployment difference between 5G-NSA
and 5G-SA is that 5G-NSA still relies on the legacy 4G EPC in which
all the network functions are performed by dedicated hardware
boxes. However, 5G-SA is deployed with the “new” 5G Core – all
network functions can be virtualized [8, 11, 32], which means that
mobile operators can easily replicate infrastructure and at a much
lower cost than the hardware boxes utilized by the 4G EPC.

This raises important “yet unanswered” questions: (1)What is
the performance of the control plane of 5G-SA compared to 5G-NSA?
Does the gNodeB in 5G-SA provide better control plane performance
than the eNodeB in 5G-NSA as claimed [1, 21, 26]? (see §4). With
5G-SA envisioned to optimize these control plane procedures using
techniques such as virtualization and Software Defined Networks
(SDNs), can we say whether (2) today’s 5G-SA is really virtualized
or not? For the signaling messages between the UE and the core
network, some proceduresmay hit (i.e., be processed by) certain core
network functions, while others may not. We thus ask: (3) How can
we infer the control plane interaction time of a UE with the different
network functions in the 4G and 5G core? (see §5). This leaves open
the exploration of the placement of different components in the
5G-NSA and 5G-SAmobile architectures. (4) Is the current placement
optimized or can it be improved?

Most of the existing work [17, 20, 22, 25–29, 33, 34] focuses
on data plane performance between 5G-SA and 5G-NSA and may
briefly touch on control plane operations. In particular, they model
and measure the control plane traffic, but largely fall back to utiliz-
ing statistical models rather than live commercial measurements
from deployed mobile operators. In this work, we examine the
control plane performance in 5G-NSA and 5G-SA for T-Mobile as
currently it is the only operator in the United States with 5G-SA
deployment. We investigate the claims of 5G-SA having better per-
formance by quantitatively understanding the new improvements
(if any) and performance trade-offs between 5G-NSA and 5G-SA.
Contributions. Our work’s contributions are the following:
• We fill the gap in the existing literature by contributing to the
understanding of commercial 5G with our comparative analysis of
control plane performance in 5G-NSA and 5G-SA.
• Through detailed UE message interactions, we infer and quantify
the time it takes for a UE to interact with different core network
components in 4G and 5G, providing insights about the various
network functions and their performance characteristics.
• We will release our data at https://github.com/HotMobile2025-N
SA-SA-ControlPlane, providing the research community with real
commercial 5G control plane data to foster future research.

Table 1: 4G/5GControl PlaneMessage
Equivalence

4G 5G
RRC Procedure
RACH Procedure

Attachment Registration
Detachment De-Registration

PDN Connection PDU Connection
Authentication
Security Mode

Table 2: Statistics of
The Collected Data.

Operator T-Mobile
Mode 5G-NSA, 5G-SA

Data Size 1.1 GB
Data Traces 224 hours

• Modeling control plane traffic and studying their time/delay im-
plications can provide insight into the realization of improvements
going from 5G-NSA to 5G-SA. This greater understanding of net-
work function placement and performance may open new research
into core network function placement and colocation.
Paper Structure. We discuss control plane events in §2, and our
methodology is presented in §3. Messages between the UE and
BS are discussed in §4, and with the core in §5. Related work is
presented in §6. Finally, §7 concludes the paper with a discussion
of implications and future work.

2 4G AND 5G CP EVENTS BACKGROUND
As illustrated in Fig. 3, both 4G and 5G’s control plane messages
can be classified according to the interacting entities: (i) between a
UE and a BS, and (ii) between a UE and the core network. In Table 1,
we show the critical control plane messages our study focuses on
and the equivalence between 4G and 5G. Similar to 4G, two types
of signaling messages exist in 5G: Radio Resource Control (RRC)
and Non-Access Stratum (NAS) signaling messages.
i) Signaling between the UE and BS (§4). In both 4G and 5G, the
RRC messages are handled and managed by the RRC layer, which
is responsible for triggering different RRC State changes. Unlike 4G
in which two RRC states exist (RRC_IDLE and RRC_CONNECTED),
5G introduces an intermediate RRC_INACTIVE state. To send/re-
ceive data on the network, a UE must be in RRC_CONNECTED state.
When the UE is in the RRC_IDLE state, its state information is re-
moved from the BS and the core network. The RRC_INACTIVE state
is anticipated to help reduce latency overhead as the UE transitions
to the RRC_CONNECTED state [4] by maintaining the UE state at
the core. Hence, when the UE is in RRC_INACTIVE, it only needs
to re-establish its state at the BS. We note that we have not “yet”
observed the RRC_INACTIVE state deployed by T-Mobile at our
measurement locations.
ii) Signaling between the UE and Core Network (§5). In 4G, the
NAS messages allow signaling between the UE and the Mobility
Management Entity (MME) EPC network function. In 5G, they
allow signaling between the UE and the Access and Mobility Man-
agement Function (AMF) and Session Management Function (SMF).
These messages are crucial for establishing andmaintaining connec-
tivity sessions between the UE and core network at all times [6, 7].
They govern several events like HOs, beam failures, scheduling
requests, downlink/uplink data arrival, etc.

3 MEASUREMENT APPROACH
Measurement Tools. We use four Samsung Galaxy phones subdi-
vided by twomodels; the S21 Ultra (S21U) and S23. These phones are

https://github.com/HotMobile2025-NSA-SA-ControlPlane
https://github.com/HotMobile2025-NSA-SA-ControlPlane


A Peek into 5G NSA vs. SA Control Plane Performance HOTMOBILE ’25, February 26–27, 2025, LaQuinta, CA, USA

connected via USB/USB-C to a laptop running XCAL [2], a profes-
sional mobile network diagnostics and monitoring tool. XCAL lets
us collect detailed control/signaling plane and data/user plane infor-
mation directly from the phone’s chipset. 75% of the control plane
signaling procedures are triggered when the phone switches from
offline to online [31]. To measure these procedures, we leverage
Tasker [15] and AutoInput [23], both scheduling and manipulation
phone apps. AutoInput lets us configure commands i.e., turning
Airplane Mode ON/OFF, which in turn enables us to trigger the
procedures we wish to measure. Tasker enables us to schedule tasks
based on context like time, date, and events providing a means of
setting up recurring experiments.
Methodology for Data Collection. With our tools, we collect
data at three locations in Minneapolis, MN. At each location, we
place two phones side-by-side to ensure fair comparison and simi-
lar channel conditions. To prevent our phones from automatically
switching between deployment modes during testing, we use Sam-
sung’s service code (*#2263#) to selectively lock each phone into
either 5G-SA or 5G-NSA mode. We trigger the procedures by using
Tasker and AutoInput to turn Airplane Mode OFF/ON and schedule
these to run 24/7 every 2 minutes while running XCAL. Our mea-
surements cover more than 224 hours of measurement in 7 days
over the three locations. Our dataset is summarized in Table 2.
Primary Challenge. To understand the execution time of the
control plane procedure between aUE and various core components,
approximate or complete knowledge of the message sequence of
each procedure is imperative. In this study, we lack visibility into the
commercial operator. This presents a major challenge. To overcome
this challenge, we rely on the control plane messages captured at
the UE and assume the sequence diagrams represented in [9, 10, 12]
provide a close approximation. This is because, based on our dataset,
the control plane messages found in our observed experiments
to and from the UE match the order of these different sequence
diagrams for each procedure.

4 WHAT IMPROVEMENT (IF ANY) DOES
5G-SA PROVIDE OVER 5G-NSA

In this section, we utilize our dataset to quantitatively examine and
compare the control plane signaling procedures execution times
between the UE and the BS in both 5G-NSA and 5G-SA.
Quantification Approach. Control plane procedures can either
be triggered/initiated by the UE and terminate when the network
sends a confirmation to the UE, or triggered/initiated within the
core network. For instance, the Attachment/Registration and RRC
procedures are initiated by the UE, whereas the Authentication
and Security procedures are initiated within the core network. The
Packet Data Network (PDN) connection is initiated within the EPC,
while the equivalent Packet Data Unit (PDU) connection is initiated
by the UE in 5G. In the UE-triggered procedures, we can precisely
quantify the procedure execution delay. For the procedures trig-
gered within the core, we closely approximate an upper bound
interaction time.
RRC Connection. A UE must transition from RRC_IDLE mode
to RRC_CONNECTED mode before sending/receiving any voice/-
data via the cellular network. The RRC connection procedure is
always initiated by the UE, but can be triggered by the network.

Figure 4: RRC Connection Procedure Call Flow

For example, if a UE starts an application to browse the internet or
to send an email, it must trigger the RRC connection procedure. If
the BS has incoming SMS or incoming voice calls, it must trigger
the RRC connection procedure by paging the UE. The RRC connec-
tion procedure sequence diagram is shown in Fig. 4. In both 4G
and 5G, the UE triggers the RRC connection procedure by sending
the RRCSetupRequest message (see step ❶). The UE must specify
the reason for establishing a connection with the BS. The content
of the RRCSetupRequest message contains an RRC Establishment
Cause in which the UE has to specify the access category. In 4G,
3GPP specifies only six RRC Establishment Causes, whereas 11 are
specified in 5G 3 [4]. In this study, we focus on the “data” estab-
lishment cause. After sending the RRCSetupRequest message, the
UE waits to receive the RRCSetup message (see step ❸) containing
critical parameters such as the available bands, channel bandwidth,
and different security modes required to communicate with the
BS. After successfully applying the configurations, the UE sends
the RRCSetupComplete (see step ❹) as confirmation to the BS. Next,
we quantitatively study the RRC connection setup time comparing
5G-NSA and 5G-SA.

Fig. 5 shows the distribution of the RRC connection execution
time in 5G-NSA and 5G-SA. We see the RRC procedure delay time
in 5G-SA (with the gNodeB) is higher (i.e., worse) than in 5G-
NSA (with the eNodeB). Quantitatively, the RRC procedure time
in 5G-SA is 47.7% longer when compared with 5G-NSA. We also
find that the variability of this time in 5G-SA is larger (by 74% on
average) compared to 5G-NSA.
Random Access Procedure. Although the RRC procedure with
both the eNodeB and gNodeB is mostly unchanged, there are some

Figure 5: RRC Delay Figure 6: RACH Delay

3The RRC Establishment Cause ranges from emergency, to high priority access, to
SMS data, voice call, video call, etc.
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(a) 4G/5G Attachment and Registration Procedure . (b) 4G/5G Initial Procedure.

Figure 7: Time series and distribution plots of the Initial Attachment and Registration procedures in 4G and 5G.

unique structural characteristics. Unlike 5G-NSA, 5G-SA introduces
the Control/User Plane Separation (CUPS) to enable independent
scaling of the gNodeB hardware while enabling a cloud-based
flexible distributed deployment structure to minimize latency [3].
For the UE to receive the RRCSetup message, uplink and down-
link synchronization between the UE and the gNodeB Central
Unit (gNodeB-CU) needs to occur via the so-called Random Access
Channel (RACH) procedure [30] (see step ❷ in Fig. 4). Therefore,
to further understand why the RRC procedure time in 5G-SA is
longer than that of 5G-NSA, we also quantify the delay in the RACH
process – the time between the RACH Trigger: Connection Request
message sent by the UE and the RACH Trigger: Success sent by the
BS, i.e., 𝑇𝑅𝐴𝐶𝐻 in Fig. 4.

As shown in Fig. 6, we find that: (i) not only is the distribution
of the RACH process closely aligned with the distribution of the
RRC Connection time in both 5G-SA and 5G-NSA, and (ii) the
RACH process delay in 5G-SA is also higher (by 64.3% on average)
than in 5G-NSA. Also, note that 𝑇𝑅𝐴𝐶𝐻 precisely quantifies the
time it takes for a UE to interact with the eNodeB and gNodeB
(hereafter referred to as 𝑇 4𝐺

𝑒𝑁𝐵
and 𝑇 5𝐺

𝑔𝑁𝐵
) in 5G-NSA and 5G-SA

respectively. We suspect that these results are due to the wider
channel bandwidth in the gNodeB (100 MHz in our study) when
comparedwith the eNodeB (20MHz in our study). To digress, unlike
in 5G-NSA, in 5G-SA, both the UE and gNodeB need to sweep
through the whole (100 MHz) channel bandwidth to select the best
beam to synchronize and receive/send RRC messages. Thus, the
gNodeB needs to process a larger number of RACH access attempts
and retries, leading to longer RACH process times. Furthermore, we
suspect that the greater latency variability in 5G-SA is potentially
due to CUPS, network function virtualization overhead, or RACH
message abundance.

5 INFERRING CP DELAY BETWEEN UE AND
CORE NETWORK

In this section, we quantify the execution delays of control plane
signaling procedures between the UE and various core network
components. We start with the UE-triggered procedures and then
study the procedures triggered within the core network to infer the
delay between a UE and different component of the core network.
Attachment/Registration Procedure. Fig. 7a and Fig. 7b de-
pict the time series and distribution plots of the latency incurred
during the Attachment and Registration procedures with the 4G
and 5G cores. Surprisingly, the 5G-SA Registration procedure con-
sistently incurs a longer latency (i.e., performs worse) compared

to the 5G-NSA (i.e., 4G) Attachment procedure. While the mean
4G Attachment delay is 0.835 seconds, the mean SA Registration
latency is 1.001 seconds, a 16.6% increase. Our results do not show a
clear improvement of 5G-SA over 5G-NSA in this regard. To further
investigate, we quantify the time it takes for a UE to interact with
the eNodeB/gNodeB and with the different core network functions
during other signaling procedures.

Create Session Request

UE eNB MME SGW

T1

Security Mode Complete

4G

PGW

Create Session Request

PCRF

IP-CAN 
Session

Create Session Response
Create Session Response

PDN CXN Accept
RRC CXN Reconfig.

RRC CXN Reconfig Complete

1

Figure 8: 4G PDN Connection Procedure Call Flow Diagram

PDN/PDU Connection Establishment Procedure. The PDU
setup procedure provides end-to-end (E2E) user plane connectivity
between the UE and the core network when using the 5G Core
network. The equivalent when using the EPC is the PDN setup
procedure. As stated above, the PDU connection is initiated by the
UE, while the PDN connection is initiated within the core network.
Consequently, we define the upper bound PDN connection estab-
lishment time in 5G-NSA as 𝑇1 shown in Fig. 8, while we are able
to precisely quantify the PDU connection time as shown in Fig. 9.

Fig. 10a shows the PDU and PDN Connection Establishment
delays in 5G and 4G. We see that on average 5G has a delay of
0.55 seconds, which is higher than 4G’s delay of 0.44 seconds. Given
the similar standard deviation, this shows Session Establishment in

Create SMContext
Request

UE gNB AMF SMF
PDU Session Establishment 

Request

UDM DN

Subscriber 
retrieval/update

Create SMSession
Response

PDU Session Request

N1N2Message Transfer

PDU Session Authentication/Authorization

UPF

Session Establishment Modification Request

Session Establishment Modification Response

PDU Session Accept

5G

Figure 9: 5G PDU Session Establishment Call Flow Sequence Diagram
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(a) PDU/PDN Connection
Establishment Delays.
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(b) Authentication and Security CP Procedure call flow diagram in 4G and 5G.

Figure 10: Inferring CP Delay Between UE and the Core Network. Fig(a) shows the upper bound PDN connection time and measured PDU
connection time. Fig(b) shows the call flow diagram used to estimate the UE’s interaction time with various core network functions in 4G & 5G.

Table 3: Inferring the CP delay of the UE’s Interaction with Various
Core Network Functions in 4G and 5G (in seconds).

Technology 𝑇1 𝑇2 𝑇3 𝑇𝐻𝑆𝑆 𝑇𝐴𝑈𝑆𝐹

5G 0.11±0.01 0.17±0.05 0.04±0.03 N/A 0.12±.05
4G 0.16± 0.03 0.31±0.04 0.04±0.05 0.07±0.04 N/A

5G is consistently about 25% worse compared to 4G. Furthermore,
while we are able to explicitly capture PDU Session Establishment
messages in 5G, we can only estimate an upper bound for the time
taken for PDN Connection Establishment in 4G. This indicates that
the actual performance difference may be steeper (favoring 4G).
Authentication and Security Procedure. Lastly, Fig. 10b shows
the call flow sequence diagram of the Authentication and Security
procedure and the interaction with the different core network func-
tions involved. Notice that Authentication is initiated by the MME
in 4G and AMF for 5G (see step ❶) while the security is initiated by
the MME (4G) and AMF (5G) (see step ❷). In addition, this process
involves the Home Subscriber Server (HSS) and Authentication
Server Function (AUSF). Therefore, we quantify the delay of the
upper bound of the Authentication procedures as 𝑇 4𝐺

2 and 𝑇 5𝐺
2 .

We also define the delay interaction with the eNodeB/gNodeB and
MME/AMF as 𝑇 4𝐺

3 = 𝑇𝑒𝑁𝐵 + 𝑇𝑀𝑀𝐸 and 𝑇 5𝐺
3 = 𝑇𝑔𝑁𝐵 + 𝑇𝐴𝑀𝐹 . Sub-

sequently, we define𝑇 4𝐺
1 =𝑇𝑒𝑁𝐵 +𝑇𝑀𝑀𝐸 +𝑇𝐻𝑆𝑆 and𝑇 5𝐺

1 =𝑇𝑔𝑁𝐵 +
𝑇𝐴𝑀𝐹 + 𝑇𝐴𝑈𝑆𝐹 . Clearly, 𝑇𝐻𝑆𝑆 = 𝑇 4𝐺

1 - 𝑇 4𝐺
3 and 𝑇𝐴𝑈𝑆𝐹 = 𝑇 5𝐺

1 - 𝑇 5𝐺
3 .

Table 3 shows the mean and standard deviations of 𝑇1, 𝑇2, 𝑇3,
𝑇𝐻𝑆𝑆 , and 𝑇𝐴𝑈𝑆𝐹 in 4G and 5G. In the table, the shaded times indi-
cate better (lower) delays. We see that 𝑇 5𝐺

1 < 𝑇 4𝐺
1 , and 𝑇 5𝐺

2 < 𝑇 4𝐺
2 .

We suspect that during 4G authentication the HSS is only consulted
to generate the authentication vectors and does not make a decision
on the authentication results. Meanwhile, in 5G authentication, the
AUSF processes the UE’s response and then makes the final deci-
sion on authentication [13]. As a result, processing by the AUSF
takes longer than the HSS, as is also confirmed in our results as
𝑇𝐴𝑈𝑆𝐹 > 𝑇𝐻𝑆𝑆 (see 𝑇𝐻𝑆𝑆 and 𝑇𝐴𝑈𝑆𝐹 in Table 3).

6 RELATEDWORKS
5G Measurements: Since the deployment of 5G, numerous mea-
surement studies have attempted to understand the characteristics
of 5G systems and their implications on application design. These
studies include research conducted in China [33], the United States

[16, 19, 22, 26–28], and Europe [17, 18, 20]. Several studies have also
provided insights into various aspects of 5G deployment modes
(5G-SA vs. 5G-NSA). Hassan et al. [22] and Narayanan et al. [28]
explored different cellular radio bands (low, mid, and high), power
consumption, and application QoE. Rischkie et al. [29] quantified
the one-way download and upload performance in 5G campus net-
works for both 5G-SA and 5G-NSA. Mohamed et al. [25] evaluated
the comparison in the indoor environment. Fezeu et al. [19] inves-
tigated the performance of the data plane and relevant factors. In
our work, we focus on comparing the behavior of 5G-NSA and
5G-SA architectures with emphasis on the control plane and some
additional exploration of the data plane.
Control Plane Study: Xu et al. [33] provides insights on the poten-
tial challenges of increased coordination complexity due to denser
5G gNodeBs in 5G-SA. [14, 24] provide modeling of control events
within the control plane due to their inaccessibility to the general
public. Several works [20, 22, 33, 34] study the impact of HO that
involve the RRC procedure on application performance. Our study
provides a quantitative analysis of a broader set of control plane pro-
cedures, including Attachment and Registration, RRC connection,
Authentication and Aecurity, and PDN/PDU connection.

7 CONCLUSIONS, IMPLICATIONS, AND
FUTUREWORKS

Is 5G-SA really virtualized? In this work, we measured and ex-
amined in detail the performance differences of control plane oper-
ations in 5G-NSA and 5G-SA. We find that except for when authen-
ticating using the AUSF vs. the HSS, 5G-SA has worse control plane
performance. Additionally, 5G-SA was 16.6% slower (i.e., worse) in
the UE’s attachment/registration procedure than 5G-NSA. Similarly,
5G-SA’s PDU session establishment is slower than the 4G’s PDN
session establishment in 5G-NSA. Finally, we note that 5G-SA’s
RRC procedure is 64.3% slower from the abundance of RACH mes-
sages due to the wider bandwidth scans. As a result, based on these
measurements and data, we conclude that the current 5G-SA core
may exist as a translation layer in some form relative to the current
5G-NSA, with a full 5G-SA yet to be virtualized. We suspect the
virtualization of the 5G core network functions will indeed bring
about improvements in control plane signaling message, and as a
result, the users’ QoE.
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Future works may go into greater depth onmore obscure messag-
ing procedures, formalizing the different procedures into equations
extrapolating the distance between entities in EPC/5G Core core
functions. Additional experiments may expand the number of oper-
ators, locations, and experiments. However, in this study we were
restricted to only one operator’s realization of 5G-SA in this study
due to the fact that in the United States, to date, only T-Mobile has
deployed 5G-SA. Other work may examine the effects of placing
different network functions in the 5G Core to maximize control
plane and thus E2E performance. For example, one may conduct
speculative analysis of which network functions can be co-located
to enhance mobile user experience.
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