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Abstract—Wireless digital musical instruments (DMIs) enable
performers to move freely across the stage and change configu-
ration mid-performance. Unfortunately, wireless protocols have
limitations in terms of throughput, latency and reliability, and
there is a little benchmarking data on the performance of these
protocols for co-located performances with multiple devices. We
examine three current generation short-range radios: present
generation short-range radios: 5Ghz WiFi 6, ESPNOW and
Ultra-Wideband (UWB) and benchmark their latency, through-
put, and reliability with a failure-rate metric based on consecutive
packet loss, which reflects the musical cost of dropped data.
ESPNOW and UWB achieve latencies under 2ms but lose
reliability as devices and packet sizes grow, with failure rates
reaching 16.8% and 42.9% respectively; SGHz WiFi 6 keeps its
failure rate near 0% and reaches 58.7 Mbps, but its latency rises
to 16.58ms with four devices. From these results we recommend
ESPNOW and UWB for latency-critical continuous control where
isolated packet loss is tolerable, and 5SGHz WiFi 6 for triggers and
high-throughput data. Wiring the receiving device to the router
roughly halves the latency of SGHz Wifi. Our benchmark data,
board designs and reliability metric help DMI designers choose
a radio to match the musical data their instruments transmit.

Index Terms—networked music performance, Internet of Mu-
sical Things, wireless, WiFi, UWB, OSC, embedded, nmp,

I. INTRODUCTION

The Internet of Musical Things (IoMusT) was has been
used by various authors to describe the use of the internet for
ubiquitous musical activities [1], QR codes pointing to online
data about the instrument [2], and as a subset of the Internet
of Things (IoT) domain including the hardware, software and
radios that enable musicians and audiences to participate in
musical activities over the internet [3]. Despite their conve-
nience, wireless protocols such as Bluetooth, ZigBee, Thread,
and WiFi used for Networked Musical Performances (NMP)
as an alternative to wired tethering have historically been beset
with issues of latency and packet loss. These parameters are
of particular importance in the live music setting, especially
in ensemble performances, where synchronicity between per-
formers and instruments is paramount [4].

As part of his design guidelines for designing Digital
Musical Instruments (DMIs), NIME pioneer Perry Cook stated
that “Wires are not that bad (compared to wireless)” [5] noting
that for many instruments the added complexity of wireless
communications is not worth it. While this comment is true,
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Fig. 1: Short-range radio boards: Red boards (UWB), Green
boards (ESPNOW), Blue Boards (WiFi)

giving up wires has desirable potential benefits. Wireless digi-
tal musical instruments (DMIs) enable dynamic performances
where the signal topology can change drastically in the middle
of performance. Being untethered encourages composers and
performances to play with the entire space available on the
stage allowing more freedom of motion.

Untethered wireless networks enable freedom of movement
which opens new avenues for interfaces and performances.
Imagine a spatial sound installation where the spatialisation
react to where you are in the network. This is already possible
with wired musical interfaces, but with wireless interfaces we
can take this further. People visiting this installation could also
grab the speakers and move them wherever and in whatever
orientation, or layout they please. Wireless radios such as
ultra-wideband (UWB) radios enable ranging and proximity
sensing which means the network could keep track of where
everything is related to each other and adapt to the changing
circumstances. Audience members can also become part of
the performance as the wireless DMIs can be easily passed
around and moved without complication. For example, the
DIAD system presented by Oliver Bown et al. [6] showcases
a distributed interactive audio device that utilised wireless
networks to do a dynamic spatial sound. Audience members
at performances were able to toss, roll, and move the device
around to change the spatial spread.



The difficulty in configuring, and setting up DMIs serves
as a barrier for wider use of these instruments [7]. Although
most wired interfaces require little to no configuration in terms
of networking they are limited by size and ports. Whether it
be the number of USB ports on a USB hub or inputs into
a mixer, the more devices require larger interfaces. This is
not the case for wireless systems where (potentially) hundreds
of devices might be connected to a same network without
physical connections.

Wireless networks also benefit from tools such as libmap-
per [8] enable creating complex mappings multiple devices in
the same network, handling discovering devices and showing
which signals are available. Performances such as Ensemble
Feedback Network presented by Rosli et al. [9] which used an
AD/DA and a computer as a matrix mixer, could be extended
by using wireless networking to connect devices. A wireless
radio replacing the matrix mixer enables new topologies,
where the performances are able to change how they are
connecting to the network, or even deliberately denigrate there
connection to the network by interfering with the antenna and
radio of their instrument.

In this paper we investigate which current short-range radios
(5GHz Wifi 6, ESPNOW, UWB) can support low-latency,
reliable, multi-device co-located performance, and what trade-
offs they impose. We discuss a reliability metric for wireless
DMIs based on consecutive packet loss, which better reflects
musical consequences than raw packet loss and benchmark the
latency, reliability and throughput of three short-range radios
(5GHz Wifi 6, ESPNOW, UWB). We find that ESPNOW and
UWB have latencies below 2ms, but the reliability decreases
with as the number of devices and packet size grows, with
failure rate reaching 16.8% and 42.9% respectively. SGHz
WiFi achieves the highest throughput of 58.7Mbps, and nearly
0% failure rate, but the latency can increases up to 16.58ms
with 4 devices on the network. From these results we recom-
mend that ESPNOW and UWB radios are appropriate for low-
latency applications where packet loss can be compensated by
other measures, 5GHz WiFi is appropriate for high-throughput,
high-reliability applications, and the latency and throughput
of 5GHz WiFi can be roughly halved by wiring the receiving
device to the router. This work shows that each of these radios
offer different trade-offs that wireless DMI designers can ex-
ploit to create complex and interesting musical performances.

II. RELATED WORKS

Rigorous studies on the performance of various wireless
protocols when it comes to networked music performances are
lacking especially in terms of large performances with multiple
devices connected to the same network [10]. The latency of
existing networks are too high [11], [12], existing hardware
lack connectivity options [13] and there is a lack of consensus
on how to measure reliability in the context of NMPs and
ToMusT [14].

Wessel and Wright suggested that DMIs should aim for
an input latency below 10ms, which is still a commonly
accepted value for the target latency [15]. McPherson et al.

evaluated several common DMI configurations and found that
most configurations did not meet this threshold [16]. However,
there is evidence that this value may vary depending on the
style of music, tempo and instrumentation. Maki-Patola and
Himéldinen found that for playing the theremin, latencies
between 20-30ms was acceptable, with higher latencies not
being noticed during at slower tempos [17]. The impacts
of performer to performer latency on performance has been
extensively studies with values around 20-30ms are generally
accepted as the ideal latency for performance conditions [18].
Acceptable latencies can range from 30ms - 100ms, due to
differences in the dynamics (volume of sound) and articula-
tion(e.g. legato, staccato) [19]. Bartlette et al. found that even
when performers adapted different strategies for compensating
for latency, the pacing and coordination of duets suffered when
latency increased above 100ms [20].

A. Latency and reliability of WiFi and Bluetooth

Dual-band WiFi was investigated by Mitchell et al. who
found a mean latency of 5.3ms under good condition, with a
1-5ms jitter [21]. The ESP32 is a family of microcontrollers!
equipped with a wide range of short range wireless protocols
(i.e., WiFi, Bluetooth, Thread, Zigbeed). In spite of the ESP32
family’s appeal in regards to ensemble NMP, the use of the
overlapping channels of 2.4GHz WiFi place a significant con-
straint on a number of devices transmitting concurrently before
non-negligible packet loss and latency is incurred. As seen in
[22], it was found that achieving sub 10ms end-to-end latency
(which is a generally accepted threshold in the community
[15]) for 10 connected devices operating at 100Hz over the
same network is still a significant challenge. In addition,
not only was low latency found to be a key consideration
but also variation in latency, with a range of variation of
1 ms allowed before asynchronicity is noticeable [15]. This
further exacerbates the shortcomings of the 2.4GHz WiFi 4
implementation, as jitter becomes a significant issue [22].

Previously, work has been done on wireless protocols
alternative to WiFi, such as Bluetooth and ZigBee. De-
spite their respective merits such as discoverability and self-
configuration [23], both have been found to be largely imprac-
tical for NMP due to lack of range and scalability, as well as
significant latency [4]. ESPNOW is a protocol developed by
Espressif which uses the WiFi radio of their microntrollers
(MCU)?2. It simplifies the networking stack from 7 layers to
3 layers to lower power consumption and latency. Similar
to Zigbee and Bluetooth, ESPNOW is also geared towards
discoverability and self-configuration. The low latency and
low power consumption makes it an interesting choice for
networked musical performances.

B. Latency and Reliability of Ultra-wideband communication

Ultra-wideband communication is a popular option for
applications requiring accurate proximity detection and lo-
calisation [24]. The wide channel bandwidth (> 500MHz),

Uhttps://www.espressif.com/en/products/socs/esp32
Zhttps://www.espressif.com/en/solutions/low- power-solutions/esp-now



high throughput (Up to 31Mbps) make it a suitable choice
for low-latency data streaming. Tests of small Ultra-wideband
networks suggests that they can achieve low-latency and
high reliability communication [10]. The UWB radio enabled
Turchet et al. [10] to send haptic data to a performers and
synchronise that data with the sounds they were hearing. In
addition, although they didn’t use the ranging functionality
of UWB radios they note the possibility of using it to enable
dynamic calibration of compensation delay needed to sync the
haptic data with the audio the participants were hearing.

C. Reliability of Networked Musical Performances

Reliability consists of three parts. It is a measure of a
device’s ability to perform a specific function under defined
environmental and operational conditions over a defined period
of time [25]. In the context of wireless DMIs, reliability
refers to the DMI’s ability to successfully transmit/receive
information (function), in a regular networking environment
(conditions), over the course of a performance (time). Al-
though packet loss is the standard way of measuring failure
of wireless networks, it fails to consider that the impact of
a dropped packet can vary significantly depending on the
type of data the DMI is sending and how it is being sent.
Turchet et al. note that although the relationship between
packet loss, distribution of packet loss and perceived audio
quality has not been fully determined, there is a consensus
that consecutive packet losses has the most harmful impact on
perceived audio quality [14]. This can also apply to certain
types of control streams a DMI might send (i.e., continuous
sensor data). Occasional dropped packets can be tolerated as
long as the consecutive packet losses remain low. However
for triggers (i.e., note-on events) dropped packet represents
important information that has been missed. This type of data
demands nearly 0% packet loss.

III. SYSTEM DESIGN

In this research, we introduce a new board design for
experimenting with NMP over UWB networks, WiFi Networks
and ESPNOW networks. All the boards used were custom
development boards each with similar system architectures and
different radios. We design custom boards as for some of the
radios (UWB) it was more cost-effective to design a custom
board, instead of buying multiple units of a development
board.

The boards were developed with the following goals in
mind.

1) The boards would be as simple as possible in order to
minimise errors.

2) The boards have some sort of sensor to trial sending live
sensor data.

3) The boards can operate of a battery to allow them to not
need to be tethered to a USB hub or powerbank.

The first goal was achieved by using a similar architecture
and board design as used in the EnchantiS3 boards that were
designed for the 5th Generation T-Sticks [26]. Figure 2 shows
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Fig. 2: System architecture of the testing boards

the general system architecture all the boards follow. The ICM-
42670-P is an inertial measurement unit (IMU) from TDK
Invensense® which contains an accelerometer and gyroscope.
The sensor was used in order to meet the second goal regarding
having a sensor to send trial data. It was not used in the
testing done for this paper but will be used for future test
sending sensor data wirelessly. In order to meet the third goal
of being able to operate from a battery, all the boards use the
NPM1300 power management integrated circuit (PMIC) from
Nordic Semiconductors*. This PMIC handles, battery charg-
ing, automatic power management between using USB power
and battery power and has two step down buck convertors
each with at least 200mA output for other peripherals. This
was chosen as it simplifies the required power circuitry and
the step down convertors were especially useful for the UWB
boards.

Figure 3 shows a picture of the WiFi with the different
components labeled. The application MCU used by the SGHz
WiFi 6 board used the RP2350 MCU from Raspberry Pi°. It
is paired with the IRIS-W106 module® which uses the RW612
system on chip (SoC) from NXP semiconductors’. This SoC
contains a dual-band WiFi 6 radio using 20MHz Channels,
with a maximum PHY rate of 115Mbps.

Figure 4 shows a picture of the ESPNOW custom board.
The ESPNOW board uses the ESP32-S3 WROOM 2 Module
from Espressif®. This uses a WiFi 4 Radio, which supports the
2.4GHz Frequency and 20MHz WiFi Channels. The ESP32-S3
doubles as both the application processor and the transceiver
as it integrates dual Xtensa 7 cores running at 240MHz, with
one of the cores being dedicated to running the networking
stack.

3https://invensense.tdk.com/products/motion-tracking/6- axis/icm-42670-p/
“https://www.nordicsemi.com/Products/nPM 1300
Shttps://www.raspberrypi.com/products/rp2350/
Shttps://www.u-blox.com/en/product/iris-w10-series
Thttps://www.nxp.com/products/wireless-connectivity/
wi-fi-plus-bluetooth-plus-802-15-4/RW612
8https://www.espressif.com/en/products/socs/esp32-s3
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Fig. 3: 5GHz WiFi 6 board, with description of all the major
components
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Fig. 4: ESPNOW board, with description of all the major
components

Figure 5 shows the UWB board with all of its major
components highlighter. The UWB development board uses
the STM32US5 MCU from STMicroelectronics®. For the UWB
radio we use the SR1120 UWB radio from Spark Microsys-
tem'®. We use the SR1120 as unlike other popular UWB
modules such as the DWM1000 or the DWM3000 modules
from Qorvo!! the SR1120 is designed around sending audio
and data at high rates.

IV. TECHNICAL PERFORMANCE OF SHORT-RANGE RADIOS

In this section we discuss experiments to benchmark our
new UWB radio boards against the WiFi and ESPNOW boards
in terms of reliability, throughput and latency.

9https://www.st.com/en/microcontrollers-microprocessors/stm32u5-series.
html

10https://www.sparkmicro.com/product/sr1120-transceiver/
https://www.gorvo.com/products/wireless-connectivity/ultra- wideband
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Fig. 5: UWB board, with description of all the major compo-
nents

Fig. 6: Example Test Setup featuring the WiFi 6 Boards. The
Macbook Pro is used to record the information received from
the boards.

A. Testing Configuration

Figure 6 shows an example test setup for the WiFi boards.
All of the test were conducted at university with the campus
wifi being the main source of interference. The devices were
powered by a USB hub and spread out in a star shape on a
table, with the main receiving development board being the
board closest to the laptop.

For the WiFi test used the TP-Link AX1500 Wi-Fi 6 dual-
band Router'? configured to only use the 5GHz band, with
the Macbook Pro laptop being used as the receiver. Both the
UWB and ESPNOW test used one of the MCU boards as a
receiver.

B. Reliability Test

Instead of using packet loss to define failure of a wireless
DMI, we define a failure rate metric based on consecutive
packet loss, which better reflects the consequences of packet
loss in a performance context. For this research, we define the
failure rate using equation 1.

Zhttps://www.tp-link.com/au/home-networking/wifi-router/archer-ax 1500/



A= P(xqy>n) (D

where ) is the failure rate, x4 is the number of consecutive
dropped packets, and P(zy > n) is the probability that
between two received packets, the number of dropped packets
(zq) is greater than n. This definition allows an engineer or
designer of a novel DMI to change the value of number of
missed packets (n) depending on what kind of data they are
sending and how they are sending it.

For the reliability test conducted in this paper we use a value
of n equal to 1. This means that the failure rate presented in
this paper is the probability that between two received packets,
at least one packet has been dropped.

The test is conducted over the span of 5 minutes, with
up to 4 devices connected on the same network, and packet
sizes ranging from 176 bytes to 1452 bytes. For UWB radio
only 176 byte packets were used. The radio boards are all
power cycled in between tests. Each transmitting board was
configured to send data as fast as possible to maximise the
throughput of the network. This ended up being approximately
2000Hz for Wifi, 500Hz for ESPNOW, and 1000kHz for the
UWRB boards. For the UWB and ESPNOW boards the received
packets are sent to the Macbook Pro, over a serial connection.
For the WiFi tests the packets are received directly over WiFi.
The failure rate is averaged over a rolling window of a 1000
packets. In each window the failure rate is computed using
equation 2.

NUMoss
Ap = ——— 2)
NUMreceived
where \,, is the failure rate, num;,ss is the number of times
at least 1 packet was dropped between two received packets,

NUMypeceived 1S the total number of received message pairs.

C. Latency Testing

The test is conducted over the span of 5 minutes, with
up to 4 devices connected on the same network, with packet
sizes ranging from 176 bytes to 1452 bytes. For UWB radio
only 176 byte packets were used. For each test condition, the
receiving radio sends a ping to all the devices, and waits up
to 100ms for a response. The latency of the radio network is
found by using equation 3.

dnetwork = treceived - t'r‘equested - dpin (3)
g

where dyetwork 1S the one-way latency of the network,
treceived 18 the time a message is received, trequestea 15 the
time a message is requested, and dy;ng is the latency of the
ping message.

V. RESULTS

A. 5GHz WiFi 6

The 5GHz WiFi 6 radio performed well in terms of
throughput and reliability, with subpar performance in terms
of latency. Table I summarises the data collected for the wifi
network.

Average throughput of each device on the WiFi network (Mbps)
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Fig. 7: Throughput of WiFi Network (per device)

Average throughput of each device on the ESPNOW network (Mbps)
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Fig. 8: Throughput of ESPNOW Network (per device)

The network throughput maxes out at 58.7Mbps. Figure 7
shows that for a larger packet size, the throughput per de-
vice is decreasing. This may indicate that the WiFi channel
is becoming congested which decreases the throughput per
device. We can also see that the latency increases significantly
from an average of 3.6-4ms to 13.6-16.58ms. In addition, the
spread of the latency data as the number of devices increases.
Qualitatively it seems that the latency is more closely related
to the number of devices on the network then the packet size,
as the magnitude of the latency does not significantly change
for a given number of devices. The failure rate remains 0%
only going above zero with large packet sizes (1452 bytes)
and 4 devices connected to the network.

B. ESPNOW

The ESPNOW network performs well in terms of latency
with subpar performance in terms of reliability. Table II
summarise the results for the ESPNOW network. Network
throughput maxes out at 18.98 Mbps. Similarly to the WiFi
results the per device throughput decreases with the largest
packet size (1452 bytes) and 4 devices connected to the
network. Figure 8 shows this decrease. Unlike the WiFi
network, the high failure rate implies that at least a portion
of the decreased throughput may be attributable to packet loss



TABLE I: Latency, Reliability and throughput of the WiFi Network

Packet Size (bytes) Number of Devices Data Rate (Mbps) Failure Rate (%) Latency (ms)
1 2.36 Mbps 0.00 + 0.00% 3.67 + 0.18 ms
176 2 4.73 Mbps 0.00 = 0.00% 4.22 + 0.92 ms
3 7.07 Mbps 0.00 + 0.00% 7.72 + 1.86 ms
4 9.23 Mbps 0.00 + 0.00% 13.68 + 5.19 ms
1 4.43 Mbps 0.00 + 0.00% 3.75 £ 0.19 ms
332 2 8.87 Mbps 0.00 + 0.00% 4.22 + 0.83 ms
3 13.27 Mbps 0.00 + 0.00% 7.98 + 2.00 ms
4 17.38 Mbps 0.00 + 0.00% 14.35 + 5.62 ms
1 6.53 Mbps 0.00 + 0.00% 3.81 £ 0.20 ms
490 2 13.07 Mbps 0.00 + 0.00% 4.28 + 0.85 ms
3 19.49 Mbps 0.00 + 0.00% 7.95 £ 1.78 ms
4 25.24 Mbps 0.00 + 0.00% 14.95 + 6.05 ms
1 10.68 Mbps 0.00 + 0.00% 391 £ 0.21 ms
s12 2 21.37 Mbps 0.00 + 0.00% 4.36 + 0.90 ms
3 31.88 Mbps 0.00 + 0.00% 8.10 + 1.87 ms
4 40.74 Mbps 0.00 + 0.05% 15.60 + 6.28 ms
1 18.72 Mbps 0.00 + 0.00% 4.18 £ 0.24 ms
1452 2 37.67 Mbps 0.00 + 0.00% 4.34 + 0.83 ms
3 53.38 Mbps 0.00 + 0.00% 8.14 + 2.00 ms
4 58.71 Mbps 0.30 + 0.30% 16.58 + 6.69 ms

rather then congestion. The latency of the network ranges from
0.5ms to 1.2ms increasing, as the packet size increases and the
number of devices increase. Both the number of devices and
the packet size impact the latency

C. Ultra-wideband

Table III summarises the results of the UWB network
testing. Due to hardware and software limitations only a
packet size of 176 bytes was tested. The UWB network
had poor reliability and throughput, but excellent latency,
that was mostly unaffected by the number of devices on the
network. The latency was between 1.2—1.4ms and the failure
rate ranged from 24% - 43%. We note that the reliability of the
UWB networks were significantly impacted by a poor onboard
antenna. It is possible with a better antenna the UWB radio
would have much better reliability.

D. Discussion

The ESPNOW had the lowest latency in all conditions
followed by the UWB radio with the WiFi radio in a distant
third. In addition, you can see that the latency of the UWB
radio did not significantly vary in between testing conditions
while the ESPNOW latency doubled from an average of 0.6ms
to 1.2ms going from 1 device to 4 devices. The latency of the
5GHz went from 3.67ms to nearly 13.68ms as the amount of
devices went from 1 to 4 devices.

The 5GHz WiFi network had the lowest failure rate only
going above 0% when sending large packets when 4 or
more devices were connected to the network. The ESPNOW

network failure rate ranged from 0.1% to 4% depending on the
network condition. The UWB radio had the highest failure rate
ranging from 24% to 43%. The latency and reliability results
for packet sizes of 176 bytes are shown in Table IV.

The results show that each of the radios have different
strengths and weaknesses that can be leveraged by DMI
designers. Although the latency of the 5GHz network may
leave a lot to be desired in terms of magnitude and jitter it
is by far the most reliable of the networks. In addition it has
the highest throughput of the tested radios. These properties
make it suitable for applications where reliability and high
throughput are more important low latency. Although Wessel
and Wright suggest DMIs should aim for a latency below
10ms, many acoustic instruments have latencies that are much
higher [19]. The spread of the latency can be controlled by
using a buffer to even out the latency.

Although the failure rate remains low for 5GHz WiFi,
we observed a bandwidth limit with multiple devices on the
network. When examining the total network bandwidth, it
maxed out at 58.7 Mbps, when 4 devices were connected,
and did not significantly increase when more devices were
added to the network. It is likely that we are maxing out the
bandwidth that can be sent for the channel the devices are
connecting to on 5GHz WiFi. The WiFi modules that were
used only supported 20MHz WiFi channels, which limits the
total bandwidth to a theoretical maximum of 115Mbps [27].
Using a router that supports several 20MHZ 5GHz channels
or a WIFi module able to connect to 40/80/160 MHz channels,
could improve the latency performance when multiple devices



TABLE II: Latency, Reliability and throughput of ESPNOW Network

Packet Size (bytes) Number of Devices Data Rate (Mbps) Failure Rate (%) Latency (ms)
1 0.70 Mbps 0.10 £ 0.10% 0.52 + 0.01 ms

176 2 1.36 Mbps 2.20 £ 0.95% 0.59 + 0.05 ms
3 2.01 Mbps 4.00 + 1.35% 0.65 + 0.06 ms

4 2.59 Mbps 3.20 + 1.00% 0.69 + 0.09 ms

1 1.33 Mbps 0.10 £ 0.10% 0.55 + 0.01 ms

312 2 2.59 Mbps 1.50 £ 0.50% 0.61 + 0.05 ms
3 3.81 Mbps 3.70 £ 1.00% 0.68 + 0.06 ms

4 4.92 Mbps 2.20 £ 0.45% 0.73 + 0.10 ms

1 1.95 Mbps 0.90 + 0.25% 0.57 = 0.01 ms

492 2 3.82 Mbps 2.10 £ 0.55% 0.64 + 0.05 ms
3 5.70 Mbps 3.20 £+ 0.60% 0.71 = 0.07 ms

4 7.26 Mbps 2.30 £ 0.45% 0.77 £ 0.11 ms

1 3.22 Mbps 1.00 + 0.25% 0.61 + 0.01 ms

812 2 6.28 Mbps 2.90 + 0.60% 0.69 = 0.05 ms
3 9.12 Mbps 5.80 £ 1.25% 0.77 £ 0.10 ms

4 11.62 Mbps 5.30 £ 0.95% 0.88 + 0.16 ms

1 5.78 Mbps 0.40 £ 0.15% 0.70 £ 0.01 ms

1452 2 11.16 Mbps 2.90 + 0.70% 0.78 + 0.06 ms
3 16.05 Mbps 7.60 + 1.35% 0.93 + 0.14 ms

4 18.98 Mbps 16.80 + 1.40% 1.17 £ 0.23 ms

TABLE III: UWB network latency, reliability and throughput

Packet Size (bytes) Number of Devices Data Rate (Mbps) Failure Rate (%) Latency (ms)
1 0.87 Mbps 24.40 = 0.90% 1.2240.27 ms

176 2 1.36 Mbps 27.40 + 5.95% 1.25 £ 0.29 ms
3 1.57 Mbps 37.90 £ 6.80% 1.36 £ 0.29 ms

4 1.74 Mbps 42.90 + 9.00% 1.44 £+ 0.30 ms

Average Latency of Wifi 6 Network for Packet Size = 1452 Bytes

are on the network together. The latency of the SGHz WiFi
6 radio can also be mitigated by using a software access
point or having the receiving device being tethered. As shown
in figure 9 this results in the latency remaining below 7ms
even when using a packet size of 1452 bytes. In addition, to
decreased latency, the maximum data rate increases to 72.2
Mbps from the 58.71 Mbps when the receiving device is also
wireless.

The low latency of the UWB and ESPNOW networks make
it well suited for closed loop control applications where the
relatively poor reliability can be compensated by sending more
packets. However, increasing the amount of packets transmit-
ted may increase the latency as more bandwidth is used up. In
addition to low latency, the ESPNOW and UWB radios both
have vary consistent latency, with vary tight distributions to
there latency distributions. The affordances of each radio are
summarised in table V.

VI. CONCLUSION

The untethered nature of wireless networks enable interfaces
and performances that take advantage freedom of motion

Radio
WmE 5GHz WiFi 6, RX Wired

H4.18ms 5GHz WiFi 6, Fully Wireless

4.92ms

434ms

3.26 ms

——8.14ms

Number of Devices

4.90 ms

———————— {1658ms

Latency (ms)
Fig. 9: Latency for 5GHz WiFi where the system is fully
wireless and when the receiver is wired to the router. Smaller
is better

and dynamic configuration. However wireless DMIs have to
deal with issues such as packet loss, latency and jitter to
a much greater extent then wired interfaces. In this work
we benchmark three potential radios: SGHz WiFi 6 radio,



TABLE IV: Latency and Failure Rate Results

Radio Number of Devices Failure Rate (%) Latency (ms)
1 0.00 £ 0.00% 3.67 £ 0.18 ms
. 2 0.00 £ 0.00% 422 +0.92 ms
5GHz, WiFi 6
3 0.00 + 0.00% 7.72 + 1.86 ms
4 0.00 = 0.00% 13.68 + 5.19 ms
1 0.10 £ 0.10% 0.52 £ 0.01 ms
2 2.20 £ 0.95% 0.59 £ 0.05 ms
ESPNOW
3 4.00 £ 1.35% 0.65 £ 0.06 ms
4 3.20 £ 1.00% 0.69 £+ 0.09 ms
1 24.40 + 0.90% 1.22 £ 0.27 ms
2 27.40 £ 5.95% 1.25 £ 0.29 ms
UWB
3 37.90 + 6.80% 1.36 £ 0.29 ms
4 42.90 £ 9.00% 1.44 £ 0.30 ms

TABLE V: Summary of Radio Affordances

‘ Latency ‘ Reliability ‘ Throughput

|
ESPNOW ‘ 1 ‘ ] ‘ ]
ows | T 8 |}

5GHz, WiFi 6 ‘

ESPNOW radio, UWB radio in terms of reliability, latency,
and throughput. We find that The latency of the ESPNOW
radio and the UWB radio is the lowest with both radios
having sub 2ms latency when using packet sizes of 176 bytes.
Although the latency of the SGHz WiFi radio is large, it is the
most reliable of the three radios tested, only having a failure
rate above 0% when the packet size increases and more then 4
devices or on the network. From these results we would give
the following recommendations to designers of DMIs:

1) ESPNOW and UWB radios are suitable for low-latency
applications, where failure rate can be compensated by
other measures.

2) 5GHz WiFi 6 radios is suitable for applications where
high-throughput and high-reliability is necessary.

3) You can improve the latency and throughput of the
5GHz WiFi performance by using a software access
point, or connecting the receiving device to the router
via ethernet.

This paper shows that these radios each have different
strengths and tradeoff for use in wireless DMIs. Our design
recommendations show that considering the parameters of
the performance use-case is important for choosing a radio
standard. This work can encourage designers that there are
promising new technologies available that afford complex and
interesting wireless networked music performance designs and
help them make good design choices. Future work includes
extending these tests to larger networks of 10 or more devices,

user studies to understand impact of reliability and latency on
the user experience as a performer, and designing a prototype
wireless DMI to further explore the possibilities of wireless
networks.

ACKNOWLEDGMENT

We’d like to thank Mohid Hussain who helped with testing
earlier versions of the ESPNOW and WiFi 6 boards.

REFERENCES

[1] D. Keller, F. Schiavoni, and V. Lazzarini, “Ubiquitous music: Perspec-
tives and challenges,” Journal of New Music Research, vol. 48, pp. 1-7,
Sept. 2019.

[2] A. Hazzard, S. Benford, A. Chamberlain, C. Greenhalgh, and H. Kwon,
“Musical intersections across the digital and physical,” in Proc.
DMRN+9: Digital Music Research Network One-day Workshop, (Lon-
don, UK), 2014.

[3] L. Turchet, C. Fischione, G. Essl, D. Keller, and M. Barthet, “Internet
of Musical Things: Vision and Challenges,” IEEE Access, vol. 6,
pp- 61994-62017, 2018.

[4] L. Gabrielli and S. Squartini, Wireless Networked Music Performance.
Springer, 2015.

[51 P. R. Cook, “Principles for Designing Computer Music Controllers,” in
Proceedings of the CHI’0O1 Workshop on New Interfaces for Musical
Expression, (Seattle, USA), pp. 3-6, 2001.

[6] O. Bown, “DIADs - The Ford Transit...,” in Music Proceedings of
the International Conference on New Interfaces for Musical Expression
(A. Brown and T. Gifford, eds.), (Brisbane, Australia), Griffith Univer-
sity, June 2016.

[7]1 L. Kirby, P. Buser, and M. M. Wanderley, “Introducing the t-Tree: Using
Multiple t-Sticks for Performance and Installation,” in NIME, 2022.

[8] J. Malloch, A Framework and Tools for Mapping of Digital Musical
Instruments. PhD Thesis, McGill University, Montreal, Canada, 2013.

[91 M. H. W. Rosli, K. Yerkes, M. Wright, T. Wood, H. Wolfe, C. Roberts,
A. Haron, and F. R. Estrada, “Ensemble Feedback Instruments,” in
Proceedings of the International Conference on New Interfaces for
Musical Expression (E. Berdahl and J. Allison, eds.), (Baton Rouge,
Louisiana, USA), pp. 144-149, Louisiana State University, May 2015.
ISSN: 2220-4806.

[10] L. Turchet, C. Sassi, D. Vecchia, and G. P. Picco, “Real-Time Musical
Haptics With Ultra-Wideband: A Study on Latency, Reliability, and
Perception,” IEEE Transactions on Haptics, vol. 18, pp. 269-280, Jan.
2025.

[11] L. Vignati, G. Nardini, M. Centenaro, P. Casari, S. Lagén, B. Bojovic,
S. Zambon, and L. Turchet, “Is Music in the Air? Evaluating 4G and
5G Support for the Internet of Musical Things,” IEEE Access, vol. 12,
pp. 3808138101, 2024.



[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

L. Turchet, C. Rinaldi, C. Centofanti, L. Vignati, and C. Rottondi, “5G-
Enabled Internet of Musical Things Architectures for Remote Immersive
Musical Practices,” IEEE Open Journal of the Communications Society,
vol. 5, pp. 4691-4709, 2024.

L. Turchet, M. Lagrange, C. Rottondi, G. Fazekas, N. Peters, J. @ster-
gaard, F. Font, T. Bickstrom, and C. Fischione, “The Internet of Sounds:
Convergent Trends, Insights, and Future Directions,” IEEE Internet of
Things Journal, vol. 10, pp. 11264-11292, July 2023.

L. Turchet and P. Casari, “Latency and Reliability Analysis of a 5G-
Enabled Internet of Musical Things System,” IEEE Internet of Things
Journal, vol. 11, pp. 1228-1240, Jan. 2024.

D. Wessel and M. Wright, “Problems and Prospects for Intimate Musical
Control of Computers,” Computer Music Journal, vol. 26, no. 3, pp. 11—
22, 2002.

A. P. McPherson, R. H. Jack, and G. Moro, “Action-Sound Latency:
Are Our Tools Fast Enough?,” in Proc. International Conference on
New Interfaces for Musical Expression (NIME), (Brisbane, Australia),
2016.

T. Miki-Patola and P. Hiamildinen, “Latency tolerance for gesture
controlled continuous sound instrument without tactile feedback,” in
Proc. International Computer Music Conference (ICMC), (Coral Gables,
USA), 2004.

A. Schmid, M. Ambros, J. Bogon, and R. Wimmer, “Measuring the
Just Noticeable Difference for Audio Latency,” in Audio Mostly 2024 -
Explorations in Sonic Cultures, (Milan Italy), pp. 325-331, ACM, Sept.
2024.

C. Rottondi, C. Chafe, C. Allocchio, and A. Sarti, “An Overview on
Networked Music Performance Technologies,” IEEE Access, vol. 4,
pp. 8823-8843, 2016.

C. Bartlette, D. Headlam, M. Bocko, and G. Velikic, “Effect of network
latency on interactive musical performance,” Music Perception, vol. 24,
no. 1, pp. 49-62, 2006. Publisher: University of California Press USA.
T. Mitchell, S. Madgwick, S. Rankine, G. Hilton, A. Freed, and A. Nix,
“Making the Most of Wi-Fi: Optimisations for Robust Wireless Live
Music Performance,” in Proceedings of the International Conference on
New Interfaces for Musical Expression, pp. 251-256, 2014.

J. Wang, E. A. L. Meneses, and M. M. Wanderley, “The Scalability of
WiFi for Mobile Embedded Sensor Interfaces,” in Proc. International
Conference on New Interfaces for Musical Expression (NIME), (Birm-
ingham, U.K.), 2020.

A. Nieva, “Maintenance Strategies and Design Recommendations on In-
put Devices for Musical Expression,” Master’s thesis, McGill University,
Montreal, Canada, 2018.

H. Zhang, Z. Zhang, R. Zhao, J. Lu, Y. Wang, and P. Jia, “Review
on UWB-based and multi-sensor fusion positioning algorithms in in-
door environment,” in 2021 IEEE 5th Advanced Information Technol-
0gy, Electronic and Automation Control Conference (IAEAC), vol. 5,
pp. 1594-1598, IEEE, 2021.

T. I. Bdjenescu and M. 1. Bazu, “Introduction,” in Reliability of Elec-
tronic Components: A Practical Guide to Electronic Systems Manufac-
turing, pp. 1-42, Berlin, Heidelberg: Springer Berlin Heidelberg, 1999.
A.-N. Niyonsenga and M. Wanderley, “Take Five: Improving Maintain-
ability and Reliability of the T-Stick,” in Proc. International Conference
on New Interfaces for Musical Expression (NIME), Oct. 2024.

IEEE, “Ieee standard for information technology—telecommunications
and information exchange between systems - local and metropolitan
area networks—specific requirements - part 11: Wireless lan medium
access control (mac) and physical layer (phy) specifications,” IEEE Std
802.11-2020 (Revision of IEEE Std 802.11-2016), pp. 1-4379, 2021.



