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Abstract

Ultra-Reliable Low-Latency Communication is a key feature of 5G,
yet achieving its strict one-way latency target remains challenging
in real-world deployments. While previous work proposes latency-
reduction techniques, most are theoretical or simulation-based and
overlook practical bottlenecks in actual systems. In this paper, we
analyze and optimize latency with open-source 5G RAN software.
We characterize latency sources arising from 5G specifications and
implementation-level factors, along with their complex interplays.
Guided by this analysis, we introduce improvements reducing one-
way latency by 39.28 % in the downlink and 55.38 % in the uplink.
Our results show the importance of system-level experimentation
and provide a blueprint for advancing toward URLLC targets in
both 5G and future cellular networks.
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1 Introduction

5G is the first cellular generation to introduce Ultra-Reliable Low-
Latency Communication (URLLC), unlocking new possibilities for
mission-critical applications like autonomous driving, industrial
automation, and virtual and augmented reality. Introduced in 3GPP
Release 15 [1], URLLC specifies stringent requirements, including
one-way latency as low as 0.5 ms and reliability of 99.999 %. Yet, de-
spite years of commercial deployments, reaching the target latency
alone remains elusive [12], especially under real-world constraints.

Although extensive research has explored approaches to reduce
latency, including using higher subcarrier spacing, shortened slot
durations, and flexible frame structures [6, 14, 16, 17, 19, 24], most
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of them are theoretical or simulation-based. Importantly, they fail
to consider practical system-level bottlenecks. Even in scheduling
research, where many scheduling algorithms have been developed
to manage latency across multiple users [3, 11, 22, 26], the difficulty
of achieving low latency for a single user is often underestimated.

Progress in this area has historically been limited by the opaque
nature of commercial cellular systems, which restricts visibility and
control over system behaviors. Recent open-source Radio Access
Network (RAN) projects, such as srsRAN [21] and OAI [13], pro-
vide researchers with full-stack programmability and the ability to
experiment on real hardware using software-defined radios (SDRs).
These platforms have opened the door to system-level experimen-
tation that is essential for understanding and addressing practical
system bottlenecks, a need that becomes even more pressing as the
community begins shaping the 6G vision.

In this paper, we analyze and optimize latency using open 5G
RAN software, aiming at uncovering system-level factors that con-
tribute to latency and advancing toward URLLC targets. The con-
tributions of this work are threefold. First, we systematically char-
acterize latency sources arising not only from the 5G specification
but also from implementation-level factors across key components
of the RAN, highlighting their complex interactions. Second, we
present a stage-by-stage latency breakdown from a real-world ex-
perimental setup, revealing the complete processing pipelines for
both downlink (DL) and uplink (UL) scheduling. Third, we propose
and implement a series of improvements to the open 5G RAN soft-
ware that yield substantial reductions in one-way latency: 39.28 %
in the DL and 55.38 % in the UL.

Our work shows how non-obvious implementation factors can
lead to substantial latency, even in standards-compliant 5G systems.
By uncovering these effects, we offer a practical blueprint for push-
ing open 5G RAN software to meet URLLC targets under real-world
constraints. These insights can not only inform the improved design
of current 5G systems but also lay the foundation for low-latency
architectures in future 6G RANs. In addition, our work highlights
the value of open-source, programmable RAN platforms in enabling
the community to explore, validate, and refine low-latency designs.

2 Background

Radio Access Network (RAN). 5G networks provide wireless
connectivity to devices known as User Equipment (UE), which
not only include mobile phones and tablets, but also cars, drones,
robots, and more. It comprises two main subsystems: the RAN and
the Mobile Core. The RAN manages radio resources and consists of
a distributed set of base stations known as gNBs. The Mobile Core
authenticates devices, provides and ensures Internet connectivity,
and tracks user mobility and subscriber usage.

The primary function of the RAN is to transfer packets between
the Mobile Core and the UE. The stages of the RAN’s packet pro-
cessing pipeline are shown in Fig. 1, progressing from left to right
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Next Generation Node B (gNB)

Figure 1: The RAN’s packet processing pipeline.

as packets are transferred to the UE [18]. The key stages include
the Radio Resource Control (RRC) layer, the Packet Data Conver-
gence Protocol (PDCP) layer, the Radio Link Control (RLC) layer,
the Media Access Control (MAC) layer, the upper and lower Phys-
ical (PHY) layer, and the Radio Head (RH). The functionality can
be split across centralized and distributed locations. As shown in
Fig. 1, the Radio Unit (RU) operates the lower PHY layer and the
RH. The Distributed Unit (DU) and Centralized Unit (CU) act as the
computational parts of the gNB. Specifically, the DU handles the
RLC, MAC, and upper PHY layers, and is located at or near the RU.
The CU runs the RRC and PDCP layers, and can be located near
the Mobile Core.

5G frame structure. 5G introduced the support for multiple
numerologies (1 € {0, 1,...,6}), corresponding to different OFDM
subcarrier spacings (15 to 960 kHz). Each radio frame has a duration
of 10 ms, which is divided into 10 subframes of 1ms each. Each
subframe consists of 2# slots, with each slot having a duration of
27# ms. Moreover, each slot contains 14 OFDM symbols, which can
either be DL or UL. A slot is designated as DL or UL if all its symbols
are of the same type; otherwise, it is considered a mixed slot. 5G
supports two duplex modes: Frequency Division Duplex (FDD) and
Time Division Duplex (TDD). The FDD mode allocates separate
frequency bands for DL and UL transmissions. Each slot operates
concurrently as DL in one frequency band and UL in another. In
contrast, the TDD mode allocates the same band for both DL and
UL transmissions, with each slot explicitly designated as DL, UL,
or mixed. Sequencing DL and UL slots in a specific order enables
flexible scheduling—this is known as the TDD pattern.

Open-source 5G. In recent years, significant open-source efforts
have emerged to develop commercial-grade software-defined RAN
solutions, leading to standards-compliant cellular networks such
as srsRAN and OAL In this paper, we mainly focus on srsRAN, as
it is highly customizable, thoroughly documented, well-supported,
and widely utilized in state-of-the-art research [7, 9, 23].

3 Latency Analysis

The 5G frame structure is a slot-based design. Before diving into
the analysis, a natural question to ask is whether various parts of
the RU and DU run on the same slot. The answer is no. As shown in
Fig. 2, at any given time point, there is an H-slot offset between the
RH and the RU-DL processor in the lower PHY layer, and an M-slot
offset between the RU-DL and DU processors. These offsets arise
as higher layers must process and deliver DL data in advance to
ensure the uninterrupted operation of lower layers in the system.

3.1 Latency in Radio Units

The RU runs the lower PHY layer and the RH, whose functionalities
are illustrated in Fig. 3. For DL transmission, the lower PHY layer
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Figure 2: The slot offsets among the RU and the DU.

transforms frequency-domain symbols on resource grids to time-
domain samples and sends them to the RH. The RH then changes
the samples to analog signals through DACs and upconverts them
to Radio Frequency (RF) signals for transmission via the antenna.
The reverse process occurs for UL reception. The lower PHY layer
runs within general-purpose computers,! and the RH can be effec-
tively deployed using SDR devices. The lower PHY layer and the
RH communicate via software interfaces, which enable the wired
transmission of time-domain samples between computers and SDR
devices via USB, PCle, or Ethernet.

Lower PHY Layer

Radio Head (( I I ))

RU-DL
Processor RE
Front End

Software
Interface

RU-UL -
Processor Samples

Figure 3: The lower PHY layer and the RH.

The RH, responsible for converting between digital samples and
RF signals, operates on a fixed hardware clock. This clock advances
at a constant rate and produces a single, continuous stream of sam-
ple indexes. Both transmission (DL) and reception (UL) are aligned
to this unified sample timeline. This hardware-driven timing forms
the basis from which slot boundaries in the 5G frame structure are
derived. To interact with the RH, the RU consists of two processors
in the lower PHY layer: one for UL (RU-UL) and one for DL (RU-DL).
The two processors handle different processing tasks, each with its
internal schedule. To coordinate timing across these components, a
virtual slot index is computed for each based on its current sample
index, the system’s sampling rate, and the slot duration. Specifically,
the slot indexes for the RH, the RU-UL processor, and the RU-DL
processor are obtained by dividing their respective sample indexes
by the number of samples per slot. We denote these indexes as the
RH slot, RU-UL slot, and RU-DL slot, respectively. It is important to
note that upper layers in the 5G stack do not inherently operate
in terms of “slots” Instead, this concept must be inferred based on
the RH’s sample-level timing. Introducing a slot-based abstraction
across various components enables a unified view of system behav-
iors and facilitates precise reasoning about timing alignment and
latency-critical coordination. Based on these virtual slot indexes,
the working procedure of the RU is illustrated in Fig. 4.

e UL reception. (1) When RH slot s begins, the RH receives the UL
signal over the air and immediately converts it into UL samples

!This applies to both the srsRAN and OAI software. However, the lower PHY layer
can also be integrated into the RH.
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Figure 4: The working procedure of the RU.

using its ADC. These samples are then forwarded to the software
interface. (2) Shortly after this, RU-UL slot s begins. During this
slot, the RU-UL processor retrieves these UL samples from the
software interface and transforms them into UL symbols.

o DL transmission. Following the beginning of RU-UL slot s, RU-
DL slot s + H also begins. While the RU-UL and RU-DL slots are
aligned in time, their indexes differ by a fixed offset of H. (3) In
RU-DL slot s + H, the RU-DL processor first waits for the RU-UL
processor to finish processing in RU-UL slot 5.2 After this, the
RU-DL processor prepares DL samples and forwards them to the
software interface. The software interface then passes these DL
samples to the RH. (4¢) When RH slot s + H begins, the RH reads
the stored DL samples, converts them into DL signals using its
DAC, and transmits the signal over the air.

It is important to distinguish between RU-UL and RU-DL, and the
UL and DL slots defined in the 5G frame structure. RU-UL and RU-
DL refer to two separate processors in the RU’s lower PHY layer,
indicating the directions of processing, but do not imply that each
processor is only active during UL or DL slots. In FDD mode, both
processors operate continuously, processing their respective data in
every slot. In TDD mode, even in slots where no data is transmitted
or received, both processors stay active to preserve synchronization
and slot tracking. For example, the RU-DL processor still forwards
zero-valued samples during UL slots to prevent underflow at the RH,
and the RU-UL processor continues processing noise-only samples
during DL slots to ensure alignment in the pipeline.

As introduced earlier, there is a time offset between the RH and
the RU-DL processor. This offset accounts for both UL and DL radio
preparation time. Here, the UL radio preparation time (red arrows
in Fig. 4) refers to the time needed to downconvert RF signals to
UL samples at the RH and forward them to the software interface.
In contrast, the DL radio preparation time (green arrows in Fig. 4)
refers to the time needed to forward DL samples from the software
interface to the RH and upconvert them to RF signals. If these DL
samples are not forwarded to the RH fast enough, the RH will lack
samples to convert at the designated time, resulting in underflow.
While the H-slot offset improves pipeline stability, it contributes
directly to DL latency, since DL samples need to wait in the RH’s
memory before being upconverted to RF signals.

3.2 Latency in Distributed Units

The DU consists of the RLC, MAC, and upper PHY layers, operating
within general-purpose computers. The functionalities of the three
layers are shown in Fig. 5. The RLC layer handles the segmenta-
tion and reassembly of data. The MAC layer addresses real-time
2This waiting mechanism is implemented to slow down the RU-DL processor, i.e., to

prevent it from running too far ahead. It ensures the offset between RU-DL and RU-UL
slot indexes remains fixed at H slots.
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scheduling regarding physical resource allocation. Moreover, for DL
transmission, the MAC layer reads segments from the RLC layer,
multiplexes them into transport blocks (TBs), and forwards the
TBs to the upper PHY layer, which converts them into frequency-
domain symbols on resource grids. The reverse process occurs for
UL reception.

Distributed Unit
4 DU Processor
DL DL
Data RLC | Segments
UL Layer UL
Data Segments
o

Figure 5: The RLC, MAC, and upper PHY layers.

To interact with the RU-DL and RU-UL processors in the lower
PHY layer, the DU employs an event-driven processor whose exe-
cution is triggered by external events originating from the lower
PHY layer. For ease of analysis, we denote the slot index associated
with the DU processor as the DU slot. The working procedure of
the DU is illustrated in Fig. 6.

e DL transmission. (1) Once the RU-DL processor in the lower
PHY layer finishes preparing DL samples in RU-DL slot s+ H — 1,
it notifies the DU processor of the beginning of DU slot s + H+ M.
The RU-DL and DU slots are aligned in time, their indexes differ
by a fixed offset of M. (2) Upon receiving the notification, the DU
processor first decides on resource allocation for DL transmission
and/or UL reception. If the current DU slot is a DL slot, it then
reads DL segments from the RLC layer and converts them into
DL symbols. (3) These symbols wait in the computer’s memory
and will be read by the RU-DL processor after M slots (i.e., at the
end of RU-DL slot s + H + M).

UL reception. (2) After the RU-UL processor finishes preparing
UL symbols in RU-UL slot s, it immediately forwards them to the
DU processor. (5) Using the resource allocation results decided
(H + M) slots ago (i.e., in DU slot s), the DU processor converts
the UL symbols into UL segments.

Extra Latency
DU DUslots + H+ M DUslots + H+M+1 DUslots+H+2M DUslots+H+2M+ 1

Processor  @—| | | |
RU-DL @] | | -1
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DU DUslots+H+M DUslots+H+M+1 DUslots+H+2M DUslots+H+2M+1
Processor | ®—| | |
RU-UL @~ - \ ]
Processor  RU-UL slot s RU-UL slot s + 1 RU-ULslots+M  RU-ULslots+M+1

(b) UL reception.

Figure 6: The working procedure of the DU.

As mentioned earlier, there is a time offset between the RU-DL
and DU processors. This offset is leveraged by the DU processor
to prepare resource allocation results and DL frequency-domain
symbols in advance. It provides a margin for handling unexpected
slowdowns in the DU processor, thus ensuring the uninterrupted
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Figure 7: An example for the case of M = 1.

operation of the RU-DL processor. An example of M = 1 is shown
in Fig. 7. In DU slot s + 2, a sudden slowdown in the DU’s execution
occurs. The DU’s execution time in this DU slot is much longer than
usual. As the DU processor prepares the DL symbols in advance, the
RU-DL processor can still correctly access these symbols at the end
of RU-DL slot s + 2. Moreover, the time offset quickly restores once
the DU resumes normal execution. Note that this M-slot offset also
contributes directly to DL latency, as DL symbols need to wait in

the computer’s memory before being transformed into DL samples.

3.3 Latency Breakdown

To present a comprehensive latency breakdown, it is essential to
also consider the latency introduced by the 5G specifications. To
achieve this, we first introduce Scheduling Requests (SRs). In UL
scheduling, when a UE has UL data to send, it first transmits an SR

to the gNB. The gNB then schedules and sends a grant to the UE.
The UE transmits the UL data to the gNB after receiving this grant.

Compared to DL scheduling, UL scheduling is more complex due
to this procedure. For instance, in the TDD mode, a UE cannot send
UL data and control information during DL slots. As a result, if the
UE receives a grant and misses the last UL slot in a TDD period, it
will need to wait at least for the first mixed slot in the next TDD
period. As UL scheduling includes the DL scheduling of grants,
we mainly focus on the latency breakdown of UL scheduling. The
parameters M, H, and K3 are set to the minimum values allowed by
the open-source software, where K3 is the number of slots assigned
to a UE for UL data preparation after receiving a grant.

@ Grant scheduled @ UL data decoded
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Figure 8: The latency breakdown of UL scheduling in TDD mode
DDDU with Numerology 1, where H =3, M =1,and K3 = 1. In
each radio frame, slots 3, 7, 11, 15 are UL slots, while the
remaining slots are DL slots.

The latency breakdown of UL scheduling in TDD mode DDDU?
with Numerology 1 is shown in Fig. 8. The working procedure is

3The TDD pattern has a periodicity of four slots, with three DL slots (DDD) followed
by one UL slot (U). The full cycle spans 2 ms, with each slot lasting 0.5 ms.
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Figure 9: The improvement to the lower PHY layer.

explained as follows. (1) At RH slot 3, the RH receives an SR from a
UE. (2) After one slot (i.e., in DU slot 8), the DU processor decodes
the SR. (3) After two slots (i.e., in DU slot 10), the DU processor
schedules a grant for the UE based on its resource demand. (4) After
M = 1 slot (i.e., in RU-DL slot 10), the RU-DL processor processes
the grant. (5) After H = 3 slots (i.e., in RH slot 10), the RH transmits
the grant to the UE. () After Kz = 1 slots (i.e., in RH slot 11), the
RH receives the UE’s data. (7) After one slot (i.e., in DU slot 16), the
DU processor decodes the data. Based on this, DL and UL one-way
latency are lower-bounded by:

(3)—@G): DL latency > (H+M+1) X0.5ms =2.5ms, (1)
(®—(6): UL latency >9 X 0.5 ms = 4.5 ms. 2)

It is obvious that the UE misses the UL slot in the first TDD period
(i.e., RH slot 7) due to the existence of the M- and H-slot offsets,
leading to four more slots in the UL latency.

Remark: In srsRAN, the H-slot offset is hardcoded in the lower
PHY layer with a fixed value of H = 3. Although a large UL radio
preparation time improves robustness at the RU, it leads to a sig-
nificant latency bottleneck. The M-slot offset is configurable via
the gNB configuration file through the parameter max_proc_delay,
with a minimum value of M = 1. Our analysis also applies to OAI,
which provides less flexibility in control. Specifically, it uses a single
parameter, s1_ahead, to configure the combined H + M slot offset.
Although implementations of the 5G stack may differ, we believe
our analysis provides generalizable insights that can be extended
to other implementations, particularly those with accessible source
code, thus helping researchers better analyze latency behavior.

4 Latency Improvement

In this section, we present improvements to the implementation of
the DU, the RU, and the UL scheduling procedure.

4.1 Preparing Samples in Advance

As shown in Fig. 4-(3), the RU-DL processor always prepares DL
time-domain samples at the end of each RU-DL slot. This approach
introduces extra latency if the DL symbols are ready at the begin-
ning of a RU-DL slot or even earlier. To address this limitation, we
decouple the preparation and transmission of DL samples from the
boundaries of RU-DL slots. As shown in Fig. 9, without waiting for
the RU-UL processor to finish, the RU-DL processor now prepares
DL samples at the beginning of each RU-DL slot. This change allows
the RU-DL processor to prepare DL samples in advance. Moreover,
the slot indexes for the RU-UL and RU-DL processors are obtained
based on the indexes of their respective time-domain samples. By
allowing the maximum difference between the two sample indexes
to be adjustable, we further make the parameter H configurable,
with a minimum value of H = 1.
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As illustrated in Fig. 10, we obtain the updated latency bounds:

(®—(G): DL1latency > (H+M+1) x0.5ms = 1.5ms, (3)
(®—(6): UL latency > 9 X 0.5 ms = 4.5 ms. 4)

Compared to Inequalities (1) and (2), this reflects a 1 ms reduction
in the DL latency, driven by decreasing the H-slot offset from 3 to
1. However, as the M-slot offset remains unchanged, the UE still
misses RH slot 7, leaving the UL latency unaffected.
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Figure 10: The updated latency breakdown of UL scheduling,
where H=1,M =1,and K, = 1.

4.2 Event-Driven Symbol Transforming

As presented in Fig. 6a—(2), the DU processor always prepares DL
frequency-domain symbols M slots in advance. This early prepa-
ration introduces extra latency, as these symbols wait in the com-
puter’s memory and will be accessed by the RU-DL processor after
M slots. To reduce this latency, a natural design goal is to have both
processors run on the same slot, i.e., to enable M = 0. To achieve
this, we implement a busy-waiting process in the RU-DL processor
for DL slots,* changing its interaction with the DU processor. This
improvement is outlined in Fig. 11. (1) When DU slot s begins, the
DU processor starts to prepare resource allocation results and DL
frequency-domain symbols. (2) In the meantime, the RU-DL proces-
sor enters the busy-waiting state, continuously checking whether
the DL symbols are ready. (3) Once the condition is met, the RU-DL
processor accesses the DL symbols and transforms them into DL
time-domain samples.

DU DU slot s DUslots + 1 DUslots +2 DUslots +3
Processor  (D—] [ [ |
RU-DL @~ @] [ [ [

Processor RU-DLslots ! RU-DLslots+1  RU-DLslots+2 | RU-DLslots

Figure 11: Improvement to the DU and RU interaction.

As illustrated in Fig. 12, incorporating the previous two improve-
ments yields the following latency bounds:

(3)—(@5): DL latency > (H+ M + 1) X 0.5 ms =1 ms, (5)
(®—(e): UL latency >5 x 0.5 ms = 2.5 ms. (6)
4Under the TDD mode, the busy-waiting process is skipped in UL slots since there are

no DL frequency-domain symbols. So, the RU-DL processor prepares and transmits
zero-valued samples immediately after the beginning of these slots.
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Relative to Inequalities (3) and (4), this improvement further results
in a 0.5 ms reduction in the DL latency, attributed to the elimination
of the M-slot offset. Moreover, with both the M- and H-slot offsets
reduced, the UE can catch up to RH slot 7, thus removing the second
TDD period, i.e., shortening the UL latency by 2 ms.
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Figure 12: The updated latency breakdown of UL scheduling,
where H=1,M =0,and Ky = 1.

4.3 Scheduling-Request-Free Access

As shown in Fig. 8, the UL scheduling requires two slots of UL trans-
mission ((1) and (¢)) and one slot of DL transmission ((5)) due to SRs.
To streamline this procedure, we implement SR-free access. Specifi-
cally, once a gNB establishes a connection with a UE, it allocates
a guaranteed amount of resources to the UE for UL transmission.
A grant containing this allocation is sent to the UE before every
UL slot. In consequence, when the UE has UL data to send, it can
directly transmit the data to the gNB in the next available UL slot,
without needing to first send an SR.

As illustrated in Fig. 13, with all three improvements in place,
the latency bounds finally improve to:

(1)—G): DL latency > (H+ M +1) x 0.5ms = 1 ms, 7)
(®): UL latency > 0.5 ms. 8)

Compared to Inequalities (5) and (6), the UL latency sees an addi-
tional 2 ms reduction. This improvement stems from the fact that,
under SR-free access, the UE can directly send UL data in a single
slot without waiting for the next TDD period. Meanwhile, as SRs
do not affect DL scheduling, the DL latency remains unchanged.
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Figure 13: The updated latency breakdown of UL scheduling,
where H =1, M =0, K, = 1, and SR-free access is adopted.
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Figure 14: DL and UL one-way latency for TDD mode DDDU with Numerology 1 and K3 = 1.
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Figure 15: Comparison between the srsRAN baseline and
cumulative implementations 11, 11 + 12, and 11 + 12 + 13.

5 Evaluation

Testbed. We build a 5G testbed that contains an RAN based on
srsRAN [21] and a Mobile Core based on Open5GS [10]. Both com-
ponents are containerized using Kubernetes, operating on an Intel
NUC 12 with a 12-core Intel i7-1260P Processor and 32 GB of DDR4
RAM. To deploy the RH, we use USRP B210, which offers an SDR
platform with frequency coverage from 70 MHz to 6 GHz and USB
3.0 connectivity. We connect the Quectel RM500Q-GL 5G module
to a second Intel NUC 12, enabling the device to run as a 5G UE.

Implementation details. Our improvements are implemented
on top of srsRAN, which serves as the baseline. For simplicity, we
denote the improvements in §4: I1 for preparing samples in advance,
12 for event-driven symbol transforming, and I3 for SR-free access.
The three improvements are made with approximately 150 lines of
code in C++. To facilitate reproducibility and further research, we
have made our implementation publicly available.®

Fig. 14 shows DL and UL one-way latency for TDD mode DDDU
with Numerology 1 and K = 1.° Compared to Fig. 14a, Fig. 14b
reveals a 1 ms leftward shift in the DL latency distribution, enabled
by reducing the buffering delay of DL time-domain samples from
1.5ms (H = 3) to 0.5ms (H = 1). A further 0.5 ms leftward shift in
the DL latency distribution is seen in Fig. 14c, driven by reducing
the buffering delay of DL frequency-domain symbols from 0.5 ms
(M = 1) to 0ms (M = 0). Versus Figs. 14a-b, Fig. 14c shows a 2ms
leftward shift in the UL latency distribution due to the combined
reduction in both H and M, which allows the UE to catch up to the
first UL slot (i.e., RH slot 7) following (1) in Fig. 8. An extra 2ms

5 Available at https://github.com/aygong/srsRAN_Project_Low_Latency

5We measure the one-way user-plane latency by capturing the time taken for ICMP
packets to traverse from the UE’s network interface to the User Plane Function (UPF)’s
network interface in the UL direction, and vice versa in the DL direction. For each
measurement, we send a total of 5000 ICMP packets.
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Figure 16: Comparison of four commercial 5G modules, including
Quectel RM500Q-GL, Sierra EM9293, SIMCom SIM8200EA-M2,
and Telit FN990A40, with the full implementation 11+ 12 + 13.

reduction in the UL latency distribution is seen in Fig. 14d, where
the UE can transmit UL data without relying on SR signaling.

Fig. 15 compares the srsSRAN baseline to cumulative implemen-
tations by reporting the average latency. The average DL latency
decreases from 3.59 ms in the baseline to 2.64 ms with I1, 2.13 ms
with I1 + 12, and 2.18 ms with the full implementation I1 + 12 + I3,
reflecting a maximum reduction of approximately 1.5 ms. On the
UL side, the corresponding latencies are 7.44 ms, 7.46 ms, 5.45 ms,
and 3.32 ms, yielding reductions of up to approximately 4 ms. Over-
all, our full implementation achieves latency reductions of 39.28 %
in DL, 55.38 % in UL, and 50.14 % in round-trip against the base-
line, demonstrating substantial progress toward URLLC capabilities
using open-source 5G software.

To further validate generalizability, we measure the average la-
tency for four commercial 5G modules by individually replacing
Quectel RM500Q-GL with Sierra EM9293, SIMCom SIM8200EA-M2,
and Telit FN990A40 under the full implementation I1 + I2 + I3. As
shown in Fig. 16, all devices exhibit average round-trip latencies
below 6 ms. Among them, Telit reaches the lowest DL (1.42 ms), UL
(2.93 ms), and round-trip latency (4.35 ms), closely followed by SIM-
Com and Quectel. These results confirm that our implementation
can consistently deliver low-latency performance across diverse
5G modules, highlighting its compatibility with different chipsets
and vendor-specific implementations. Additionally, the ability to
reproduce sub-6 ms round-trip latency suggests the feasibility of
applying our improvements to real-world deployments.

Fig. 17 presents the average round-trip latency when four com-
mercial 5G phones are connected simultaneously to the gNB,” com-
paring the srsRAN baseline to the full implementation I1 + I2 + I3.

"Due to the lack of access to low-level network interfaces and the difficulty of capturing
user-plane traffic on commercial phones, we use fping from the UPF to the phone
and directly report the round-trip latency as measured by fping.
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Figure 17: Comparison between the srsRAN baseline and the full
implementation I1 + 12 + 13 using four simultaneously connected
commercial 5G phones: Samsung Galaxy A23, OnePlus Nord CE 3
Light, Motorola Moto G54, and OPPO A78.

The test devices include: Samsung Galaxy A23, OnePlus Nord CE
3 Lite, Motorola Moto G54, and OPPO A78. Despite the increased
system load when scaling from a single UE to multiple UEs concur-
rently, the improved implementation consistently reduces latency
for all devices, ranging from 33.3 % to 43.1 % relative to the base-
line. These results demonstrate the robustness and scalability of
our improvements in a realistic, multi-UE setup. Our experiment is
conducted on a general-purpose SDR platform running at 20 MHz
bandwidth with a 1x1 antenna configuration. Although this ba-
sic setup is intended to show multi-UE capability, we expect that
more advanced hardware, featuring higher bandwidth and multiple
antennas, will enable the system to scale to real-world demands.

6 Discussion and Future Work

System-Level Bottlenecks. Our analysis reveals several system-
level bottlenecks. First, the radio preparation time imposes a hard
bound on latency that cannot be bypassed without faster hardware
interfaces (e.g., PCle or Ethernet). Second, while 5G supports very
short slot durations, these gains are limited if key operations still
require a fixed duration of advance processing, underscoring the
importance of aligning protocol timing with hardware constraints.
Third, processing throughput becomes a bottleneck as shorter slots
demand higher compute capacity within tighter time budgets, es-
pecially under high bandwidth. Finally, latency remains sensitive
to execution variability, as unpredictable delays in general-purpose
systems undermine tight timing coordination across layers. These
bottlenecks suggest that further latency reduction will require not
only software optimizations, but also tighter integration among pro-
tocol design, hardware capabilities, and execution environments.

TDD versus FDD. Our analysis and improvements apply to both
TDD and FDD modes. However, our latency breakdown and evalu-
ation primarily focus on the TDD mode. This choice is motivated
by the greater analytical complexity introduced by TDD, where the
5G frame structure has a more pronounced impact on latency com-
position. Focusing on TDD is also well-aligned with the primary
deployment scenarios for URLLC applications, which are often real-
ized through private 5G networks. These include use cases such as
industrial automation in factories, critical communications in hos-
pitals, autonomous operations in ports, and safety systems in mines.
Such private deployments typically rely on TDD-based spectrum
allocations, as private 5G spectrum is most commonly provisioned
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in TDD bands rather than paired FDD bands. Additionally, TDD’s
inherent channel reciprocity enables advanced techniques such as
beamforming and interference management, which are particularly
valuable in dense, controlled environments [8].

Reliability. Our experiments are conducted under stable channel
conditions, reflecting practical URLLC deployment environments.
URLLC applications are usually deployed in highly controlled set-
tings—such as factories, hospitals, or infrastructure sites—where
channel conditions are engineered for stability, with predictable
propagation, minimal interference, and limited mobility [2]. This
low-mobility characteristic is critical, as high-speed movement in-
troduces rapid channel fluctuations that significantly undermine
URLLC reliability targets [20]. In contrast, stationary or quasi-static
devices like industrial sensors and robotic systems provide more
stable channels and justify the conditions used in our evaluation.
Nevertheless, we acknowledge that real-world deployments may en-
counter less ideal conditions. In such cases, additional mechanisms,
such as proactive packet replication [25], multi-connectivity [15],
predictive link adaptation [4], and advanced error correction [5],
can be used to meet reliability targets. Future work can integrate
these techniques with our improvements to better support URLLC
under more dynamic channel conditions.

Scalability and Spectrum Efficiency. SR-free access reduces UL
latency by eliminating SRs but introduces a fundamental trade-off
between latency and spectrum efficiency. Pre-allocating resources
to all devices shifts the system from demand-based to reservation-
based allocation, risking spectrum underutilization when resources
go unused. The efficiency of this mechanism depends critically on
the balance between the amount of reserved resources per UE and
the number of active UEs. For small networks with frequent trans-
missions, the latency gains may justify the overhead. However, as
UE counts grow or traffic becomes sporadic, spectrum inefficiency
becomes more significant. A more scalable approach would involve
predictive scheduling—dynamically allocating resources based on
predicted transmission needs. This could leverage traffic pattern
analysis, application-specific learning, or higher-layer signaling to
forecast demand, which offers a middle ground between reactive
scheduling and static reservation. Future work could explore hy-
brid approaches that adaptively switch between scheduling modes
based on network conditions and application requirements.

7 Conclusion

This paper contributes to closing the gap between URLLC’s theo-
retical latency targets and real-world 5G performance by analyzing
and optimizing one-way latency based on open-source 5G software.
Through an in-depth analysis of DL and UL scheduling, we reveal
specification- and implementation-level factors and apply improve-
ments that reduce one-way latency by 39.28 % (DL) and 55.38 % (UL).
Our results indicate that non-obvious implementation factors can
substantially influence latency, even in standards-compliant sys-
tems. As the 6G vision begins to take shape, our work underscores
the importance of practical, hardware-backed experimentation in
driving low-latency innovation. We hope our work paves the way
for future efforts to meet—and go beyond—URLLC requirements in
next-generation cellular networks.
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