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Abstract—In many papers, random modulation of power elec-
tronic converters is described as an electromagnetic interference
(EMI) mitigation technique, which contributes to the assurance
of electromagnetic compatibility (EMC) of systems consisting of
power electronic converters and serial transmission-based control
and measuring devices. However, experimental results as well as
theoretical analyses of physical phenomenon suggest that the EMI
reduction is ostensible and results from the measuring procedure
adopted in standards. This article presents the first known ap-
proach to compare the influence of deterministic and random
modulation of transmission errors rate in serial communication
systems. The comparison is based on the especially developed
mathematical models, which are validated experimentally, using
a simple setup with a dc/dc converter injecting a noise into the
USB/RS232 converter representing a serial transmission scheme.
The comparison reveals that for the studied switching frequency
range from 10 kHz to 1 MHz, on average, there is no significant
difference between random and deterministic modulations with
respect to the probability of error rate in serial communication
systems. Thus, in such systems, random modulation should not be
considered as a valid EMC-assuring technique.

Index Terms—Bit error rate, computational modeling,
deterministic modulation, electromagnetic compatibility (EMC),
power electronic converter, random modulation (RanM), statistical
analysis, time-domain measurements.
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I. INTRODUCTION

RANDOM modulation (RanM) is often treated as a tech-
nique that enables the reduction of electromagnetic in-

terference (EMI) generated by power electronic converters in
comparison with deterministic modulation (DetM). Generally,
differences between RanM techniques presented in the literature
rely on different approaches to spread the interference over a
frequency range. Applications to various converter topologies
provide different EMI reduction levels. In [1], a buck converter
with continuous-time second-order delta–sigma modulation and
burst-mode techniques was presented for EMI reduction. Pa-
per [2] presented a review of spread-spectrum-based pulsewidth
modulation (PWM) techniques as a cost-effective method to
meet EMC standards. In [3], the utilization of a true random
number pseudohysteresis controller for RanM has been pro-
posed both to avoid cyberattack on the Internet-of-everything
devices and to reduce EMI without degrading converters’ per-
formance. The reduction of EMI was validated experimentally
on a quasi-Z-source dc–dc converter with four hybrid-GaN
high-electron-mobility transistors driven by an FPGA [4]. An
enhanced phase-shift algorithm of the frequency modulation
was implemented in the parallel–series structure for an LLC-
resonant converter in [5]. EMI mitigation for the drive system
was achieved with uniform distribution pulsewidth modulation
strategy, presented in [6].

Many papers concern methods that enable even spreading of
the interference over a frequency range. To this end, Dove et al.
[7] used a method of maximum entropy, Wang et al. [8] applied
a direct sequence spread spectrum, Li et al. [9] used a chaotic
sinusoid, Chen et al. [10] employed a so-called “uniform distri-
bution” PWM, and Kim et al. [11] proposed a spread spectrum
technique with random-linear modulation. Previously, in the
course of our research, using RanM technique in a standard-
ized arrangement, we have obtained EMI reduction exceeding
20 dB [12].

However, experimental results presented in [13] showed that
RanM provides only ostensible reduction of EMI. Indeed, the
reduction of EMI measured according to the standards [14]
results from the measuring procedure itself and depended on the
relationship between converter’s switching frequency and the
intermediate frequency bandwidth (IF BW) and EMI receiver
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Fig. 1. 3-D spectrogram of EMI measured according to CISPR 11 using the
average detector for DetM; switching frequency: 80 kHz.

Fig. 2. 3-D spectrogram of EMI measured according to CISPR 11 using the
average detector for randomized switching frequency rate of change control
algorithm executed with high rate of change; switching frequency randomized
symmetrically around 80 kHz.

dwell time. Fig. 1 shows the three-dimensional (3-D) EMI
spectrogram measured according to CISPR 11 [14] using a
fast digital EMI receiver fully compliant with CISPR 16-1-1
as well as ANSI C63.2 with average detector for DetM with
switching frequency equal to 80 kHz. Fig. 2 shows the 3-D EMI
for RanM with frequency evenly spread around 80 kHz using
an algorithm that controls the rate of change of randomized
switching frequency. Fig. 3 shows the same information as
presented in Fig. 2 using the same algorithm, but when the
rate of change is slower than the dwell time of the digital
EMI receiver, it is possible to observe that the reduction of
the interference level is ostensible, as it is not connected with
random algorithm but depends on the relation between the dwell
time of the measuring equipment and the rate of change of the
switching frequency. To understand the physical phenomenon
underlying such a behavior, a time-domain mathematical model
of RanM was developed in [13]. A similar model for a DetM
was then developed in [15]. Unfortunately, due to the complexity

Fig. 3. 3-D spectrogram of EMI measured according to CISPR 11 using the
average detector for the same conditions as presented in Fig. 2 for the rate
of switching frequency change lower than dwell time of digital EMI receiver;
switching frequency randomized symmetrically around 80 kHz.

of the Diophantine equation-based model presented in [15], a
direct and unequivocal comparison of DetM and RanM was
impossible.

The direct motivation for the concept of these studies was
observations from practical in situ EMC work. In the system
consisting of an ac/dc fast charging station (ChS) and an electric
bus, the controller area network (CAN) communication between
ChS and the battery management system was disturbed. In
this case, the transmission wires of a single-ended unshielded
CAN communication were laid along with power wires in the
charging cable. Time-domain measurements indicated that a
small reduction of interference voltage would assure reliable
communication. Based on data provided in the literature, we ap-
plied RanM in the ChS converter. Such an approach, according to
standardized measurements and literature data, should provide
20 dB (ten times) reduction of EMI. Despite a significantly lower
level of interference in the frequency domain, no influence on
CAN data transmission errors was observed in the case of RanM.
However, a small change of switching frequency in the case of
DetM enabled reliable CAN communication. In this article, the
explanation of this phenomenon, based on experimental results
as well as mathematical models, is presented. Thus, the results
provided hereafter are important for both cognitive and practical
reasons.

Moreover, in this article, we present the first known attempt
to compare the influence of EMI generated by DetM and RanM
on serial communication-based devices. Contrary to [16], where
authors proposed a hypothesis testing framework that allows to
infer the influence of repetitive (thus, only deterministic) electro-
magnetic disturbances on the series data transmission error, with
the usage of Monte Carlo simulation and modified χ2 test, our
comparison is based on two probabilistic mathematical models.
The first one, introduced in [13], describes RanM with different
parameters, such as bit numbers in transmitted frames, and the
second one, based on the Diophantine equation [17], [18], was
elaborated for DetM [15]. The second model is enhanced in
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Fig. 4. Schematic of the dc/dc converter used in the measurements.

this article: we provide explicit calculations of the probability
of interference for several special cases for DetM, and we show
the limitations of the model and the way to overcome those.
All of which were not discussed in previous papers. For the
comparison between RanM and DetM, we utilize statistical
hypothesis testing methods, particularly the proportions test
and exact binomial test. Finally, a data averaging procedure is
employed, which verifies that there is no significant difference
between the probability of interference in systems with either of
the two modulation techniques.

II. STANDARDIZED CONDUCTED EMI TESTS VERSUS

ASSESSMENT OF EMC OF SERIES TRANSMISSION IN PRESENCE

OF EMI

Originally, principles of EMC were focused on the assurance
of proper radio-television (RTV) signal reception; hence, the
common practice in EMC testing was to evaluate the interference
in the frequency domain. In such an approach, for the EMC
assessment, it suffices to use a selective superheterodyne re-
ceiver, which accurately simulates a typical RTV receiver. Most
standards rely on setting limits for particular frequencies. As
it has been shown in [19], when measured in the frequency
domain, RanM can ostensibly lower the amount of interference
by spreading it over the frequency range. Even in recently pub-
lished papers [20], [21], RanM is perceived as an EMI mitigating
technique. However, the experimental results presented in the
following show that ordinary standardized EMI measurements
are not sufficient, and more in-depth analyzes are required to
assure EMC in systems with series communication.

In order to show the influence of the standardized measuring
procedure, which utilizes an EMI receiver, an especially devel-
oped experiment was conducted using a converter presented in
Fig. 4. Measurements have been carried out in a standardized
system [14] consisting of a power electronic converter with a
switching frequency equal to 6 kHz, in the case of DetM, and
evenly dispersed around 6 kHz, in the case of RanM. The 200
final measurements obtained with an average detector with a
measuring time equal to 1 s were taken for each investigated
case. According to the currently binding standard [14], one final
measurement is sufficient for comparison with a limit line for a
given frequency. For the measurement, we selected the specific
frequency equal to 150 kHz (25th harmonic of the converter’s
switching frequency), which is a common border frequency
for CISPR A (9–150 kHz) and CISPR B (150 kHz–30 MHz)
frequency ranges. Both ranges are treated as conducted EMI

Fig. 5. Half-violin chart of 200 final EMI measurements taken using the
average detector for 150 kHz and IF BW = 200 Hz.

Fig. 6. Half-violin chart of 200 final EMI measurements taken using the
average detector for 150 kHz and IF BW = 9 kHz.

ranges; however, different EMI receiver’s selectivity settings are
demanded. For CISPR A, the IF BW is equal to 200 Hz, while
for the CISPR B range, IF BW is equal to 9 kHz. Fig. 5 shows
distributions of 200 final measurements for DetM and RanM for
150 kHz, and for IF BW= 200 Hz, while Fig. 6 shows equivalent
results for IF BW = 9 kHz. It is easy to observe that in the case
of IF BW= 200 Hz, the level of EMI, measured according to the
standard, is significantly lower for RanM compared to DetM. In
the second case, the measurement indicates that EMI generated
by a converter with DetM is slightly lower than that in the case
of RanM. This example shows that the interference is influenced
by the EMI receiver’s selectivity and indicates the necessity of
an in-depth analysis of the results. A detailed discussion of this
phenomenon has been presented in our earlier paper [19], while
a detailed description of the utilized measuring methodology has
been provided in [22].

Furthermore, most communication devices or microproces-
sors used in control and smart metering applications use asym-
metric series transmission schemes instead of selective signal
receiving. In such a case, a communication signal is established
by measuring the voltage to the ground at specific time instants.
Therefore, disturbances in such communication systems should
be analyzed in the time domain. Disturbances may shift the
signal voltage levels causing inaccurate readings and lowering
the communication speed. Such a disturbance may occur due
to high-frequency EMI currents caused by the pulse mode
operation of converters. These currents lead to voltage drops
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Fig. 7. Percentage of microcontrollers of selected types equipped with UART
communication modules, based on: https://www.nxp.com and https://www.ti.
com (accessed: January 2022).

on the series circuitry elements, depicted and spread out using
common impedance, e.g., PE wires. The most crucial issue
to counteract communication interference is to eliminate such
electromagnetic coupling, which can be achieved in various
ways, for instance, by separating circuits or by applying shields.
Electric communication systems can generally be divided
into differential signaling circuits (RS-422, RS-485, HDMI,
CAN) and single-ended circuits (RS-232, I2C, SPI, UART).
Differential signalling uses two complementary signals, which
eliminates common impedance coupling and makes communi-
cation more resistant to disturbances. Nevertheless, single-ended
communication is still commonly used in some parts of the
system. An example of single-ended asymmetric communica-
tion is the universal asynchronous receiver-transmitter (UART),
commonly used in microcontrollers. Fig. 7 shows what per-
centage of microcontrollers of selected types are equipped with
the UART communication module. For example, 118 different
ARM microcontrollers manufactured by Texas Instruments are
equipped with at least 1 UART module out of all 121 ARM
microcontrollers from this manufacturer.

By using additional modules, UART communication may be
adjusted to other standards (USB or RS-485). Often, even if we
use main transmission links immune to disorders (symmetrical
communication, optical fibers, etc.), we still have single-ended
parts of the system that might be sensitive to such disorders
(short connections, printed boards, signal converters, etc.). Thus,
the analyses presented in the article concern a wide range of
microprocessor and communication systems.

III. EMC IN SERIES TRANSMISSION SYSTEMS

In line with the definition of Electromagnetic Compatibility,
in the case of serial data transmission, the EMC assessment
should focus on assuring a reliable transmission. One possible
way of quantifying the transmission reliability is to measure the
waiting times for obtaining an error in the reading. To this end,
an experiment has been conducted, which employed RanM and

Fig. 8. Schematic of measuring arrangement consisting of the dc/dc converter
injecting the noise to the USB/RS-232 converter through common cables.

Fig. 9. Laboratory photo of the measuring arrangement from Fig. 8.

TABLE I
PARAMETERS AND RESULTS OF THE EXPERIMENT DEPICTED IN FIG. 8 WITH

TRANSMISSION RATE 58 409 HZ

DetM techniques to drive the DC/DC converter from Fig. 4. The
schematic of the test arrangement with interference coupling
point has been presented in Fig. 8, while Fig. 9 shows the photo
of the laboratory setup with series data transmission system,
converter as well as devices for both time (oscilloscope) and
frequency (EMI test receiver) domain measurements indicated
by appropriate labels. The converter in this arrangement was
responsible for providing representative digital signals, e.g.,
control devices comprising microprocessor-based control. The
switching frequency was changed from 20 kHz to 25 kHz with a
step of 1 kHz. For RanM, the variance of frequency change
was 50%. For each frequency, over 1000 data frames, each
consisting of 280 bits, were sent to the RS232/USB converter
with a transmission rate equal to∼58 409 Hz. The exact numbers
of the sent data frames are presented in Table I.

https://www.nxp.com
https://www.ti.com
https://www.ti.com
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Fig. 10. Results of the experiment from Fig. 8. (a) Mean awaiting times for
the transmission error. (b) Probability of the transmission error.

As a result, many data frames were rejected by the receiving
device due to an error in the reading. Table I lists the number of
rejected frames as well as the meantime of awaiting for such an
error. For a visual comparison, Fig. 10(a) shows the mean error
awaiting times as a function of frequency, separately for RanM
and DetM. One can observe that there seems to be a decreasing
relationship between the mean awaiting time and the switching
frequency for RanM. However, no conclusion can be drawn as to
the relationship between RanM and DetM. Indeed, by comparing
results presented in Table I and Fig. 10(a), one observes that for
the switching frequencies of 21 and 25 kHz, the mean awaiting
time for an error is larger for DetM than for RanM. For the
remaining frequencies, the situation is reversed, that is, the mean
awaiting time is higher in RanM case compared to DetM. Since
the number of sent frames slightly differs between the cases,
in Table I, the frequentist probability of error is introduced
as the number of rejected frames over the number of the sent
frames. This metric is also depicted in Fig. 10(b). It is easily
observed that the probability is directly linked to the mean
error awaiting time: the higher the probability, the lower the
mean error awaiting time. However, apart from the apparent
trend for RanM with respect to the switching frequency, no
obvious advantage of using RanM over DetM can be concluded
from the collected data. Therefore, to further compare the two
modulation techniques, the experiment was repeated to include
a wider switching frequency range. Using the same setup and the
same data transmission rate, the nominal switching frequency
has been changed between 10 and 34 kHz with a step of 1 kHz.
As previously, for each frequency, over 1000 data frames, each
consisting of 280 bits, were sent to the RS232/USB converter.
The discussed experiment can be thought of as a Bernoulli
trial, in which the “success” (obtaining the error) is reached
with the probability of p, while the “failure” (not obtaining the
error) is reached with probability 1− p. For a fixed switching
frequency, let pd denote the probability of success in DetM case
(thus, 1− pd being the probability of failure) and pr denote the

Fig. 11. Probability of errors obtained from the experiment with DetM and
RanM.

Fig. 12. Waveforms taken in measuring arrangement. (a) EMI current gener-
ated by the converter. (b) Serial transmission signal with superimposed interfer-
ence coupled from the converter.

probability of success in RanM case (with 1− pr denoting the
probability of failure). The first step of the comparison between
the modulation techniques was to verify whether pd and pr
are significantly different. To this end, the proportions test [23]
was employed, and the null hypothesis stated that no significant
difference between pd and pr can be found. The results of the
test are visually presented in Fig. 11. Probabilities pd and pr
are indicated, respectively, with a dashed and a solid line. Black
squares depict the values of pd for which the null hypothesis was
rejected at a significance level α = 0.05. Indeed, it is observed
that for switching frequencies 10, 21, 23, 24, 25, 28, 29, and
32 kHz, the probabilities of an error differ significantly between
the modulation techniques. For the remaining frequencies, no
significant difference between RanM and DetM is found.

IV. STATISTICAL EVALUATION OF TIME-DOMAIN

MEASUREMENTS

To understand the differences between the transmission errors
in setups using DetM and RanM, one needs to look at the trans-
mitted signals in the time domain. In the applied communication
scheme, signals from −3 V down to −5 V correspond to binary
“1” and signals from 3 up to 5 V correspond to binary “0.”
Fig. 12(a) shows the EMI current generated by the switching
converter used in the test, measured in PE line in Fig. 8. As
it can be seen, a single interference pattern has the shape of
a damped oscillation. In our experiment, this shape remained
unchanged for both DetM and RanM; only the appearance times
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were different. Fig. 12(b) presents the transmission voltage sig-
nal with superimposed interference coupled from the converter
measured between RX and GND. If the bit checking moment
corresponds to the time in which the instantaneous voltage level
is located in the indeterminate state zone, depicted in Fig. 12(b), a
transmission error occurs and a data frame is rejected. Looking at
voltage signals from a time-domain perspective reveals that the
only differences between signals present in systems with RanM
versus those present in systems with DetM are the time instants at
which the interference occurs. Therefore, to accurately compare
the two modulation techniques with respect to their capability of
assuring the EMC, it is not sufficient to compare the signals in
the frequency domain, as in most binding standards, but a time-
domain approach is needed alongside. Following these findings,
and in order to understand the physical phenomenon underlying
such a behavior, two mathematical models for assessing the
probability of error were developed in [13] and [15]. The main
purpose of the developed models was to obtain an understanding
of the considered phenomenon. Furthermore, the models should
enable the assessment of data transmission errors based on only
a few parameters, namely, the switching frequency, bit checking
frequency, and the width of the interference. The first two can
be obtained with the knowledge about the system, while the
last one is connected with the dominant frequency mode of the
interference oscillation and the amplitude of that oscillation and
can be derived based on the time-domain measurements. The
following sections provide the motivation and a brief overview
of the models. It is worth noting that the mathematical models
are derived from simplified assumptions, especially since the
PWM signal is a square wave with duty cycle equal to 50% or,
equivalently, a triangular wave with modulation depth 0.5. It is,
therefore, clear that they do not explain all the complex rela-
tionships with modulation parameters or electrical parameters
of the circuit. However, bearing these limitations in mind, they
prove to be useful in the considered context. The extension of
these models would greatly complicate the analyses and will be
investigated in a frame of future work.

A. Need for a Statistical Approach

As seen in Fig. 12, each switching produces a damped oscilla-
tion interference pattern. Therefore, it should be easy to predict
the value of this interference at any given point in time. However,
this is not the case when the considered system employs the
RanM technique. To see why, let us assume for simplicity that
in the steady state, the duty cycle λ = 0.5 is fixed, and let
ΔS0 = 1/fs be the nominal switching period. In a deterministic
case, roughly after every period λΔS0, a new interference pat-
tern should arise. On the contrary, RanM, from a mathematical
perspective, can be thought of as a sequence of random variables.
Let ΔS1, . . . ,ΔSn be a sequence of random variables such
that ΔSi follows a uniform distribution U((1− κ)ΔS0, (1 +
κ)ΔS0) for every i = 1, . . . , n and κ ∈ (0, 1). A natural ques-
tion arises: what is the value of the interference aftern switching
actions? A simple answer is that one cannot directly determine
this value. Let us consider the sum Sn = ΔS1 + · · ·+ΔSn. It
easily follows that Sn is a random variable. Indeed, it can be

Fig. 13. Visual interpretation of the RanM scheme used in developing the
RanM mathematical model.

noticed that Sn = (1− κ)ΔS0 + 2κΔS0

∑n
i=1 Xi, where for

each i = 1, . . . , n, random variable Xi follows a standard uni-
form distribution. The sumXn =

∑n
i=1 Xi is a random variable

of Irwin–Hall distribution [24]. From the central limit theorem, it
can be concluded that for sufficiently large n (equivalently, suf-
ficiently long time of observation), Xn approximately follows
Normal distribution with mean n/2 and variance n/12. Thus,
random variable Sn follows approximately Normal distribution
with mean ΔS0 − (1− n)κΔS0 and variance nΔS0κ/6. This
shows that in RanM, given the nominal switching frequency and
a starting point, one cannot directly predict a value of the inter-
ference at a particular moment in the future. The above reasoning
highlights the need for a statistical approach of predicting the
probability of errors. Such an approach has been taken in [13],
where a model for predicting the probability of errors has been
developed for the RanM scheme. This model will now be briefly
recalled.

B. Probability of Error in Systems With RanM

1) Let ΔS0 be the reciprocal of the nominal switching fre-
quency, i.e., the nominal switching period.

2) LetΔSi for i = 1, 2, . . .be a sequence of random variables
following the uniform distribution U((1− κ)ΔS0, (1 +
κ)ΔS0), where κ ∈ (0, 1).

3) Let Δt be the difference between bit checking moments.
4) Let λ be the duty cycle of the carrier wave.
5) Let δ be the width of the interference, i.e., the period for

which the interference signal exceeds a certain predefined
threshold.

Fig. 13 visually presents the above parameters. Additionally,
the gray stripe, representing the width δ of the interference
signal, is classified into two classes, indicated by “+” and “−”
signs. The part indicated by “+” represents the signal being
above the 2 V threshold. It is understood that in such a case
an error in the reading may occur if the value of the bit is
1. Similarly, only if a bit with value 0 overlaps with the “−”
interference, the bit value will be corrupted. Let the probability
of the occurrence of interference signal “+” be denoted by p
and the probability of appearance of bit 1 be denoted by q. Since
the event of the occurrence of either “+” or “−” interference
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Fig. 14. Predictions of RanM mathematical model versus the experimental
results in the RanM case.

and the event of occurrence of 1 or 0 value are independent, the
probability of the bit corruption pc is their join probability and
can be calculated as pc = q + p− 2pq. A natural assumption is
that bits 0 and 1 occur with the same probability, i.e., q = 1/2. In
such a case, the probability of a single bit corruption pc is equal
to 1/2, which will be the value used throughout the remainder
of this article.

In the experimental case, the error was due to rejection of
the whole data frame, which, in the simplest arrangement, may
occur even if only one bit in the frame is corrupted. Therefore,
the interest is in the prediction of rejection of the whole frame
consisting of n bits. Let X be the random variable indicating the
number of bits appearing in any of the distorted zones of length
δ. The probability of frame rejection is, thus

Perror =

n∑
i=1

(
1− (1− pc)

i
)
P (X = i) (1)

where P (X = i) represents the probability that i bits in the
n-bit frame will appear in the distorted signal zone, while the
term 1− (1− pc)

i represents the total probability with which
at least one bit out of i will be corrupted. Let p0 = 2δ/Δt and
n0 = �nΔt/ΔS0�. It has been shown that for sufficiently large
n and κ > 0.25, the probability of the appearance of the ith bit
in the distorted signal zone may be approximated by

P (X = i) =

{(
n0

i

)
pi0(1− p0)

n0−i for i = 1, . . . , n0

0 for i > n0

. (2)

Combining (1) and (2) with the previously made assumptions
and after simplification, the final formula of the probability of
the frame rejection can be written as

Perror ≈ 1−
(
1− δ

Δt

)⌊
n Δt

ΔS0

⌋

. (3)

Fig. 14 presents the application of the developed model to the
data obtained from the experiment. It is easily observed that the
model fits the data with satisfying accuracy. Slight deviations
are the results of too few repetitions of the experiment.

C. Probability of Error in Systems With DetM

An interesting observation, indicated in Fig. 11, is that in the
case of DetM, the behavior is highly complex. That is, the trend
resembles that of RanM, but for several switching frequencies,
the probability of frame rejection drastically drops. Intuition is

Fig. 15. Visual interpretation of the DetM scheme used in developing the
DetM mathematical model.

that such a behavior is strongly connected with the relationship
between the switching frequency and bit checking frequency.
One could use number theory in order to obtain a better under-
standing of the underlying phenomenon. This section gives a
brief overview of the deterministic model developed in [15].

Needless to say, every digital device used for measuring
signals in the time domain has its own granularity, that is a time
step with which the data are collected. Suppose that this time
step is fixed and denoted by τ . Any point in time t can then be
represented as

t = Tτ, for T = 0, 1, . . . . (4)

With such an assumption, instead of thinking of the relationship
between the switching frequency and bit checking frequency
in terms of real-valued functions, one can switch to the field
of number theory and think of that in terms of the relationship
between integers. Indeed, let M,N,D ∈ Z be such that:

1) ΔS0 = Mτ is the switching period of the converter with
DetM;

2) Δt = Nτ is the time between successive bit checking
moments;

3) δ = Dτ is the width of the interference.
Further, let i = 0, 1, . . . be such thatMi is the time moment of

the ith switching-ON of the converter, and let j = 0, . . . , n− 1
be such that Nj is the appearance of the jth bit. Moreover, let
us denote by t = 1−M, 2−M, . . . , 0 the start of the converter
switching and let d = 0, . . . , D − 1 be the dth time instant of the
interference within the distorted signal zone D. Finally, let λ be
the duty cycle of the carrier wave such that λM ∈ Z. The above
assumptions are depicted in Fig. 15. The first question is how
to predict the moments at which the interference signal meets
the bit value. It has been shown in [15] that in order for such a
meeting to occur, the following Diophantine equation need be
satisfied:

Nj −M (λ(imod 2) + �i/2�)− t− d = 0 (5)

for j = 0, 1, . . . , n− 1, d = 0, 1, . . . , D − 1, and t = 1−
M, 2−M, . . . , 0. Let L(t0) denote the number of quadruples
(i, j, d, t) satisfying (5) with t = t0. For several specific cases,
L(t0) can be derived analytically; however, in general, there is no
formula and computing L(t0) requires numerical simulations.
Under the assumption that bit values 0 or 1 appear with the
same probability 1/2 and from the theorem of total probability,
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the probability of frame rejection in the deterministic case can
be estimated from the following equation:

Perror = 1− 1

M

0∑
t0=1−M

(
1

2

)L(t0)

. (6)

Since, for the specific cases, the value of L(t0) can be derived,
so can be the probability. Those cases will be provided next.

1) N is a Multiplication of M : Let us assume that for some
m ∈ Z, we have N = mM. In such case for t0 = 1−M + d
and t0 = 1− (1− λ)M + d, where d = 0, 1 . . . , D − 1, all the
n bits will be present in the interference zone. Thus, one has

Perror = 1− 1

M

(
2D

(
1

2

)n

+ (M − 2D)

)

=
D

M

(
2− 1

2n−1

)
. (7)

Note that for a fixed frame length n and interference width δ,
the above-mentioned case provides a model linearly dependent
on the switching frequency.

2) M is a Multiplication of N : Similarly, let M = mN for
some even m ∈ Z. For the value t0 for which the first bit meets
the interference zone, one finds that the successive 2n/m bits are
also present in the interference zone. Such a situation happens
for mD different positions of t0. For the remaining M −mD
positions, L(t0) = 0. Thus, one has

Perror = 1− 1

M

(
mD

(
1

2

)2n/m

+ (M −mD)

)

=
D

N

(
1− 1

4n/m

)
. (8)

An immediate comment is that in this case the dependence is no
longer linear because m = M/N.

3) N and M are Coprime: Two numbers N and M are
coprime if their greatest common divisor is 1. In such a case,
their lowest common multiple is simply the product NM. Thus,
assuming that first bit and first switching instant occur at the
same time, the (M + 1)th bit and the N th switching instant will
also occur at the same time. Between these two instants, D bits
will be present in the interference zone, thus L(t0) = D. With
an additional assumption that the number of bits in the frame n
is a multiple of M , i.e.,n = kM for some k ∈ Z, the probability
of frame rejection can be expressed as

Perror = 1− 1

M

0∑
t0=1−M

(
1

2

) D
M n

= 1−
(
1

2

) D
M n

. (9)

Fig. 16 shows the predictions of the deterministic model overlaid
with the experimental probabilities. It can be observed that the
trend is preserved, and that for certain switching frequencies,
predictions of the model are significantly lower than the trend.
However, it can also be seen that unlike in the RanM case, the
deterministic model does not align as well with the experimental
data. This issue will be tackled in Section V.

Fig. 16. Predictions of the DetM mathematical model versus results of the
experimental investigation for DetM case.

TABLE II
RESULTS OF EXACT BINOMIAL TEST FOR THE FREQUENCIES FOR WHICH

pd �= pr

V. COMPARISON OF RANM AND DETM

Comparison of the modulation techniques will be carried out
on the basis of the developed models. In the investigated case,
we will start by looking at the switching frequencies 10, 21, 23,
24, 25, 28, 29, and 32 kHz for which the errors obtained in the
experiment were found to be significantly different, as discussed
in Section IV. The conclusion for the rest of the investigated
switching frequencies is that there is no direct advantage of
using RanM over DetM. First, in order to verify whether the
developed models provide a good technique for modeling the
rejection probability, an exact binomial test was conducted. The
null hypothesis was that the probability predicted by the model is
equal to the one obtained from experiments versus the alternative
that the two are different. The test for each frequency was
conducted at the significance levelα = 0.05.Table II collects the
results of the test for the investigated frequencies. As it is seen, in
the case of the random model, p-value indicates that in all cases
the null hypothesis is accepted (p-value > 0.05). However, in
the deterministic model, the null hypothesis should be rejected
for the following switching frequencies: 10, 21, 24, and 32 kHz.
The computed p-values indicate that the deterministic model
predictions are particularly poor for frequencies 21 and 24 kHz
(p-value < 10−6).
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Fig. 17. Predictions of the deterministic model simulated with a small fre-
quency step.

TABLE III
EXACT BINOMIAL TEST FOR FREQUENCIES HIGHER AND LOWER THAN 21 AND

24 KHZ FOR WHICH p-VALUE < 10−6 IN THE DETERMINISTIC CASE

The analysis of the deterministic model allows to understand
that it is dependent on the granularity, which affects the re-
lationship between M, N, and D. A small change in one of
the parameters results in different predictions. This is shown in
Fig. 17, where the deterministic model was simulated for small
changes in the switching frequency. As it can be seen, a small
change in the switching frequency may lead to a significantly
different probability prediction. This leads to the hypothesis that
in the cases where p-value was below the significance levelα, the
actual switching frequency was different from the assumed one.
Table III presents the results of a simple brute-force analysis
around the frequencies 21 and 24 kHz, for which the p-value
obtained in the exact binomial test was the smallest. The analysis
consisted of the following steps.

1) For a chosen τ and switching frequency fs, calculate the
integer M .

2) For the specific M , compute the error probability using
(2).

3) Apply the exact binomial test for the newly predicted
probability and experimental probability.

4) If the computed p-value is less than a significance level α,
go to the last step.

5) Increase (decrease) M and repeat previous steps.
6) Calculate new switching frequency fs from M and com-

pute the prediction of the RanM model for that switching
frequency.

Fig. 18. Average trend of the error probability predictions of the RanM and
DetM mathematical models.

The analysis indicates that it is possible to find frequencies
both below and above the stated switching frequency for which
predictions of the model are close to the experimental proba-
bilities. One may conclude that the actual switching frequency
was different from the stated one, either due to imprecise mea-
surement, human error or simply due to switching tolerances
inherently associated with the transistors. It is important to point
out that the differences in frequencies seen in Table III do not
exceed 100 Hz. Thus, instead of 21 kHz, the switching frequency
might have been 20 913 or 21 014 Hz, and instead of 24 kHz, the
actual switching frequency might have been 23 993 or 24 003 Hz.
It is also observed that the predictions of the random model
do not differ up to four digits from the ones obtained with
stated switching frequencies 21 and 24 kHz, which confirms
the choice of the “new” switching frequencies. Accordingly,
knowing that the deterministic model is very sensitive to small
changes, its application should embrace providing uncertainty
bounds, within which the nominal switching frequency may
change.

Furthermore, it is evident that a comparison between modu-
lation techniques cannot be carried out by comparing the values
at specific frequencies. Fig. 18(a) presents a visual comparison
between the models for a wider frequency range 10 kHz–1 MHz
with fixed parametersΔt ≈ 17.12μs, δ ≈ 40.6ns, and τ = 1ns,
corresponding to the ones obtained in the experiment. As already
discussed, the complexity of the deterministic model does not
allow for an unequivocal comparison. In particular, one may
be misled to think that the DetM offers a higher probability of
error, judging from the apparent “worst-case” trend in Fig. 18(a).
Therefore, an averaging scheme should be used for the models.
Fig. 18(b) presents the comparison between the two modulation
schemes, with dots connected by a dashed line indicating RanM
and dots connected with a solid line representing DetM. The
data have been averaged using a simple arithmetic mean with
logarithmic differences between the frequencies. As expected,
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the results indicate that, on average, there is no significant dif-
ference between RanM and DetM in the investigated switching
frequency range in the context of the influence of generated EMI
on the reliability of serial transmission.

VI. CONCLUSION

In this article, the first known approach to compare the influ-
ence of EMI generated by deterministic and random modulated
converters on the probability of error appearance in single-ended
serial transmission has been presented. The experimental results
of transmission error rates for different converter switching
frequencies have not provided unequivocal evidence about the
advantage of RanM in the context of serial transmission relia-
bility assurance.

The revealed complexity of the DetM model resulting from
number theory indicated strong interdependence between con-
verter switching frequency and the probability of error appear-
ance, confirming that the direct comparison of experimentally
obtained results is not possible. The presented models for as-
sessing the probability of errors in systems using random and
DetM were derived for simplified assumptions. Even though
they provided a good insight into the considered phenomenon
and were successfully employed for the prediction of the prob-
ability of errors, further work may be needed to account for
more complex assumptions, such as different modulation depths.
The analysis presented in Table III used a time-consuming
brute-force algorithm, which could be optimized in order to
be used in real-time systems. Moreover, a direct link could be
provided between the RLC characteristics of a given device and
the width of the interference, for instance, by deriving surrogate
circuit models, with the help of stochastic techniques, such as
polynomial chaos or support vector machine [25].

The averaging method proposed in this article enabled direct
comparison between the modulation techniques on the basis of
the simulation results obtained from the mathematical models.
Based on the approach proposed in this article, it has been
confirmed that in spite of the lower levels of disturbance mea-
sured according to the standards, RanM has (on average) no
advantage over DetM in the context of EMI influence on serial
transmission reliability. Even though similar results have been
intuitively understood by other researchers, this article provides
the first known mathematical confirmation of it, which is one of
the practical aspects of this research and should be taken into
account by the EMC/PE engineers or system integrators who are
willing to incorporate RanM into their designs. Additionally, the
developed model (based on the analysis of the phenomenon)
explains why in the case of DetM, a slight change in the
switching frequency may contribute to a significant decrease
in the transmission error rate and, in some cases, can be used
for reliable transmission assurance. This observation has been
confirmed in many practical cases.
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