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Abstract—Advanced Networked Music Performances (NMP)
require embedded systems capable of real-time audio processing
and wireless communication with strict performance constraints.
In this paper, we present the design and power consumption
evaluation of a prototypal portable device integrating a hi-
fi soundcard and a 5G communication module. The proposed
platform enables real-time audio acquisition, processing, and
transmission in NMP scenarios. We experimentally characterize
power consumption under multiple operating conditions, includ-
ing idle states, SG connectivity, and bidirectional audio streaming.
Results show that the system exhibits a stable and predictable
power profile, with average power consumption ranging from
approximately 2.2 W in idle conditions up to 4.7 W during stereo
audio streaming over 5G.

Index Terms—Networked Music Performance, 5G, Embedded
Systems, Power Consumption

I. INTRODUCTION

Networked Music Performance (NMP) systems aim to en-
able geographically distributed musicians to perform together
in real time, aiming to recreate the temporal precision and
expressivity of co-located acoustic performances [1]. Achiev-
ing such conditions requires dedicated systems capable of
minimizing end-to-end latency, jitter, and packet loss, which
are critical factors for maintaining musical synchrony and
interaction quality. Over the past years, several NMP plat-
forms have been developed both in academic research and as
commercial solutions, including JackTrip [2], LoLa [3], fast-
music [4], UNISON [5], and Elk LIVE [6]. These systems
may be based on desktop solutions, however, to achieve the
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best performances dedicated embedded devices are typically
utilized.

More recently, the advent of 5G networks has opened new
opportunities for NMPs by providing ultra-low latency, high
bandwidth, and enhanced reliability through features such
as network slicing and edge computing [7]. These capabil-
ities make 5G a promising enabler for mobile and portable
NMP scenarios, extending musical interaction beyond fixed,
wired infrastructures. Various authors have deployed audio-
based NMP systems into 5G architectures [8]-[11]. In this
context, embedded systems integrated with 5G connectivity
are emerging as key components, allowing compact, energy-
efficient devices to support real-time audio processing and
transmission.

A fundamental challenge in realizing these systems lies
in the development of embedded hardware platforms capable
of meeting stringent performance requirements. In particular,
NMP applications require real-time audio acquisition, process-
ing, and transmission, often under tight latency and reliability
constraints [1]. At the same time, these platforms must remain
compact, energy-efficient, and portable to support a wide range
of use cases, including mobile performances, immersive instal-
lations, and distributed rehearsals. The integration of wireless
communication technologies such as 5G further increases the
complexity of the system design, introducing additional trade-
offs between performance, energy consumption, and hardware
scalability [12], [13].

While latency remains a critical parameter in NMP systems,
its evaluation is highly dependent on network conditions,
deployment scenarios, and system-level optimizations that
extend beyond the hardware platform itself [14]. In contrast,
power consumption represents an intrinsic property of the
embedded system and plays a crucial role in determining



its practical usability [15]. Indeed, energy efficiency directly
impacts device portability, thermal management, operational
stability, and long-term sustainability, all of which are essential
for real-world applications of distributed music technologies.
The strict performance requirements of NMP, combined with
the constraints of portable, battery-powered hardware, intro-
duce significant challenges in terms of power consumption
and system optimization. Understanding and characterizing
the energy behavior of such 5G-enabled embedded devices
is therefore essential to ensure their practical usability in real-
world musical applications.

For these reasons, this paper focuses specifically on the
power consumption characterization of a prototypal embed-
ded platform for remote musical interactions. The platform
combines a high-quality audio interface with a single-board
computing system and a 5G communication module within
a compact and integrated architecture. This design enables
the acquisition, processing, and transmission of audio data
streams in real time, supporting distributed musical interaction
scenarios. Through a systematic experimental campaign, we
analyze the energy profile of the system under multiple operat-
ing conditions, including idle states, network connectivity, and
real-time audio streaming over 5G. The results show that the
system exhibits a baseline consumption around 2.2 W and peak
consumption below 5 W during simultaneous audio processing
and 5G communication. These findings demonstrate that the
proposed platform achieves a favorable balance between func-
tionality and energy efficiency, supporting its use in portable
and embedded MM applications.

The remainder of this paper is organized as follows. Section
II describes the system architecture of the prototype, detailing
both hardware and software components as well as the integra-
tion of the 5G communication module. Section III presents the
measurement methodology, including the experimental setup
and the definition of the evaluated operating states. Section IV
reports and discusses the power consumption results obtained
from the measurement campaign. Finally, Section V concludes
the paper and outlines directions for future work.

II. SYSTEM ARCHITECTURE
A. Hardware Components

From a design perspective, the proposed embedded device
follows a modular approach, allowing the seamless integra-
tion of heterogeneous subsystems such as audio interfaces,
communication modules, and peripherals. Its main elements
include:

« a Raspberry Pi Compute Module 5, serving as the central
processing unit and running a Linux-based operating
system with real-time capabilities;

« an integrated DAC/ADC audio interface, enabling high-
fidelity audio input and output through professional-grade
connectors;

e a 5G modem (Quectel RM500Q-GL), providing broad-
band wireless connectivity;

o Multiple I/O interfaces, including USB, HDMI, and Eth-
ernet, supporting extended functionalities.

Fig. 1. Embedded NMP device prototype with connected audio and network-
ing interfaces.

The audio subsystem is tightly coupled with the compute
module through an Inter-IC Sound (I2S) interface, which
ensures deterministic and low-latency communication between
the processor and the audio codecs. This direct hardware-
level integration avoids the overhead typically associated with
external USB audio devices and contributes to improved
timing stability.

The device also exposes several connectivity options, in-
cluding USB-A and USB-C ports, an HDMI output, and an
Ethernet network interface. These interfaces enable flexible
deployment scenarios, ranging from standalone operation to
integration within larger systems or laboratory setups. Fur-
thermore, the presence of a PCle interface allows for future
hardware extensions, such as storage modules or hardware ac-
celerators. Fig. 1 shows the embedded NMP device prototype
with connected audio and networking interfaces.

B. Audio Processing Pipeline

The embedded NMP device supports real-time audio acqui-
sition, processing, and playback through a low-latency audio
stack. Audio signals are captured via the integrated ADC,
processed within the system, and rendered through the DAC
with minimal buffering delays.

The software architecture relies on standard audio frame-
works, ensuring compatibility with existing tools and enabling
rapid development. Audio streams are managed through a
pipeline that includes capture, optional processing (e.g., spa-
tialization or effects), and transmission. The system operates
at a sampling rate of 48 kHz, balancing audio quality and
computational load.

For distributed interaction, the device adopts a peer-to-peer
communication model based on UDP. In this configuration,
audio data is packetized and transmitted directly between
participating devices without relying on centralized servers
for media transport. This approach minimizes communication
overhead and allows for scalable multi-user scenarios. At the
receiver side, buffering mechanisms are employed to com-
pensate for network jitter while preserving real-time playback
characteristics.



C. 5G Connectivity

Wireless communication is enabled through a 5G modem
connected to the compute module via a USB 3.0 SuperSpeed
interface. This configuration provides sufficient bandwidth
to support high-quality audio streaming while maintaining
compatibility with widely available hardware modules. The
modem supports both public and private 5G deployments,
allowing the system to operate in a variety of experimental
and real-world environments.

The integration of 5G connectivity is a key feature of our
proposed device, as it enables low-latency and high-throughput
communication over wide geographical areas [16]. Preliminary
network tests conducted on a dedicated indoor 5G testbed have
demonstrated promising performance, including throughput
up to 59.5 Mbps, packet jitter below 0.5 ms and negligible
packet loss under controlled conditions. These results indicate
that the communication subsystem is capable of supporting
the data rates required for uncompressed audio streaming in
NMP scenarios. However, it is important to note that end-
to-end latency in wireless systems is influenced by multiple
factors, including network configuration, radio conditions, and
core network architecture. For this reason, latency measure-
ments are not included in this paper and a comprehensive
latency evaluation is left for future work. Instead, this study
focuses on the intrinsic hardware characteristics of the system,
particularly its power consumption under different operating
conditions.

III. MEASUREMENT METHODOLOGY

This section describes the experimental methodology
adopted to evaluate the power consumption of the prototype
under different operating conditions. The objective of the
measurement campaign is to characterize the energy profile of
the system in a reproducible and systematic manner, capturing
both steady-state behavior and variations induced by different
workloads.

A. Setup

As shown in Fig. 2, power consumption measurements were
performed using an FNIRSI FNB58 USB tester, configured
in passthrough mode. In this configuration, the measurement
device is placed inline between the power supply and the
embedded device, allowing continuous monitoring of electrical
parameters without interfering with normal operation.

The measurement setup consists of the following compo-
nents:

o USB-C power supply (5 V, 5 A), connected to the 230 V,
50 Hz power grid, providing stable and sufficient power
to the embedded NMP device;

« FNIRSI FNB58 USB tester, used to measure voltage and
current in real time;

« embedded NMP device, acting as the load whose power
consumption is evaluated;

o Personal computer (PC), used for data logging, visualiza-
tion, and storage of measurement traces.

Power Grid
(230V~50Hz)

Meassj;?ament FN |RS|
PC FNB58
USB Power USB TeSter

——>

¢ Vout

Embedded NMP
Device

Fig. 2. Experimental setup for power consumption measurement.

The USB tester measures both the input voltage and the
current drawn by the device, enabling the computation of
instantaneous power consumption as the product of these two
quantities. Measurements are sampled continuously over time
at a rate of 100 Hz, allowing the capture of dynamic varia-
tions associated with changes in system activity and ensuring
sufficient temporal resolution to accurately characterize both
steady-state behavior and short-term power fluctuations. To
ensure measurement reliability, the tester is powered indepen-
dently from the PC, avoiding interference with the supply line
used by the embedded device. This configuration minimizes
potential measurement bias and ensures that the recorded
values accurately reflect the device’s power consumption.
Furthermore, the use of a digital logging interface enables
post-processing and statistical analysis of the collected data.

B. Measurement Campaign

The measurement campaign was designed to cover a rep-
resentative set of operating conditions reflecting the typical
usage of our embedded device. Three independent measure-
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Fig. 3. Time series of voltage, current, and power consumption from a representative measurement session across all operating states.

ment sessions were conducted, each lasting approximately
25 minutes, in order to account for variability and ensure
statistical consistency of the results.

During each session, the system was sequentially transi-
tioned through six distinct operating states. These states cor-
respond to different functional configurations and are selected
to isolate the contribution of individual subsystems, such as the
5G modem and the audio processing pipeline. The evaluated
operating states are defined as follows:

1) Idle: the system operates without the SG modem con-
nected, representing the baseline power consumption of
the embedded platform;

2) 5G module connected: the modem is physically con-
nected to the system but not attached to a network,
allowing for the evaluation of the additional power
overhead introduced by the 5G communication module;

3) 5G network associated: the device establishes a con-
nection with a 5G cell, enabling network communication
and introducing additional signaling activity;

4) Synthetic traffic: controlled UDP traffic is generated
using iperf under four configurations: 3 Mb/s uplink,
3 Mb/s downlink, maximum achievable uplink rate, and
maximum achievable downlink rate, in order to emulate
different network load conditions;

5) Local audio loopback: the audio processing pipeline is
operated locally without involving network communica-
tion, allowing the assessment of the computational cost
of real-time audio acquisition and playback;

6) Full audio streaming over 5G: the system performs
bidirectional audio streaming with a remote peer, com-
bining both audio processing and wireless communica-

tion workloads.

The sequential execution of all states within a single ses-
sion ensures consistency in environmental conditions, such as
ambient temperature and supply stability.

IV. RESULTS

This section presents the results of the power consumption
measurements carried out on the embedded NMP device, along
with an integrated discussion of the observed trends. The
analysis focuses on the average power consumption across
the six different operating states described in Section III,
highlighting the contribution of individual subsystems and
their combined effects. Fig. 3 shows a representative time
series of the measured power consumption during one exper-
imental session. This plot provides a qualitative overview of
the system behavior, while the complete set of measurements
is summarized in Table I, which reports minimum, average,
and maximum values over three independent sessions for each
operating condition.

A. Baseline Consumption

In idle conditions without the 5G module connected, the
system exhibits a low average power consumption of ap-
proximately 2.2 W. This value represents the baseline energy
footprint, including the compute module, memory, and min-
imal peripheral activity. The low consumption confirms the
efficiency of the underlying hardware architecture when oper-
ating without external communication or intensive processing
workloads.

When the 5G modem is physically connected but not yet
associated with a network, the average power consumption
increases to approximately 3.1 W. This increment reflects the



additional energy required to power the modem hardware and
maintain its internal state, even in the absence of active data
transmission. The observed increase highlights the inherent
overhead introduced by integrating advanced communication
modules into embedded systems.

B. Network Activity

Upon successful association with a 5G network, the sys-
tem’s power consumption further increases to approximately
34 W on average. This additional rise can be attributed
to network signaling operations, synchronization procedures,
and background communication tasks required to maintain
connectivity with the cellular infrastructure.

Under synthetic traffic conditions generated using the
iperf tool, the power consumption increases beyond this
level, with the exact value depending on the data rate and
direction of the traffic (uplink or downlink). In particular,
higher throughput scenarios lead to increased utilization of
both the communication interface and the processing resources
of the system. These results indicate that network activity
introduces a moderate but measurable contribution to the
overall energy consumption, which scales with the intensity
of the transmitted data.

From a system-level perspective, these findings suggest that
while 5G connectivity is essential for enabling distributed
applications, it introduces a non-negligible energy cost that
must be considered when designing energy-efficient embedded
platforms.

C. Audio Processing

The activation of the audio processing pipeline has a more
pronounced impact on power consumption. In the local audio
loopback configuration, where audio is captured and rendered
without involving the network, the system reaches an average
power consumption of approximately 4.2 W.

This increase is primarily due to the computational load
associated with real-time audio acquisition, buffering, and
playback. The use of a low-latency audio stack and real-time
scheduling further contributes to sustained CPU utilization,
which directly affects energy consumption. Compared to the
baseline and network-only states, audio processing represents
a dominant factor in the system’s power profile.

These results emphasize the importance of optimizing audio
processing pipelines in NMP systems, as they constitute a
significant portion of the total energy budget, especially in
scenarios where communication overhead is limited.

D. Full System Operation

The highest power consumption is observed during full
system operation, where both audio processing and 5G com-
munication are active simultaneously. In this configuration,
corresponding to bidirectional audio streaming with a remote
peer, the system reaches an average consumption of approxi-
mately 4.7 W.

This operating state combines the computational demands of
real-time audio processing with the communication overhead

TABLE I
POWER CONSUMPTION MEASUREMENTS UNDER DIFFERENT OPERATING
STATES.

Operating State Meas.| Min | Avg | Max
(W] | [W] | [W]

Ml 2.08 2.14 | 2.29

| 1dle M2 222 | 223 | 251
M3 231 | 242 | 270

Avg 220 | 2.26 | 2.50

M1 2.09 | 3.07 5.57

2. 5G module connected M2 220 | 322 | 577
M3 231 | 3.20 | 6.04

Avg 220 | 3.16 | 5.79

Ml 323 | 340 | 4.88

3. 5G network associated M2 333 | 34l | 365
M3 338 | 348 | 479

Avg 331 | 343 | 444

M1 332 | 349 | 436

4.1. Synthetic traffic 3Mb uplink M2 333 | 345 | 437
M3 338 | 3.56 | 451

Avg 335 | 3.50 | 441

M1 3.33 3.47 | 4.20

4.2. Synthetic traffic 3Mb downlink M2 3.34 | 349 | 421
M3 337 | 3.53 | 5.00

Avg 334 | 3.50 | 447

Ml 336 | 374 | 5.25

4.3. Synthetic traffic max uplink M2 3.38 | 383 | >44
M3 343 | 3.85 | 547

Avg 339 | 3.81 | 5.39

Ml 3.37 | 424 | 5.60

4.4. Synthetic traffic max downlink M2 3.39 | 414 | 5.33
M3 343 | 426 | 5.70

Avg 340 | 421 | 5.54

M1 395 | 457 | 7.87

5. Local audio loopback M2 3.38 | 386 | 779
M3 349 | 4.10 | 7.48

Avg 361 | 418 | 7.71

M1 3.99 | 473 5.31

6. Full audio streaming over 5G M2 4.08 | 475 | 565
M3 4.11 | 470 | 5.32

Avg 4.06 | 473 | 543

of continuous data transmission and reception. Despite the
increased workload, the system demonstrates a stable and
predictable power profile, without significant fluctuations or
transient peaks beyond those expected from dynamic process-
ing and network activity.

For comparison, general-purpose laptops typically exhibit
significantly higher power consumption even under light work-
loads. Ultrabook-class devices, such as MacBook Air systems,
consume on the order of 12-18 W during typical office use
(e.g., web browsing and document editing), with idle con-
sumption already in the range of 6-11 W depending on display
activity, as also reported in Apple’s official environmental
documentation [17]. While this comparison refers to general-
purpose usage rather than a controlled NMP workload, it
provides a meaningful baseline for contextualizing the energy
efficiency of the proposed system.



E. Measurement Uncertainty

The uncertainty evaluation, which accounts for both mea-
surement variability and instrument accuracy, resulted in a
combined standard uncertainty below 0.01 W under all tested
conditions. Accordingly, a single representative expanded un-
certainty of 0.01 W is adopted, using a coverage factor k = 3.
This value ensures a high level of confidence in the reported
measurements while consistently reflecting both the stability
of the system and the performance limits of the measurement
setup.

FE. Battery Selection for Portable Operation

Considering the power consumption characterization pre-
sented in the previous subsections, we estimate the achievable
operating time and derive design considerations for battery
selection in view of portable operation. To this end, we
consider standard 21700 lithium-ion cells, which provide a
favorable balance between energy density (~250 Wh/kg) and
form factor (21 mm diameter, 70 mm length). A single 5000
mAh cell, with a mass of approximately 70 g, provides
about 18.5 Wh of energy. Accounting for an estimated 10%
conversion loss in the boost stage (from 3.7 V to 5 V), a single
cell enables approximately 3.5 hours of continuous operation
under the measured worst-case average power consumption of
4.7 W.

The device is designed to accommodate two battery slots
connected in parallel, each isolated through an ideal diode
circuit based on a P-channel MOSFET and feeding a shared
power rail. Since the enclosure accommodates both cells
regardless of the configuration, one or two cells may be in-
stalled depending on the desired trade-off between weight and
operating time. With two cells, the total battery mass increases
to 140 g, extending the operating time to approximately 7
hours.

This modular approach does not require any reconfiguration,
as the available capacity scales automatically with the number
of installed cells. The resulting flexibility supports a range
of usage scenarios, from lightweight mobile operation to
extended rehearsal or performance sessions.

V. CONCLUSION

This paper presented the design and power consumption
analysis of a 5G-enabled embedded device for audio-based
musical interactions. The proposed platform integrates real-
time audio processing capabilities with wireless communi-
cation in a compact embedded system, enabling distributed
musical interaction scenarios. Through a systematic experi-
mental campaign, we characterized the power consumption of
the device under a range of operating conditions, including
idle states, network connectivity, and full bidirectional audio
streaming over 5G. The experimental results demonstrate that
the system achieves a stable and efficient power profile across
all tested configurations. The power consumption always re-
mains below 5 W, confirming the suitability of the embedded
NMP device for portable and energy-constrained applications.

Future work will focus on reducing the computational
overhead of the audio processing pipeline, improving the
energy efficiency of wireless communication, and exploring
adaptive power management strategies. Additionally, a more
comprehensive evaluation of end-to-end latency in real-world
5G deployments will be conducted, taking into account net-
work configuration and environmental factors.
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