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Abstract

Objectives. The study sets out to parametrically investigate the impact of time delays within cyber-physical
emulation circuits for signal audio modules. Specifically, it examines how delays introduced by analog-to-digital
and digital-to-analog converters of the hardware/software interface, the central processor, and the visual
graphical emulation (VGE) software environment are influenced by factors like the selected data input-output
protocol and the VGE block preset configurations such as sampling rate, buffer size and time, and the number
of channels.

Methods. Used methods of architectural SPICE! modeling of electrical circuits on the VGE Simulink software
platforms leverage the resources of the Simscape library and LiveSPICE. Additional methods include those for
incorporating differential equations in the numerical analysis of SPICE models designed for analog circuits and
techniques for processing experimental data generated from cyber-physical emulation using the built-in Simulink
environment and associated laboratory radio measurement tools.

Results. The study introduces a novel approach to emulate analog audio devices using cyber-physical SPICE
modeling. Through the use of digital twins, the study investigates the impact of modifiable parameters on signal
delays within audio module circuits during cyber-physical emulation. Based on these findings, technical guidelines
are provided for selecting appropriate delay correction settings between 20 and 120 ms to ensure efficient high-
speed audio signal post-processing.

Conclusions. By configuring the VGE software block’s settings identically to the ASIO? data input/output protocol
prevalent in audio interface technology (44.1 kHz sampling frequency, 8 buffer size) substantially decreased
latency in typical audio module circuit nodes is achieved with cyber-physical emulation built into the VGE LiveSPICE
environment. The achieved time delays of 5 msdirecttransmission circuit contrast withthe 7 mslatency observedin the
cyber-physical emulation of the SPICE circuit when both are benchmarked within the VGE Simulink environment. The

T SPICE (Simulation Program with Integrated Circuit Emphasis) is an open-source simulator for general-purpose electronic
circuits.

2 Audio Stream Input/Output is a low-latency data transmission technology providing applications with a uniform interface
to hardware resources.
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successful implementation of cyber-physical emulation for SPICE models is achieved through the use of particular
settings, such as a 44.1 kHz sampling frequency, buffer sizes ranging from 512 to 1024 samples, and the use of the
ASIO data input/output protocol.

Keywords: time delay, correction, cyber-physical SPICE emulation, Simulink, LiveSPICE, Simscape, audio interface,
ASIO, signal audio module
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Pe3iome

Llenun. Uenb ctaTbn — NnapaMeTpryecknii aHanms BANSIHUS BDEMEHHbIX 3aZ1EePXEK B CXxeMax Knbepdunamyieckom amy-
JIAUMU CUMHAJbHBIX ayauoMoaynen, BHOCUMbIX aHanoro-un@poBbIMU 1 LMdPO-aHanoroBbiMy npeobpasoBaTensaMmm
NporpaMMHoO-anmnapaTHoro nHrepderica, LeHTpanabHbIM NPOLLECCOPOM U NPOrpaMMHON Cpeaon BU3yasbHO-rpadun-
yeckor amynsiumn (BIrd) B 3aBMCUMOCTM OT BbIGPAHHOIO MPOTOKOS1a «BBOAA-BbIBOAA» AAHHBLIX M YCTAHOBEHHbIX Npes-
HacTpoek nporpamMmMmHoro 65oka BIr9, Takmx kak 4yacToTa AMckpeTnsauuu, paamep 1 Bpems dydepa, YMCNo KaHaNoB.
MeToabl. [pUMeHsI0TCA MeToabl apxXuTekTypHoro SPICES-MoaenpoBaHns anekTPpUHECKMX CXeM Ha MporpamMm-
HbIX nnaTdopmax B3 Simulink, B T.4. C ncnonb3oBaHMeM pecypcoB 6ubnnotekn Simscape, 1 LiveSPICE; meTobl
VHTErpupoBanns auddepeHumanbHbiX YPaBHEHUI MpU YMcneHHoM aHann3e SPICE-mopener aHanoroBbIX CXEM;
MeToObl 06paboTKN SKCNEPUMEHTaNbHBIX OAaHHbIX KNO6epdU3nN4eckor aMmynsaumm ¢ MOMOLLbIO BCTPOEHHbIX CPeACTB
cpenbl Simulink v nabopaTopPHOro paanon3MepuUTeNbHOro 060pya0BaHUS.

PesynbTathkl. [pegnoxeH meton kmbepdpusnydeckort SPICE-amynsaiumm aHanoroBbix ayanoycTpoicTs. MNonyyeHsi
pesynbTaTbl aHanM3a GOopPMMPOBaAHMS BPEMEHHbIX 3aePXEK B CXeMax CUrHasIbHbIX ayauoMoayneit ¢ knbepdunau-
4Yeckor aMynsaumen npu sapmaumm npegHactTpanBaeMblX NnapaMmeTpoB, BAUSIIOLLMX HA 3a4ePXKN CUIMHAN0B, C Npu-
MeHeHMEM ABOHMKOB. Pa3paboTaHbl TEXHUYECKME peKkOMeHAaLMN BbiIbopa KOPPEKTUPYIOLLMX NapaMeTpoB Bpe-
MeHHbIX 3aaepxek oT 20 o 120 mc ana obecnevyeHns NocTobpaboTKn ayamocurHana.

BbiBogbl. [MokazaHo, 4TO Aa8 4acTO WCMOSb3YyEMOro B ayaAuouMHTEPdENCHOW TexHuKe MpPOoTokona «BBOOA-
BbIBOAA» AaHHbIX ASIO* Npu TOXAECTBEHHO YCTAHOBEHHLIX MPEaHaCcTPOoikax MporpaMmmHoro 6aoka Bro (vactoTta

3 SPICE (anrn. Simulation Program with Integrated Circuit Emphasis) — nporpamma-crvmynsaTop 31eKTPOHHbIX CXeM 06LLLEro
Ha3Ha4YeHUs C OTKPbITbIM UcxoaHbiM Kogom. [SPICE (Simulation Program with Integrated Circuit Emphasis) is an open source
simulator of general-purpose electronic circuits.]

4 Audio Stream Input/Output, «BBO/-BbIBOA, MOTOKOBbIX ayANOAaHHbIX» — MPOTOKON Nepefayn AaHHbIX C Manoi 3agepx-
KOW, NpefoCTaBASIOLNIA MPUIOXEHNAM YHNDULMPOBaHHLIM MHTepdEC K annapaTtHbiM pecypcam. [Audio Stream Input/Output
is a low-latency data transmission technology providing applications with a uniform interface to hardware resources.]
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nvckpetmnsaumn 44.1 k', paamep 6ydepa 8) Tunosble GyHKLIMOHANbHBIE Y3J1bl CXEM ayanomMoaynel ¢ knbepdunam-
4YecKom aMynsiLumMen, NoCTpoeHHble B cpeae BI'O LiveSPICE, nMetoT HauMEeHbLUNE BPEMEHHbIE 3a4EPXKN 5 MC — ans
CXeMbI MPSIMOro NPOXOXAEHUSI cUrHana u 7 Mc — B ciiydae ¢ kubepousundeckoin amynsaumernt SPICE-cxeMbl B OTHO-
LLeHMM K Ux peanusaumn B cpene BIr'D Simulink. YcTtaHOBNEHO, 4TO 060CHOBAHHO BbIOPaHHLIMK HACTPOKaMn nNpu
npakTUYeckoi peanmsaumm metona knbepousundeckoin amynsumm SPICE-mopenei SBNSIOTCS: YacToTa AUCKPETU-
3aunu 44.1 kl'u, pasmep 6ydepa ot 512 0o 1024 cemnnoB 1 NPOTOKOJ «BBOAA-BbIBOAA» AaHHbIX ASIO.

KnioueBble cnoBa: BpeMeHHble 3aaepxkun, knbepdusndeckas SPICE-amynaums, Simulink, LiveSPICE, Simscape,

ayamnounHtepdenc, ASIO, curHanbHbI ayanomonyib

Ana yutnpoBanusa: JlesyeHko H.P., KoctnH M.C. AHanm3 BpeMEHHbIX NPOrpaMMHO-annapaTHbiX 3a4ePXEK B CXe-
Max aygumomopynen ¢ knbepduamdeckon SPICE-amynaumeinn. Russian Technological Journal. 2025;13(5):51-62.
https://doi.org/10.32362/2500-316X-2025-13-5-51-62, https://www.elibrary.ru/NOGIBI

Mpo3payHocTb GUHAHCOBOW AeATEeNIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPeACTaB/IEH-

HbIX MaTepuanax Wi Mmetogax.

ABTOpbI 329BNSIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

INTRODUCTION

A widely recognized classification for digital
representations of electrical circuits used in automated
circuit design and software-based numerical analysis
of functional units within radio-electronic equipment
includes code-based, visual-graphical, and hybrid
approaches [1]. For example, the use of program code to
interpret the hardware architecture of functional circuits
in signal radio modules necessitates the utilization of
specialized languages like SPICE®, VHDLS, or object-
oriented programming languages such as C/C++, Java,
Python, Ruby, etc. Visual-graphical descriptions offer
code-based interpretations of circuit and functional
architectures by employing functional blocks connected
in a directed graph. Mixed emulation involves a variable
combination of code, block, and specialized hardware
description languages to represent circuit elements
along with their corresponding electrical and logical
interconnections.

The SPICE emulator [2], representing a typical
means of interpreting analog circuit solutions, is based
on numerical methods for integrating differential
systems of equations in order to determine the currents
and voltages in a given electrical circuit.

Electronic component base (ECB) manufacturers,
including Texas Instruments’, Linear Technology?®,
KYOCERA AVX’, STMicroelectronics'®  and

5 SPICE (Simulation Program with Integrated Circuit
Emphasis) is an open source simulator for general-purpose
electronic circuits.

© VHDL is a Very High Speed Integrated Circuit (VHSIC)
Hardware Description Language.

7 Texas Instruments official website. https://www.ti.com/.
Accessed February 20, 2025.

8 https:/lineartech.com/. Accessed February 20, 2025.

? https://www.kyocera-avx.com/. Accessed February 20,
2025.

10 https://www.st.com/. Accessed February 20, 2025.

others, offer design engineers access to parametric
SPICE models and vector S-parameter models for
ECB libraries, which are all backed by experimentally
validated performance data. By leveraging original
ECB libraries with comprehensive parameterization
tailored to specific equivalent models, which are
constructed upon a popular SPICE emulator platform,
an electronic printed circuit board’s radio-technical
attributes can be closely aligned with the outcomes of its
circuit emulation within a condensed timeframe.
Examples of visual-graphical design tools include
SigmaStudio'', LTSPICE'?, QSPICE'3, Tina-TI'4,
and NI Multisim'>. These automated visual design
platforms, which operate with hidden code, facilitate the
creation of electronic product circuit architectures of any
configuration by utilizing library blocks and modules.
However, a drawback of these automated platforms
is their inability to enable real-time modifications to
block descriptions through user-defined program code.
Platforms like LabView'®, Simulink, Proteus Design
Suite!’, and some others circumvent this limitation with
visual graphical emulation (VGE). VGE platforms,
which may be categorized as mixed description, allow

T https://wiki.analog.com/resources/tools-software/
sigmastudio. Accessed February 20, 2025.

12 https://www.quadcept.com/en/service/simulation/Itspice/.
Accessed February 20, 2025.

13 https://www.qorvo.com/design-hub/design-tools/
interactive/gspice. Accessed February 20, 2025.

14 https://designsoftware.com/home/English/.
February 20, 2025.

15 https://www.ni.com/en/support/downloads/software-
products/download.multisim.html?srsltid=AfmBOopwVYxFcVb
XG5r0bM31m203f24w4RwAIITsF3NAp9On-4a8eb F#452133.
Accessed February 20, 2025.

16 https://www.ni.com/en/shop/labview.html?srsltid=AfmBO
00wwWPAjm-J6TthCp-LDLqR2ikpuOOWSeJHBp2ukBOE3Xe0
0cfO. Accessed February 20, 2025.

17 https://proteus.no/proteus.html. Accessed February 20,
2025.

Accessed
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modifications to blocks through code written in high-
level or command-based programming languages.

The VGE LiveSPICE'® environment, a cyber-
physical platform developed by inventor Dillon Sharlet,
provides a unique solution for emulating audio modules
using SPICE. This software environment empowers
users to design, analyze, and debug electrical audio
circuits built on the ASIO!' protocol. It facilitates
this process by enabling real-time signal transmission
between the audio interface and the SPICE model of the
circuit.

Sharlet’s  cyber-physical ~SPICE  emulation
technique, which was initially applied within the
VGE LiveSPICE platform, holds significant value for
various research endeavors. By integrating physically
authentic signals from external circuit-hardware
solutions in real-time mode, its implementation
can empower the development, debugging, and
examination of analog low-frequency SPICE circuits.
Nevertheless, implementing this method in an
engineering setting necessitates a shift towards
multifunctional VGE platforms that incorporate diverse
circuit descriptions and a broader library selection.
Furthermore, open access to user-friendly software,
like Simulink, is crucial for this adaptation.

This technique substitutes the hardware module
or functional component within a real radio-electronic
device’s circuit design with a cyber-circuit constructed
using the VGE software platform, which is designed for
signal analysis and debugging.

1. ANALYSIS OF THE IMPACT
OF TEMPORARY DELAYS
IN AUDIO SIGNAL DEVICE CIRCUITS
WITH CYBER-PHYSICAL EMULATION

The functional circuit of the cyber-physical
SPICE emulation method (Fig. 1) demonstrates signal
transmission via the input-output (I/O) protocol
connecting the software/hardware interface (audio
interface) with the pre-installed VGE environment. The
audio signal is directed to the input channels of the analog-
to-digital converter (ADC) within the software/hardware
interface. This interface, which communicates with
a computer using a USB connection, sends signal data
to the VGE system via the audio signal transmission
protocol facilitated by a driver. The VGE system
manipulates the signal and sends the modified signal
back to the interface, which subsequently directs it to

18 The LiveSPICE developer official website. https://
www.livespice.org/. Accessed February 20, 2025.

19 Audio Stream Input/Output is a low-latency data
transmission technology providing applications with a uni-
form interface to hardware resources.

a digital-to-analog converter (DAC) through designated
output channels.

Beyond ADC/DAC performance and 1/O protocol
latencies, several key VGE software block parameters
influence the time delays encountered as an input signal
traverses the software/hardware interface, driver, and
VGE system. These parameters include sampling
frequency, buffer size and duration, the quantity of
hardware channels utilized, and others. The total

accumulated time delay, denoted as T ,..um» €an be
expressed using the following general formula:
Trp aceum = Tt * Trp vaes (M

where Ty, is hardware time delays and 7'y v 1S time
delays introduced by the VGE block.

The hardware time delays during audio interface
processing, T g are described by the following
equation:

Tintr = Toac t Tape T Tou T TRes. T Tspe (2)

where T, , - is the time delays introduced by DAC output
channels of the software/hardware interface; 7'y is the
time delays introduced by ADC input channels of the
software/hardware interface; Tp 4 is the time delays
introduced by the buffer of the software/hardware
interface; Ty . is the time delays defined by the
ADC/DAC resolution of the software/hardware interface
I/O channel; T is time delays defined by the sampling
frequency.

Audio equipment exhibits a noticeable time
lag when the delay exceeds 20 ms; delays shorter
than this threshold are generally inaudible. Within
circuit analysis, delays up to 130 ms?? are considered
acceptable.

Within the VGE Simulink platform, a plugin is
developed to simulate signal audio modules in a cyber-
physical context by analyzing time delays within these
emulated circuits. The replacement of actual audio
module with the digital SPICE twin facilitates real-time
development and debugging of audio modules using the
Simulink’s Simscape library. This approach is further
utilized to investigate key characteristics mentioned
in the introduction, such as buffer size and sampling
frequency?! [3, 4]. The functional circuit of the plugin
is shown in Fig. 2.

20 What is the latency in audio recording? https://taplic.
com/audio-tips/latency-in-audio/. Accessed February 20,
2025.

21 Levchenko N.R., Kostin M.S., Filatov S.V,
Pechenkin S.M. Audio Interface Switching Program with
SPICE Technology: Certtificate of State Registration of Computer
Program 2024685518 RF. Publ. 30.10.2024 (in Russ.).
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Software/hardware interface information
Sampling frequency

Resolution
Buffer size
Isr:g:;l Software/hardware interface
e ADC input channels
Output Input buffer Driver VGD system
S'%L. DAC output channels R —
Output buffer
Time delay

Fig. 1. Functional circuit for implementing the cyber-physical SPICE emulation method.
The VGE system is a visual graphic design system

U v >
» m
b4 S Y IO [

Unbuffer MATLAB function Matrix
Concatenate

k.

|
I
|
i W)

Buffer Delay

Audio Device
Reader

Audio Device
Writer

Fig. 2. Functional circuit of the plugin for cyber-physical emulation of signal audio modules
in the VGE Simulink environment

This plugin comprises the following functional 6. “Delay” block used to counteract phase shift before
blocks: the signal is sent to the software/hardware interface
1. “Audio Device Reader” block designed to initialize output channels.

input channels for a software or hardware interface 7. “Audio Device Writer” block used for capturing

using a defined protocol.

. “Unbuffer” block for transforming incoming
frames from the software/hardware interface into
a continuous stream of samples.

. “MATLAB function” serving as a crucial block-level
function, serving to isolate the channels within the
software/hardware interface.

. “Matrix Concatenate” block used to construct an
M x N matrix, with M representing the number of
samples and N denoting the quantity of channels
utilized.

. “Buffer” block used to convert the resulting matrix
into frames, enabling subsequent transmission to the
software or hardware interface.

incoming audio frames and sending them to the
designated output channels of the software/hardware
interface.

. “Knob” block representing a digital potentiometer

for adjusting the phase shift within the “Delay”
block.

2. EXPERIMENTAL STUDY OF TIME DELAYS
IN AUDIO MODULE CIRCUITS WITH CYBER-
PHYSICAL SPICE EMULATION

The study evaluates the impact of hardware/software

interface elements, including buffer size, resolution,
sampling frequency, and audio data transmission
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protocol, on the time delays experienced during signal
transmission. Two distinct VGE platforms are evaluated:
LiveSPICE and Simulink, together with its specialized
plugin for cyber-physical SPICE emulation of signal
audio modules. The selected software/hardware interface
for this study is the UMC1820 audio interface (Behringer,
Germany). Users have the flexibility to select from
various parameters, including buffer size options ranging
from 8 to 2048 samples, sampling frequencies at 44.1,
48.0, 88.2, and 96.0 kHz, and support for data transfer
protocols like ASIO, WASAPI??, and DirectSound [5-7].

The scheme of cyber-physical emulation of signal
audio modules is shown in Fig. 3.

1 2 4

WASAPI protocols remain unpublished because the
VGE LiveSPICE environment is inherently designed to
operate exclusively with the ASIO protocol.

The time delays incurred by varying the buffer
size N are presented in Table 2. These measurements are
taken with a constant sampling frequency Fg = 44.1 kHz
via a single-channel direct streaming method between
the audio interface’s input and output, which utilizes
the ASIO, DirectSound, and WASAPI protocols.

Table 2. Outcomes of examining time delays that
occur when adjusting the buffer size while maintaining
a constant sampling frequency

VGE environment, data I/O protocol

- e T ——_ G

-

Fig. 3. Scheme of cyber-physical emulation used to
explore time delays: 1 is oscilloscope RTB2002
(Rohde & Schwarz, Germany); 2 is audio interface
UMC1820; 3is personal computer; 4 is signal generator
HMF2550 (Rohde & Schwarz, Germany)

The time delays 1y obtained from a cyber-
physical emulation setup are presented in Table 1. This
setup employs varying sampling frequencies Fg while
maintaining a constant buffer size of N = 2048 for
a straightforward, single-channel audio stream directly
from input to output of the audio interface.

Table 1. Outcomes of examining time delays that occur
when adjusting sampling frequency while maintaining
a constant buffer size

VGE environment, data I/O protocol

LiveSPICE, Simulink, Simulink, Simulink,
ASIO ASIO DirectSound WASAPI
Foo 1oy | Fs | oy | Fs | oy | Fs | Ty
kHz ms kHz ms kHz ms kHz ms
44.1 | 81.8 | 44.1 128 | 44.1 174 | 44.1 135
48 78.6 48 121 48 162 48 130
88.2 71 88.2 104 | 88.2 110 | 882 | 108
96 70 96 98.8 96 108 96 100

The findings from research on the VGE
LiveSPICE environment utilizing DirectSound and

22 Windows Audio Session API is a low-latency data
transfer protocol providing applications with a unified interface to
hardware resources, developed by Microsoft.

LiveSPICE, Simulink, Simulink, Simulink,
H B ASIO ASIO DirectSound WASAPI
N |y | n§ |Toy | n | oy | n | DLy
ms ms ms ms
8 5 8 81.8 8 - 8 90
16 5 16 82.4 16 - 16 92
32 6 32 82.4 32 - 32 92
64 6.6 64 82.4 64 - 64 92
128 8.6 128 | 854 128 - 128 95
256 13.8 | 256 | 88.4 | 256 103 256 99
512 | 232 | 512 | 93.8 | 512 109 512 100
1024 | 42.8 | 1024 | 105.8 | 1024 | 111 1024 | 107
2048 82 2048 | 129 | 2048 | 164 | 2048 | 135

It can be seen from Tables 1 and 2 that adjusting
the buffer size in the software/hardware interface for
both the direct signal transmission method and the
DirectSound audio protocol leads to longer transmission
delays. Notably, the Simulink environment’s direct
signal pathway, when coupled with the cyber-physical
emulation plugin and DirectSound transmission,
exhibits the most significant delay, reaching 174 ms.
Direct signal transmission within the LiveSPICE
platform demonstrated very short delays down to 5 ms.
Interestingly, buffer overflow leads to reduced time
delays when the sampling frequency is elevated [8—10].

For assessing time delays within VGE systems
using a digital SPICE twin, a standard low-frequency
amplifier (LFA) circuit is utilized. The LFA fundamental
circuit designs, which were developed on VGE Simulink
platforms leveraging the Simscape library and LiveSPICE,
are shown in Figs. 4 and 5. The use of a standard LFA
circuit for analyzing and adjusting time delay properties
in analog circuits with cyber-physical SPICE simulation
is justified by the common circuit solutions of audio mixer
consoles (such as active equalization lines, preamps,
summers, panoramic dividers, and others) based on
operational amplifiers (OAs) [11-13].
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Fig. 5. LFA model circuit in the VGE LiveSPICE environment for analyzing time delays.

The designations of the circuit elements correspond to those adopted in GOST 2.710-81 123

23 GOST 2.710-81. Interstate Standard. Unified system for design documentation. Alpha-numerical designations in electrical
diagrams. Moscow: Izd. Standartov; 1985 (in Russ.).
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The time delays resulting from varying the sampling
frequency, Fg, within a digital twin of the power amplifier
audio module are presented in Table 3, with a constant
buffer size of N =2048.

Table 3. Outcomes of examining time delays in a power
amplifier’s audio module by simulating various sampling
frequencies within a digital twin model while maintaining
a constant buffer size

VGE environment, data I/O protocol

LiveSPICE, Simulink, Simulink, Simulink,
ASIO ASIO DirectSound WASAPI
Fso |y | Fs | oy | Fs | oy | Fs | oy
kHz ms kHz ms kHz ms kHz ms
44.1 100 | 44.1 194 | 44.1 398 | 44.1 220

48 96 48 182 48 384 48 205

88.2 95 88.2 | 146 | 88.2 | 362 | 88.2 | 182

96 95 96 137 96 351 96 157

The time delays resulting from varying buffer size N
within the LFA audio module using a digital twin model
and maintaining a constant sampling frequency of
Fg=44.1 kHz are given in Table 4.

Table 4. The outcomes of examining time delays in

a power amplifier’s audio module by simulating various
buffer sizes while maintaining a constant sampling
frequency

VGE environment, data I/O protocol

LiveSPICE, Simulink, Simulink, Simulink,
ASIO ASIO DirectSound WASAPI
N |y | n |Toe | n | oy |y | DLy
ms ms ms ms
8 7 8 100 8 - 8 110
16 7.2 16 | 1004 | 16 - 16 | 110.2
32 7.4 32 | 101.2| 32 - 32 | 1115
64 8 64 | 102.8 | 64 - 64 | 1133
128 | 11.6 | 128 | 1052 | 128 - 128 | 116.5
256 | 17.8 | 256 | 111.2 | 256 | 262 | 256 | 118.6
512 | 294 | 512 124 512 297 512 130
1024 | 53.2 | 1024 | 147 | 1024 | 310 | 1024 | 150
2048 | 100 | 2048 | 194 | 2048 | 398 | 2048 | 210

The inclusion of the SPICE circuit results in
a doubling of the time delays in comparison to those
observed in a direct pass circuit of an operational
amplifier without a SPICE model. This increase is
attributed to the additional processing time required
by the VGE environment software block required to
handle the SPICE circuit [10, 14, 15]. Notably, the
VGE LiveSPICE system exhibits the shortest delay due
to the built-in algorithm for calculating the differential
equations of the SPICE model just once. Although
SPICE integrated algorithm simplifies integral-
differential calculations for circuits, its fixed nature
hinders its flexibility and restricts the use of pre-built
SPICE component libraries from manufacturers as
contrasted with the broader capabilities of the Simscape
library. Therefore, the formula (2) for hardware delays is
presented as follows:

T + T

T, pac T Tapc Ty

INTF — . Tres. ¥ Tsp = Tygps (3

Res.
where Ty, is the time delay introduced by the VGE
environment block.

Due to the absence of built-in time measurement tools
within the VGE LiveSPICE platform, further investigation
is conducted in the VGE Simulink environment. This
research utilizes a custom-developed cyber-physical
emulation plugin designed to interact with the Simscape
library. Given the ASIO protocol’s minimal latency
and its widespread use in audio technology [16-18],
subsequent research focuses solely on this protocol.

3. MEASURING TIME DELAYS INTRODUCED
BY THE SPICE EMULATION BLOCK WITHIN THE
SIMULINK ENVIRONMENT

For assessing the time delays introduced by the
SPICE emulation block in the VGE environment,
the built-in Simulink Profiler** is employed. This tool
initiates the simulation and generates a report that
may be used to analyze the time delays introduced by
the VGE block, which serves as the foundation for the
audio module circuit. The window for this tool is shown
in Fig. 6.

The time delays introduced by the SPICE emulation
block can be evaluated using the obtained parameters as
follows:

Self Time
Number of calls

“)

VGE —

where Self Time is the Simulink model operating time,
including time for generating the Simulink Profiler report,

24 Technical documentation of Simulink Profiler. https:/
www.mathworks.com/help/simulink/slref/simulinkprofiler.html.
Accessed February 20, 2025.
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while Number of Calls is the number of model calls
made during Self Time [19, 20].

Tables 5 and 6 present the results of analyzing the
time delays introduced by SPICE simulations conducted
within Simulink for both a direct signal transmission
circuit and a circuit utilizing an OA-based LFA.

Table 5. The outcomes of examining the time delays
introduced by the SPICE simulation within Simulink for
the direct signal transmission circuit

Simulink . . SPICE emulation time
SPICE simulation . .
Profiler . for VGE with electrical
: time for VGE, ms .. .
runtime, s schematic simulation, ms
1 1.2 1.8
2 1.2 1.8
3 1.2 1.8
4 1.2 1.8
5 1.3 1.95

The results presented in Table 5 show that the time
delays introduced by the emulation block, taking into
account the cyber-physical SPICE emulation of the signal
audio module, experience a 1.5-fold augmentation.

Since the VGE Simulink environment lacks tools
for assessing CPU cycle consumption, a thorough
examination of efficiency is impossible. The
reported research employed a 64-bit Intel® Core™
15-10500T (Intel, USA) processor functioning at
a frequency of 2.3 GHz.

CONCLUSIONS

The paper presents a novel approach for emulating
analog audio systems within a cyber-physical
SPICE environment. It proposes an “interface circuit”

that utilizes the UMCI1820 software/hardware audio
interface. The study delves into the time delays inherent
in the software/hardware interface of VGE hardware
and software systems. Results indicate that the VGE
LiveSPICE system exhibits the lowest latency (7 ms).
This can be attributed to its unique algorithm that
calculates SPICE model differential equations only
once. Nevertheless, this method lacks flexibility
and is incompatible with the utilization of existing
SPICE libraries.

Conversely, the VGE Simulink system, when
enhanced with a plugin for emulating cyber-physical
circuits, enables the incorporation of code description of
completed PCB models, albeit at the cost of extended
time delays (exceeding 100 ms). The Simulink Profiler
tool is employed to evaluate the computational time
delays within the VGE system.

For optimal performance when using the cyber-
physical emulation method for audio signal modules,
it is advisable to fine-tune the software/hardware
interface. This involves hardware calibration using
the analog potentiometers integrated into the ADC
and software calibration within the VGE system
by adjusting time delays through the “Delay”
block. Therefore, the optimal configuration for
using the cyber-physical emulation method with
SPICE models in real-world applications involves
a sampling frequency of 44.1 kHz, a buffer size
ranging from 512 to 1024 samples, and the ASIO data
I/O protocol.
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