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1. Introduction 

The increasing complexity of modern electronic devices results in a growing number of electromagnetic 

interference (EMI) issues. These issues primarily stem from the combination of multiple sources of 

interference, in addition to the intense use of wireless digital communication systems (DCS). This situation 

leads to complex electromagnetic environments that may include multiple and simultaneous analog or 

digital interfering signals. 

Unavoidably, technological evolution is outpacing the modernization of creation and updating of 

Electromagnetic Compatibility (EMC) standards, and complex real scenarios are not fully considered in 

current immunity tests. For instance, the current standard for radiated electromagnetic immunity testing 

proposes a method that is inadequately applicable to scenarios involving devices using modern complex 

DCS. So, it is crucial to find more efficient methods to manage the EMC of modern devices. The use of a 

Risk Assessment, currently mandatory by law, is a newer approach based on the intended use  and 

environment of the device, which involves evaluating scenarios of use. However, there are circumstances 

where unwanted electromagnetic (EM) interaction can occur due to the lack of evaluation and testing of 

possible scenarios. 

Medical devices (MD) are not an exception. The environments (and thus the scenarios of use) in which 

these devices are employed are becoming more and more complex. However, their related radiated 

immunity testing standards do not cover the complexity of modern medical scenarios [1] [2].  Therefore, it 

is evident that medical equipment (ME) and their wireless systems, which communicate within a complex 

electromagnetic environment (EME) encompassing multiple RF sources and impulsive noise, may 

encounter EMC issues that are not fully addressed by existing standards. To address this, the radiated 

immunity test for MDs needs to be improved to include real complex scenarios based on a detailed 

understanding of environmental characteristics. Emphasis should also be placed on modelling 

electromagnetic phenomena according to the type of signals generated by the source of disturbance, 

providing meaningful information about the EMI generated and its impact on device operability. 

The goal of this document is to provide insights on defining a different approach to perform radiated 

immunity testing, considering the modelling of the most likely signals generated into a complex EME, and 

finally evaluate the level of interference in these complex circumstances. Section 2 focuses on EMC aspects 

related to MDs, the particular characteristics of this equipment and some gaps in the tests that are used to 

assess the immunity of MDs. Section 3 gives details about the research objectives of this work. The 

methodology to achieve these objectives is explained in section 4 and, in section 5, the use of some figures 

of merits is proposed to evaluate the achievement of some specific objectives. Section 6 describes the work 
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progress up to date, resulting in the publications mentioned in section 7. Finally, the conclusion and 

references can be found in sections 8 and 9, respectively. 

2. EMC for medical equipments 

This section provides a brief introduction to the importance of ensuring proper functioning of MDs within 

the context of EMC. It highlights the increasing complexity of electronic MD designs, particularly due to 

the integration of digital technologies for wireless communication, and the vulnerability of these devices to 

external electromagnetic disturbances. Some gaps and drawbacks in the current immunity test that are 

used with MDs are also explained. 

2.1. Specific needs for current electronic medical 

equipments 

According to the general EMC definition [3] [4], “A device shall have the ability to operate appropriately in 

its intended environment without affecting its normal function or without causing intolerable disturbances to 

other equipment within the same environment”. The efforts to address EMC concerns in MDs are 

particularly important because, unlike other devices such as computers, mobile phones, smartwatches, or 

wireless accessories in general, ME may carry a potential risk to life. Moreover, patient treatment decisions 

rely on the reliability, accuracy, and availability of data provided by ME. Enhancing specific EMC 

requirements and configurations for radiated immunity tests of MDs, along with comprehensive detailing of 

emitter characteristics, the environment, and potential victims, holds great relevance. 

To address the issue of electromagnetic interferences with MDs, the Medicines and Healthcare Products 

Regulatory Agency (MHRA) in the UK has recommended certain precautions to prevent interference in 

ME located near or inside ambulances. Ambulances use Terrestrial Trunked Radio (TETRA) for 

communication purposes, which can potentially be interfered with by other systems [5]. These precautions 

include: 

➔ Restricting the use of portable handsets and cellphones inside ambulances. 

➔ Taking special precautions when transporting patients with external pacemakers. 

➔ Implementing warning notices, providing staff training, and considering the relocation of 

parking bays if risks of interference are deemed unacceptable when emergency vehicles 

are parked in close proximity to patient treatment areas. 

➔ Exercising caution when treating patients with MDs at the scene of an accident if an 

emergency vehicle is nearby. 

https://docs.google.com/document/d/1P9gTB_xpd8nCedIW4LYapVpCFabyGwIp/edit#heading=h.uq6sc1pv0bz7
https://docs.google.com/document/d/1P9gTB_xpd8nCedIW4LYapVpCFabyGwIp/edit#heading=h.uq6sc1pv0bz7
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➔ Mobile data terminals should adhere to any local restrictions applicable to cell phones. 

Nowadays, these precautions are still applicable depending on the situation and the technologies 

involved, despite efforts made so far to understand and address emerging EMI issues. These 

recommendations can be found to be out of date considering that, currently, electronic MDs have 

wireless communication capabilities (Bluetooth, Wi-Fi/WLAN, etc.) that allow them to be used in 

different locations. These devices emit high-frequency signals with sophisticated modulation 

techniques, which may impact the behaviour of other closely located MD devices. In addition, the 

proper behaviour of MDs may be affected by other non-medical devices that are operated in their 

vicinity. The integration of automation, computation, and communication, along with the increased 

usage of modern wireless ME in environments like hospitals and healthcare centres, has contributed 

significantly to risky operations. The behaviour, positioning, and environments of both MD and non-

MD devices (patient mobile devices, tablets, smartwatches, routers, modems) are critical in the EMC 

context as most MDs are susceptible to Radio Frequency (RF) radiation, including physiological 

monitoring equipment (ECGs, EEGs, pulse oximeters) and therapeutic equipment (infusion pumps, 

ventilators, defibrillators). 

2.2. Drawbacks of current EMC radiated immunity tests 

Radiated immunity refers to an equipment's ability to operate effectively in the presence of a high-power 

RF transmitter without any impact on its functionality or performance [6] [7]. To assess the immunity of a 

device, radiated immunity tests are conducted using typical waveforms that simulate electromagnetic field 

strengths to which an electronic product may be exposed.  

From a legal standpoint, the essential EMC requirements for medical equipment are established by the 

Medical Device Regulation (MDR), while the standard EN 60601-1-2 [8] defines the performance for ME 

regarding EMC that the manufacturer has to show compliance with. The current version of this standard 

takes into account different EM environments, setting different immunity requirements when the equipment 

is used in a professional healthcare facility or when it is used in the home. It is considered that the home 

healthcare environments are less controlled, since there is no restriction on the number of contributors to 

the EM disturbances, and there are no professionals to react in case of any malfunction of the medical 

equipment. On the contrary, professional healthcare environments may have restrictions on the use of 

electronic equipment and count on professional health workers who can address any malfunction due to 

EMI. This is why the immunity level for home environments is set to 10 V/m, while it is reduced to 3 V/m 

for professional healthcare facilities. 

Defining different levels for the field strength of the interference considering the use and different EM 

environments is an effort towards updating the EMC tests to deal with real modern scenarios. However, 

https://docs.google.com/document/d/1P9gTB_xpd8nCedIW4LYapVpCFabyGwIp/edit#heading=h.uq6sc1pv0bz7
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this approach is not enough. The signal and the setup to be used in radiated immunity tests are defined 

in the basic standard IEC 61000-4-3 [9], and some gaps can be identified when complex EM environments 

have to be addressed. According to the standard IEC 61000-4-3, conducting a radiated immunity test 

requires a dedicated area (facility) that incorporates a screened room and the equipment to generate the 

electromagnetic field. The screened room serves to isolate the test environment and allows for the use of 

instrumentation within the RF field.  

Figure 3 illustrates a screened room that includes an anechoic chamber, as required by the immunity 

standard. 

 

 

○ Figure 1 - Suitable immunity test facility according to the standard IEC 6100-4-3 [9] 

The IEC 61000-4-3 mentions the possibility of using an alternative method, namely the Reverberation 

Chamber (RC) [10][11], to conduct the radiated immunity test. A RC is a complex Faraday cage consisting 

of a shielded metal box with a movable structure called a stirrer. Compared to an anechoic chamber, the 

RC offers several advantages, including time-efficient testing, reduced equipment requirements (amplifier, 

antennas, and facilities), and consequently, cost reduction.  

https://docs.google.com/document/d/1P9gTB_xpd8nCedIW4LYapVpCFabyGwIp/edit#heading=h.uq6sc1pv0bz7
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Regarding the generated interference signal, the standard simulates RF disturbance sources operating at 

distances greater than 1m from the device under test (DUT), using a test signal with amplitude modulation 

using a 1 kHz sine wave at 80 % depth over the frequency range of 80 MHz to 2.7 GHz, without considering 

specific environmental characteristics or the presence of different signal sources and types. Also, when 

testing the immunity to wireless communication signals, the main modulation type used is pulse modulation, 

which makes use of pulses to modulate a carrier signal or employs a pulse train as the carrier signal for 

digital data. However, it should be noted that applying pulse modulation to test all types of wireless 

communication does not accurately represent the real-world conditions. In practice, numerous digitally 

modulated signals can coexist and generate unknown disturbances to other equipment. Therefore, the 

immunity requirements described in this standard do not provide a suitable approach or appropriate 

immunity measurement levels for testing a device under more specific conditions. 

The IEC 61000-4-3 version 2020, introduces some new elements, contemplates frequencies above 80 MHz 

up to 1 GHz. Unlike the previous standard, it does not impose any limitation on the upper frequency limit to 

be tested, as it is determined by the intentional RF range of the emitting devices. It also allows for the 

simultaneous application of multiple frequencies during a single dwell time, as well as different modulations. 

However, like the previous version, it specifies that the dwell time of the modulated signal at each frequency 

should not be less than 0.5 s to ensure proper testing of the Equipment Under Test (EUT) and evaluation 

of its response. Its annex A provides a list of modulation methods that can be considered for the radiated 

immunity test. However, like in previous versions, the standard recommendation and field strength limits 

are only specified for sine wave amplitude modulation at 80% depth and a rate of 1 kHz. While using the 

AM signal as the source signal in the radiated immunity test has its advantages, it may not be reliable for 

testing high-frequency communication systems. 

The other available methods are as follows: 

● Square wave amplitude modulation with a 1:2 duty cycle, 100% AM at a rate of 200 Hz. 

● Pulsed RF signal that approximately simulates the characteristics of each system. 

● Pulsed RF signal that precisely simulates the characteristics of each system. 

● OFDM (Orthogonal Frequency Division Multiplexing) signal for broadcast and radio 

communication. 

In summary, regardless of the method chosen for the radiated immunity test (screened room or RC), current 

standards only require as typical waveforms a narrowband amplitude-modulated signal as an interfering 

field. In consequence, this approach considers a scenario with only one interfering signal, which is entirely 

unrealistic. 

As mentioned before, the growing usage of wideband wireless communication systems, combined with 

multiple RF signals employing different modulations, creates a highly complex EME that cannot be 
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adequately tested using the current standard approach. It would be more appropriate to adopt an approach 

that includes sources of interference from digitally modulated signals and accounts for the presence of 

multiple sources simultaneously. 

3. Objectives 

Considering the discussions introduced in Sections 1 and 2, this research aims to address certain aspects 

within the existing EMC test approach and literature related to radiated immunity testing that have not 

been adequately investigated. The main objective is to define a reproducible and repeatable approach for 

EMC radiated immunity testing that accurately reflects the complexity of actual medical electromagnetic 

environments (EMEs). The specific objectives outlined below will guide the research in achieving this goal: 

 

● Analyse the characteristics of the interference signal that should be applied to the EUT to replicate 

realistic interference in medical environments. This analysis will be based on the research findings 

of Prashanth Goud, Early Stage Researcher (ESR) 2 in the ETERNITY Project, which focuses on 

defining the electromagnetic field of the interference signal. 

● Determine the attributes of the interference signal that will be used as the source of interference 

during the test. This will involve modelling multiple sources of interference using multitone signals, 

incorporating the most common digital modulation schemes found in wireless communication. 

● Investigate the effects of non-ideal behaviour in the equipment used for the radiated immunity 

test. Currently, the equipment is often assumed to be ideal, neglecting factors such as non-linear 

distortion. However, due to the high bandwidth and complexity of digital modulated signals used 

in the test, it is crucial to develop a more realistic model that encompasses all elements in the 

signal chain. This model will aid in determining the necessary settings for an arbitrary signal 

generator to generate the desired interfering signal for the DUT.  

● Evaluate the proposed methodology using a professional immunity test bench. 

4. Methodology 

This section aims to explain the methodology to achieve the research objectives.  

1. Analysis of representative EMI in medical environments:  

As a conclusion of this preliminary analysis the signals to be used in radiated immunity tests will 

be proposed.  

2. Propose a method to synthesise the test signals by the superposition of multiple tones: 

Multi-tone signals can be used to reproduce a situation of multiple simultaneous sources of 

interference but using Fourier theory they can be used to synthesise any signal of interest. 
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3. Identify the technical challenges to implement the proposed method: 

The main difficulty that is expected is connected with the non-linear behaviour of the instruments 

in the signal chain, specially the power amplifier (PA). A non-linear gain in the PA will result in 

intermodulation products when a multitone signal is applied at the input. 

4. Propose solutions for the technical challenges:  

The proposed solution is based on the use of linearization techniques 

5. Finally, the test method has to be validated in an EMC test laboratory on a real MD: 

To validate the proposed test method, it is required to validate the generated field and the effects 

of the electromagnetic interference generated against a medical device. 

The correct generation of the electromagnetic field will be verified in the anechoic chamber 

available at the EMC laboratory of the UPC.  

 At the time of writing, the idea is to use the BITalino [12] as the first equipment under test. BITalino 

can be used as a development system for medical devices and all the signal ports are easily 

accessible, which makes it possible to check the effects of the applied interference on every signal. 

Nonetheless, it is also necessary to investigate other medical devices that are used in hospitals 

and clinics that should be considered in this research. At this phase, a list of medical equipment 

shall be examined and carefully decide which one can be considered as the EUT for validation 

purposes. 

 

The next subsections provide extended information about some specific methodological topics. 

4.1. Analysis of representative EMI in medical equipments 

A study conducted by LaSorte et al. [1] aimed to depict the EME from 30 MHz to 7 GHz in St. Francis 

Hospital. Several studies [2] [13] [14] [15] [16] have been conducted to evaluate the EME and identify 

possible EMI through manual measurements of magnetic and electric fields. These efforts provide 

valuable information about the environment, and it can contribute to gaining knowledge about the 

parameters of the EME in the development of a radiated immunity test. However, there is still a need for 

further understanding of the potential EMI sources that arise in such situations that are not completely 

recognized in a medical EME. It is crucial to accurately describe the real electromagnetic interference that 

reaches the ME. This is particularly important in dynamic environments such as hospitals and clinics, 

where the characterization of the EME is necessary. 

The EN 60601-1-2 standard defines a single-tone sine wave signal modulated at 1 kHz with an 80 % 

depth, applying field strengths ranging from 3 V/m to 30 V/m. Pulse modulation is only used in the worst-

case scenario, and other modulation types are not specifically addressed. Therefore, one single 
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continuous wave (CW) or amplitude modulated (AM) is applied as a test signal in an EMC immunity test, 

which is not the reality for most medical scenarios nowadays. The increasing use of wireless 

communication systems based on wideband signals, combined with multiple RF signals employing 

different modulations, creates an EME that cannot be completely evaluated (the characteristics of complex 

and digital signals) using existing standard guidelines. 

The initial objective of this research is to develop an approach to simulate the dynamic EME observed in 

hospital locations, taking into account the possible sources of interference in an EME, also when detailed 

information about the specific EME is not available. Therefore, the multitone signal is considered to 

combine the most probable interference signals present in the EME, along with various modulation 

schemes and models of other signals. 

4.2. New complex signals for EMC testing 

4.2.1. Multitone Signals 

Multitone signals are considered in this research as they offer several advantages. They not only increase 

the speed of the immunity testing procedure but also provide greater flexibility in accurately testing the 

EUT against real-world threats that are naturally multitone.  

Multitone signals consist of multiple sine waves or tones that are equally spaced at frequencies within the 

frequency range of interest. They are periodic signals and can be used to test the linear and non-linear 

responses of a linear system. By utilising multitone signals, the immunity test can incorporate a combination 

of different frequency signals and digitally modulated signals such as Bluetooth, Wi-Fi, LTE, and others. 

The use of multitone signals in the immunity test improves its performance in multiple ways. Firstly, it 

decreases the frequency dwell time since multiple test frequencies can be applied within a single dwell 

period, increasing the efficiency of the test. Secondly, it enhances the quality of the EMC immunity test by 

simulating the combination of complex modulated RF signals, which more accurately represents the real-

world scenario with multiple wireless signals present simultaneously. A study conducted by Barth [17] [18] 

[19] highlights the importance of using multitone signals to enhance the immunity testing procedure. The 

experiment performed in that study applied multitone signals within the frequency range of 80 MHz to 6 

GHz, according to the radiated immunity standard IEC 61000-4-3. 

The Equation 1 represents mathematically a multitone signal: 

𝑠(𝑡)  =  ∑𝑀
𝑘=1 𝐴𝑘𝑐𝑜𝑠(2𝜋𝑓𝑘𝑡 + 𝛷𝑘)   (1) 

 
where Ak is the amplitude, ϕk is the random phase of the kth sinusoid, and M is the number of tones, 

respectively.  
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In this equation, the multitone signal is composed of multiple cosine waves with different amplitudes, 

frequencies, and phases. The signal is created by summing up all these individual tones, but each tone 

contributes to the overall shape and characteristics of the multitone signal. Adjusting the amplitudes, 

frequencies, and phases of each tone, different multitone signals with specific properties can be generated 

for various testing purposes in radiated immunity tests. 

In the equation below, the multitone signals are composed by two amplitude modulated signals that are 

expressed mathematically as follows. 

 

𝑠(𝑡)  =  𝐴1(1 + 𝑚1𝑐𝑜𝑠𝛺1𝑡)𝑐𝑜𝑠𝜔1𝑡 + 𝐴2(1 + 𝑚2𝑐𝑜𝑠𝛺2𝑡)𝑐𝑜𝑠𝜔2𝑡   (2) 

where index, Ω1, Ω2 are the corner frequencies of modulation signals, and ω1, ω2 are the corner frequencies 

of carrier signals. 

In practice, there are several methods to generate multitone signals for radiated immunity testing. One 

approach involves combining multiple independent continuous wave generators with isolators and PA for 

each generator. The isolators help reduce intermodulation, while the PAs increase the power magnitude of 

the signals. Another approach, as shown in Harima et al. [19], utilises a Vector Signal Generator (VSG) 

along with a PA to generate accurate and configurable multitone signals. For these two procedures, only 

one antenna is used to transmit the signals. Lastly, the third method to generate multiple signals is by using 

multiple signal generators, amplifiers, and antennas, combining the result signals in the free space. 

However, this method can be more challenging to manage due to potential variations in signal amplitudes 

and phases. 

In other studies, such as the one by Abyaneh et al. [14], a single signal generator is used to produce 

multitone signals with various frequency spacing. Additionally, in the work developed by Ma el al. [21], the 

proposed multitone method uses two signal generators and considers the signal frequencies as f1 = 190 

MHz, f2 = 200 MHz and f3 = 210 MHz. In the case where the multitone includes more than three frequency 

signals, interference occurs when frequencies of these signals are distributed with arithmetic progression. 

The experimental results have shown that the individual signals in a multitone signal differ in frequency, 

resulting in a continuously changing relative phase between them. This dynamic phase relationship 

between the tones further contributes to the complexity of the interference pattern. In real-world scenarios, 

multitone signals can consist of a relatively large number of equally spaced and equal amplitude sine 

waves, utilising the full channel bandwidth. This type of multitone signal represents the complexity of the 

actual electromagnetic environment, where multiple wireless signals coexist and interact with each other 

[22]. 
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4.2.2.  Generation of complex waveform by using 

multitone 

A multitone signal can also be a method that approximates a square wave, a sawtooth wave or any other 

complex waveform by summing a sufficient number of sine waves with different frequencies, amplitudes, 

and phases. This approach is based on Fourier series analysis, which states that any periodic waveform 

can be represented as an infinite sum of sine waves of different frequencies and amplitudes.  

The advantage of using this approach is that by maximising the number of sine wave coefficients, the 

multitone signal can provide a more accurate representation of the desired waveform, which can be 

beneficial for testing the immunity of devices under realistic and complex electromagnetic environments. 

However, it's important to note that generating and processing multitone signals with a large number of 

coefficients can be computationally intensive, and the complexity of the waveform may introduce additional 

challenges in terms of signal generation, amplification, and measurement. Careful consideration and 

validation of the multitone signal generation process are necessary to ensure accurate and reliable testing 

results. 

Example of Square Wave 
 

A square wave signal is a non-sinusoidal periodic waveform that alternates between two discrete levels 

(high and low) at a fixed frequency. While it is not composed of a single sine wave, a square wave can be 

represented as an infinite sum of sinusoidal waves through Fourier series analysis. The Fourier series 

representation of a square wave consists of summing an infinite number of harmonics (sine waves) at 

decreasing amplitudes. The fundamental frequency of the square wave corresponds to the lowest 

harmonic, and the higher-order harmonics contribute to the sharp edges and transitions of the waveform 

[23]. Assuming a sufficient number of harmonics in the Fourier series representation, it is possible to 

approximate the square wave signal with increasing accuracy. However, it is important to note that a true 

square wave has infinitely sharp edges, which cannot be fully represented by a finite number of harmonics. 

The accuracy of the approximation improves as more harmonics are included, but there will always be 

some deviation from the ideal square wave. 

This decomposition of a square wave into sinusoidal components through Fourier analysis is a fundamental 

concept in signal processing and allows us to understand and analyse complex waveforms in terms of 

simpler sinusoidal components [23]. 

 

https://docs.google.com/document/d/1P9gTB_xpd8nCedIW4LYapVpCFabyGwIp/edit#heading=h.uq6sc1pv0bz7
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○ Figure 2 - Square wave 

 

According to the Fourier theory, a periodic signal 𝑥(𝑡) is represented by the Equation (3): 

𝑥(𝑡)  =  ∑∞
𝑘 = − ∞ 𝑋𝑘𝑒 𝑗𝑘𝜔0𝑡   (3) 

where 𝑋𝑘 is the frequency component of the signal, 𝜔0 is the angular frequency and 𝑒 𝑗𝑘𝜔0𝑡
 is the 

complex exponential. 

Calculating the Fourier transform of the signal 𝑥(𝑡), the frequency domain signal 𝑋𝑘, which is the Fourier 

Series Coefficients, it is obtained according to the Equation (4): 

𝑋𝑘  =
1

𝑇0
 ∫

𝑇0
𝑥𝑡𝑒 𝑗𝑘𝜔0𝑡     (4) 

where 𝑇0 is the period of the signal. 

Considering a periodic signal as shown in Figure 2, with amplitude equal to one, period T = 4, and 

developing the integral of the Equation (4) for 𝜔0 = 𝜋/2, the coefficient 𝑋𝑘 is obtained according to Equation 

(5). 

𝑋𝑘 = 
1

2
 𝑠𝑖𝑛𝑐(

𝑘

2
)    (5) 

Substituting Equation (5) in Equation (3), therefore the signal 𝑥(𝑡) can be approximated by the summation 

of 𝑋𝑘 coefficients. 

𝑥(𝑡)  =  ∑∞
𝑘 = − ∞

1

2
𝑠𝑖𝑛𝑐(

𝑘

2
)𝑒 𝑗𝑘

𝜋

2
𝑡    (6) 

In Figure 3, the multitone signal (square wave) is represented by the summation of 50 (coefficients) sine 

waves. 
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○ Figure 3 - Illustration of multitone of square wave generated in MATLAB by approximation of 

Fourier series. 

4.2.3.  Digitally modulated signals  

The standard EN 60601-1-2, in accordance with IEC 61000-4-3, primarily uses amplitude modulation (AM) 

to simulate the effects of electromagnetic interference on medical devices. However, with the increasing 

complexity and prevalence of modern electronic circuits and wireless communication systems, a more 

sophisticated modulation approach is required to accurately assess the immunity of these devices. 

Modern communication systems often utilise digital modulation schemes such as frequency modulation 

(FM), phase modulation (PM), or more advanced techniques like quadrature amplitude modulation (QAM) 

and orthogonal frequency-division multiplexing (OFDM). These modulation schemes allow for higher data 

rates, improved spectral efficiency, and better resistance to noise and interference.  

To properly evaluate the immunity of medical devices against real-world electromagnetic interference, it is 

important to also consider the impact of these more advanced modulation techniques. By incorporating 

these advanced modulation techniques and complex signal scenarios into the EMC immunity testing, it 

becomes possible to assess the device's performance and resilience under realistic environments. This 

includes aspects that closely resemble real-world operating conditions, such as the presence of multiple 

digitally modulated signals with varying frequencies, amplitudes, and phase relationships. 

Quadrature Amplitude Modulation (QAM) 

QAM is a digital modulation scheme where data is transmitted over the channel by varying both the 

amplitude and phase of the high-frequency carrier signal. QAM is also known as M-ary QAM, where M 
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represents the number of bits represented in the constellation diagram. For instance, we have 16-QAM, 

32-QAM, 64-QAM, 256-QAM, 1024-QAM, and 4096-QAM. 

In QAM modulation, both amplitude and phase are changed, and two signals that are 90° out of phase with 

each other are summed. These signals are referred to as the I (In-phase) and Q (Quadrature) signals, as 

represented in the equations below: 

𝐼 =  𝐴 𝑐𝑜𝑠(𝛳)  

𝑄 =  𝐴 𝑠𝑖𝑛(𝛳)  

Apply 𝐴  𝑐𝑜𝑠(2𝜋𝑓𝑡 + 𝛳) for the carrier signal to the identity expression 𝑐𝑜𝑠 (ɑ +  𝛽)  =  𝑐𝑜𝑠(ɑ)𝑐𝑜𝑠(𝛽) +

 𝑠𝑖𝑛(ɑ)𝑠𝑖𝑛(𝛽). The resulting waveform is a periodic signal for which the phase can be adjusted by changing 

the amplitude either or both I and Q, and the amplitude as well. Accordingly, it is possible to digitally 

modulate a carrier signal by adjusting the amplitude of the two mixed signals. 

𝐴 𝑐𝑜𝑠(2𝜋𝑓𝑡 + 𝛳) = 𝐼 𝑐𝑜𝑠(2𝜋𝑓𝑡)  +  𝑄 𝑠𝑖𝑛(2𝜋𝑓𝑡) 

In analog television broadcasting, both PAL and NTSC are commonly used standards for transmitting video 

and audio signals. These systems rely on QAM as one of the key modulation techniques to encode the 

information onto the carrier signal. For Digital QAM, various radio communications technologies, including 

LTE, Worldwide Interoperability for Microwave Access (WiMAX), and Wi-Fi, utilise different types of QAM. 

This modulation scheme allows for efficient data transmission over RF channels. It is particularly popular 

in various wireless communication standards due to its ability to transmit high data rates with robustness 

against noise and interference.  

4.3. Technical challenges: intermodulation products 

In a nonlinear system, when multiple different signals with different frequencies are given as input, 

intermodulation distortion occurs, resulting in additional frequency components. These additional 

components can be found at harmonic frequencies (integer multiples) of the original frequencies, as well 

as at the sum and difference frequencies of the original frequencies and at sums and differences of 

multiples of those frequencies, as illustrated in Figure 4.  

For instance, if the two tones signal X defined in Equation (1) is the input signal of a nonlinear system such 

as an amplifier, intermodulation products will appear in the output signal. Intermodulation distortion can 

cause unwanted interference and distortions in the multitone signal. It is important to consider and analyse 

these effects when generating and processing multitone signals in radiated immunity tests, understanding 

the distortion characteristics.  
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Appropriate measures can be taken to minimise its impact and ensure accurate testing of the immunity of 

the EUT. As illustrated in Figure 4, the third-order intermodulation products are located close to the 

fundamental frequencies of the input signal. The close proximity of these intermodulation products to the 

fundamental frequencies can lead to interference and distortion in the multitone signal, affecting the 

accuracy of the radiated immunity test and undertaking challenging efforts to accurately measure and filter 

the intermodulation products. To address this challenge, it is important to carefully design the test setup 

and select appropriate measurement techniques and equipment. This may involve implementing effective 

filtering methods and utilising advanced signal processing techniques to mitigate the impact of 

intermodulation distortion. 

 

○ Figure 4 - Illustration of intermodulation products generated by two tones as input signal of 

an nonlinear system. 

It is important to investigate how the elements in the EMC testing signal chain behave when dealing with 

multitone signals and more complex wideband signals, such as OFDM and QAM, as opposed to single-

tone or narrowband signals. The current EMC immunity test standard IEC 61000-4-3 acknowledges the 

possibility of using two tones and OFDM modulation as input test signals to create realistic interference for 

the EUT. The immunity standard does not provide solutions for problems caused by harmonics and 

intermodulation. Specifically regarding OFDM modulation, the spectrum regrowth resulting from the 

nonlinearity of RF PAs and their intermodulation parameters when dealing with two OFDM-based signals 

must be considered. Factors such as bandwidth, linearity, frequency, and saturation should be carefully 

analysed and taken into consideration in the proposed methodology.  

The appropriate utilisation of wireless signals as input test signals depends on the management of the 

amplifier in the test bench. The factors mentioned above can influence changes in the field strength level 

that reaches the DUT, and therefore, they must be well-defined and tested during the simulation process. 

It is understood that amplifiers operating with a constant supply voltage exhibit reduced efficiency as the 
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crest factor of the signal increases. This is because the amplifier spends more time operating below peak 

power and operates less efficiently, which can potentially introduce distortions in the output signal. 

When it comes to distortion, a certain degree of distortion is tolerable in RF immunity testing, as long as it 

remains within acceptable limits. However, excessive distortion should be avoided. Distortion in amplifiers 

can give rise to unwanted output signals such as harmonics and intermodulation products, which result in 

unknown interferences. This behaviour occurs due to the nonlinearities that arise when the input signal 

power is increased to the point where the amplifier reaches saturation, causing the signal to distort. Despite 

the amplifier having more power, its efficiency may be compromised as it produces additional nonlinearities, 

leading to undesired signal issues such as harmonics and intermodulation. This poses a challenge in 

accurately identifying and measuring the correct interference signal in a radiated immunity test. In general, 

EMC immunity standards provide a procedure to mitigate nonlinearities by reducing the input power until 

the system achieves linearity, at which point the measurements can proceed. 

4.4. Proposed solution 

One approach to mitigate the distortions introduced by the amplifier or other equipment in the signal chain 

is through the use of linearization techniques. Applying a linearization method can yield positive outcomes 

and enhance the reliability of the radiated immunity test by compensating for the nonlinear characteristics 

of the test signal chain. Various linearization methods and algorithms have been proposed in the literature 

[24] [25] [26], including feedback, feedforward, and predistortion techniques. In this work, it is suggested to 

employ predistortion as one possible method to address the system's nonlinearities. The predistortion 

method can be implemented in two different ways: Direct Learning Architecture (DLA) and Indirect Learning 

Architecture (IDLA). 

Figure 5 depicts the learning process of both the DLA and the IDLA in the form of an illustration. 
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○ Figure 5 - General formulation of an adaptive DPD using direct and indirect learning [27] 

When utilising the Direct Learning Architecture (DLA), the amplifier needs to be initially characterised and 

measured to determine its nonlinear behaviour. This involves establishing a mathematical model that 

accurately represents the nonlinear characteristics of the amplifier. The mathematical models for amplifiers 

can be categorised as either memoryless models or models with memory. A memoryless system is solely 

dependent on the input at a specific moment, meaning any change in the input results in an instantaneous 

change in the output. In the frequency domain, a memoryless nonlinearity implies that the transfer 

characteristics remain frequency-independent. Examples of memoryless functions include linear and cubic 

polynomials, hyperbolic tangent, Saleh model, Ghorbani model, Rapp model, and memory polynomials 

[28][29].  

In contrast, a system with memory exhibits output dependence on previous input values, potentially 

introducing phase distortion. Amplifiers are generally classified as memory systems since they contain 

energy-storing components. Examples of memory systems include Volterra, Wiener, Hammerstein, 

Winner-Hammerstein, Memory Polynomials, Parallel Winner, Memory Polynomial/Winner, and Generalised 

Memory Polynomial (GMP) models [30]. Traditionally, power swept continuous wave measurements have 

been used to characterize the nonlinearity of PAs. However, this method is not suitable for accurately 

predicting the behaviour of amplifiers when subjected to digitally modulated signals with a large Peak-to-

Average Power Ratio (PAPR), fast-changing envelope, and high bandwidth. High PAPR indicates the need 

for highly linear PAs, which may not always be feasible in certain testing scenarios.  

Distortion measurement methods based on down conversion and sampling of RF signals have been 

developed, but as mentioned earlier, the modelling process plays a crucial role in defining the amplifier's 

behaviour by establishing a mathematical model that represents its nonlinearities. The amplifier model is 

https://docs.google.com/document/d/1P9gTB_xpd8nCedIW4LYapVpCFabyGwIp/edit#heading=h.uq6sc1pv0bz7
https://docs.google.com/document/d/1P9gTB_xpd8nCedIW4LYapVpCFabyGwIp/edit#heading=h.uq6sc1pv0bz7
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determined by considering the Amplitude Modulation/Amplitude Modulation (AM/AM) and Amplitude 

Modulation/Phase Modulation (AM/PM) characteristics, and along with the Gain X Power, they are plotted 

to compare the defined behaviour model with the actual amplifier. This process intends to analyse the 

approximation between the fitted model and the real amplifier behaviour. 

On the other hand, with the IDLA approach, there is no need to assume an amplifier model. Instead, the 

parameter estimation process for calculating the predistortion function of the amplifier solely relies on the 

input and output signals of the system. The inverse model of the amplifier can be obtained using the GMP. 

The model parameters are determined directly from the measured signals, enabling a more flexible and 

adaptable approach to predistortion. In this research, the focus is to primarily implement the IDLA 

architecture to effectively compensate for the nonlinearities introduced by equipment in the radiated 

immunity test setup. The proposed methodology is specifically designed to address the challenges 

associated with working with complex disturbance signals. By accurately modelling the amplifier's 

behaviour and applying predistortion techniques, the proposed methodology ensures that the amplifier 

operates within the desired linear range, minimising the impact of nonlinear distortions on the output signal 

and improving the overall performance of the test setup. 

Figure 6 illustrates the proposed methodology. 

 

○ Figure 6 - Proposed methodology to perform radiated immunity test considering the 

nonlinear behaviour of the amplifier to dealing with complex signals. 

 

As mentioned previously, the process involves analysing the characteristics of the input and output signals 

and their relationship with the nonlinear behaviour of the amplifier. By observing the input-output 
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relationship, the amplifier model is estimated, allowing for the creation of an accurate representation of the 

amplifier's behaviour. The automatic definition of the amplifier model based on input and output signals is 

a key aspect of the IDLA approach. It eliminates the need for assuming a specific model structure or making 

prior assumptions about the amplifier's behaviour. 

Based on the identified model behaviour of the amplifier, the parameters of the inverse function can be 

iteratively estimated and applied to predistort the input signal to the amplifier, utilising Digital Predistortion 

(DPD) algorithms. The purpose of employing DPD algorithms is to minimise the nonlinear distortions 

caused by the amplifier, effectively correcting for any deviations from the desired signal. These algorithms 

optimise the predistortion parameters to ensure that the output signal closely matches the desired input 

signal, mitigating any nonlinear effects introduced by the amplifier. By compensating for these 

nonlinearities, the amplifier's performance is enhanced, enabling more accurate and reliable testing in 

radiated immunity scenarios with complex signals, such as multitone. The predistortion process is 

particularly important in achieving high linearity and fidelity in the presence of signal distortions caused by 

nonlinear components. 

In Figure 7, the DPD algorithm is implemented within the "PreDistorter" block, which is responsible for 

performing the predistortion of the input signal. The "Coefficient Estimator" block, on the other hand, is 

responsible for estimating the parameters that define the inverse function of the amplifier. This estimation 

process is crucial for determining the appropriate pre-distortion parameters that accurately minimise the 

nonlinearities. Stochastic gradient algorithms, such as Least-Mean-Squares (LMS) and Recursive-Least-

Squares (RLS), are commonly employed in the estimation process. These algorithms minimise the 

correlation between a scaled version of the amplifier output and the previous pre-distorted signal, enabling 

effective predistortion. By iteratively adjusting the predistortion parameters based on the output signal 

measurements and comparing them with the desired input signal, the DPD algorithm converges towards 

the optimal parameter values that achieve the expected predistortion effect. 
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○ Figure 7 - Linearization technique based on indirect learning. 

Based on the illustration and provided information, the discrete-time representation of the predistortion 

process can be described as follows: Let N = n × ∆t represent the discrete time, where n is the sample 

index and ∆t is the sampling interval, u(n) represents the input signal to the amplifier at time n, F represents 

the inverse function of the amplifier that characterises its nonlinear behaviour. x(n) = F(u(n)) represents the 

pre-distorted signal obtained by applying the inverse function to the input signal, and G represents a 

constant value for the amplifier gain. The relationship for signal predistortion can be expressed as x(n) = 

F(u(n)). In this equation, the input signal u(n) is passed through the inverse function F to obtain the pre-

distorted signal x(n). The pre-distorted signal is then fed into the amplifier for further processing. It's 

important to note that the exact form of the inverse function F will depend on the specific characteristics 

and nonlinear behaviour of the amplifier being used.  

5. Figures of merits in DCS and EMI measurements results 

This section aims to provide significant figures of merits for measuring the performance, efficiency, and 

reliability of RF devices and communication systems when they are submitted for immunity testing. These 

measurements aim to assess its susceptibility (or immunity) to external electromagnetic disturbances.  

In addition to the above mentioned measurements, in regards to the proposed method using linearization 

for radiated immunity test, we suggest studying the evaluation of the performance of the DPD and its 

effectiveness for compensating distortions based on some of those figures of merits.  

● Peak-to-Average Power ratio (PAPR) - This is a measure, in dB, of the difference between the 

highest instantaneous power level and the average power level of the signal, which quantifies the 

magnitude of variations in the power of a signal in the context of DCS and PAs. 

Mathematically, PAPR is expressed as follows: 

𝑃𝐴𝑅𝑃 =  
 𝑃𝑒𝑎𝑘 𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑆𝑖𝑔𝑛𝑎𝑙

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑆𝑖𝑔𝑛𝑎𝑙
 

As the PAPR is a random variable, therefore it is evaluated in terms of its Complementary 

Cumulative Distribution Function (CCDF) which means it is the probability that the PAPR exceeds 

a certain threshold [31]. 

● Crest Factor (CF) -  Represents the ratio between the peak amplitude of a signal and its root mean 

square (RMS) amplitude. It also describes the measurement of the PAPR of a signal.  

Crest factor is expressed in decibels (dB) and is calculated using the following formula: 
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𝐶𝑟𝑒𝑠𝑡 𝐹𝑎𝑐𝑡𝑜𝑟 =  20𝑙𝑜𝑔(
𝑃𝑒𝑎𝑘𝐴𝑚𝑝

𝑅𝑀𝑆𝐴𝑚𝑝
) 

In RF and wireless communication systems, CF is an essential metric to evaluate the linearity 

requirements of PAs and to understand the power requirements for transmission. Signals with high 

CF can pose challenges in PA design, as they may require amplifiers with a larger dynamic range 

to avoid distortion and maintain signal fidelity. Techniques such as CF reduction, which can involve 

using signal processing algorithms to reduce the PAPR, may be employed to address the 

challenges caused by high crest factor signals in specific applications [32]. 

 

● Power Added Efficiency (PAE) - This is the percentage of the RF power output added by the 

amplifier to the total DC power consumed by the amplifier. It quantifies how effectively the amplifier 

converts DC power into useful RF power, where higher values indicate better efficiency. 

Mathematically, PAE is calculated using the following formula: 

𝑃𝐴𝐸 =  
(𝑃𝑜𝑤𝑒𝑟 𝑂𝑢𝑡𝑝𝑢𝑡 −  𝑃𝑜𝑤𝑒𝑟 𝐼𝑛𝑝𝑢𝑡𝑅𝐹)

𝑃𝑜𝑤𝑒𝑟 𝐼𝑛𝑝𝑢𝑡𝐷𝐶  ∗  100%
 

Where 𝑃𝑜𝑤𝑒𝑟 𝑂𝑢𝑡𝑝𝑢𝑡𝑅𝐹 is the output power of the amplifier at the desired RF frequency, 

 𝑃𝑜𝑤𝑒𝑟 𝐼𝑛𝑝𝑢𝑡𝑅𝐹 is the input power at the desired RF frequency, and 𝑃𝑜𝑤𝑒𝑟 𝐼𝑛𝑝𝑢𝑡 𝐷𝐶 is the total 

DC power consumed by the amplifier. 

● Adjacent Channel Power Ratio (ACPR) - This is the ratio between the spectral power contained 

in the adjacent channel signal bandwidth and the spectral power contained in the main channel 

signal bandwidth. It is considered to measure the performance of the DPD in reducing the out-of-

band emissions, indicating the level of interference generated by nonlinear distortions.   

● Error Vector Magnitude (EVM) - EVM quantifies the deviation between the ideal transmitted signal 

and the received signal in terms of magnitude and phase. In the context of DPD, EVM represents 

the residual distortion after applying predistortion. Lower EVM values indicate better performance 

in reducing the distortion introduced by nonlinearities. 

Mathematically, EVM is calculated using the following formula: 

𝐸𝑉𝑀 =  
(𝑀𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝐸𝑟𝑟𝑜𝑟 𝑉𝑒𝑐𝑡𝑜𝑟)

 (𝑀𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝐼𝑑𝑒𝑎𝑙 𝑉𝑒𝑐𝑡𝑜𝑟)
∗ 100% 

https://docs.google.com/document/d/1P9gTB_xpd8nCedIW4LYapVpCFabyGwIp/edit#heading=h.uq6sc1pv0bz7
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A lower EVM value indicates better signal quality and more accurate modulation, while a higher 

EVM value indicates more significant errors and poorer signal quality. EVM is an important metric 

in evaluating the performance of DCS, especially in technologies like 4G LTE, 5G NR, Wi-Fi. 

● Bit Error Rate (BER) - It measures the accuracy of the received digital data after applying digital 

predistortion technique. It reflects the system's ability to transmit data without errors even in the 

presence of nonlinear distortions. Lower BER values indicate better performance in reducing the 

impact of nonlinearities on data transmission. 

BER is usually calculated as follows: 

𝐵𝐸𝑅 =
 (𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐵𝑖𝑡 𝐸𝑟𝑟𝑜𝑟𝑠)

  (𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝐵𝑖𝑡𝑠)
 

BER is widely used in the design, testing, and evaluation of DCS, including wireless 

communication, optical communication, and wired communication systems. 

● Third Order Intercept Point (TOI) - The TOI is a parameter in RF that characterize the linearity of 

a device or system, and the dynamic range of the system. High linearity indicates a higher TOI 

value and the ability to handle higher power levels without significant distortion.  

It is defined as the input power level at which the third-order intermodulation products (IM3) 

generated by the device are equal in magnitude to the desired output signal power. In other words, 

it is the point at which the linear behaviour of the device breaks down, and nonlinear distortion 

becomes significant. 

To calculate its value, two tone input signals of equal amplitude but slightly different frequencies 

are applied to the device. The output signal is then analysed to measure the third-order 

intermodulation products. 

𝑂𝐼𝑃3 =  𝑃𝑜𝑢𝑡- 
𝛥𝑃

2
  

 𝛥𝑃 = 𝑃𝑜𝑢𝑡  −  𝑃𝑜𝑢𝑡3
 

where 𝑃𝑜𝑢𝑡 refers to power of fundamental signals when they are equal in magnitude, and 

𝑃𝑜𝑢𝑡3
refers to power of third order intermodulation products when they are equal in magnitude. 

● Signal Noise Ratio (SNR) - Measures the ratio of the desired signal power to the background 

noise power. A higher SNR indicates a stronger and clearer signal, which leads to better 

communication performance which allows for high signal reception and decoding. 

In RF devices, especially wireless communication systems, the SNR plays a vital role in 

determining the system's ability to transmit and receive data accurately.  
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The SNR is calculated according to the following equation: 

𝑆𝑁𝑅 (𝑑𝐵)  =  10 𝑙𝑜𝑔10(
𝑃𝑠𝑖𝑔𝑛𝑎𝑙

𝑃𝑁𝑜𝑖𝑠𝑒
) 

Where 𝑃𝑠𝑖𝑔𝑛𝑎𝑙 is the power of the desired signal and 𝑃𝑛𝑜𝑖𝑠𝑒  is the power of the noise, and it is 

expressed in decibels (dB). 

● Power Level (PL) - Represents the power of the RF signal at a specific point in the system, 

expressed in units of decibels (dBm) or milliwatts (mW). In transmitters, it indicates the strength of 

the signal being emitted, while in receivers, it represents the strength of the received signal. In 

communication systems, a higher power level in the transmitter means a stronger signal is being 

transmitted, which can lead to greater signal coverage and longer communication range. On the 

other hand, a higher power level in the receiver indicates a more sensitive receiver capable of 

detecting weaker incoming signals and improving the system's ability to receive signals even in 

challenging conditions. Power level is a critical RF figure of merit that directly affects the 

performance, range, and efficiency of wireless communication systems. 

There are various instruments and techniques to measure the power level, depending on the 

specific application and frequency range, such as power metre, spectrum analyzer, RF power 

sensor, oscilloscope and field strength metre. 

● Spectral Regrowth - It refers to the increase in signal power outside the allocated channel 

bandwidth, which indicates the level of spectral spreading caused by nonlinear distortions. Low 

levels of spectral regrowth indicate the system achieves better performance in reducing spectral 

spreading. 

● Power Efficiency - Power efficiency assesses the amount of power required to transmit a certain 

amount of data after applying DPD. It reflects the system's ability to achieve high linearity while 

minimising power consumption. Higher power efficiency values indicate better energy utilisation. 

● Dynamic Range - Dynamic range measures the range of input signal power over which the DPD 

system can effectively compensate for nonlinear distortions. A wide dynamic range indicates that 

the DPD system can handle a wide range of input power levels while maintaining good distortion 

compensation. 

6. Experiments and work in progress 

This section describes the achievements to date and  the running activities at present. 
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6.1. Experiments of numerical simulations 

Numerical simulation software, such as MATLAB, has been used to develop the model for the proposed 

methodology. MATLAB offers a comprehensive set of tools and toolboxes that can be leveraged to model 

the necessary instrumentation required for conducting the radiated immunity test in a simulation 

environment. These tools allow for the construction of waveform signals, control of inputs and outputs in a 

development bench, and subsequently, the utilisation of real arbitrary waveform generators during the 

validation phase. MATLAB provides various toolboxes that encompass recommended instruments, their 

configurations, and parameters for measuring the immunity level of the EUT. These toolboxes include 

Instrument Control, Digital Signal Processing, PA, Radio Frequency, Antennas, and Wireless 

Communication Toolboxes.  

The following two bullets are related to the simulations conducted in MATLAB during the initial stages of 

the research. These simulations aimed to gain insights into the behaviour of amplifiers when exposed to 

complex signals, such as multitone or digitally modulated signals, and to analyse the nonlinearities 

introduced by the amplifiers. The focus was on exploring the effectiveness of various linearization 

techniques in compensating for these nonlinearities. The simulations involved modelling the amplifier 

characteristics, applying different input signals, and evaluating the resulting output signals to assess the 

performance of the linearization techniques. The goal was to explore state-of-the-art linearization 

techniques and understand their application and limitations for potential implementation in the radiated 

immunity test. 

1. Simulation in Simulink considering two tones input signal (Figure 8) 

○ Input signal: 1.8 MHz and 2.6 MHz. 

○ Amplifier Model - Definition of the values in dBm for the Output Interception Point 2 (OIP2) 

and Output Interception Point 3 OIP3 to explore the nonlinear parameters of the Amplifier 

block available in Matlab. 

According to the literature, the linearization process is better understood using a two-tone input signal to 

characterize the nonlinearities of the system (amplifier). The following experiment, illustrated in Figure 8, 

was performed with a two-tone input signal to understand how the amplifier generates distortions due to its 

nonlinear behaviour and how this signal can be radiated over an antenna. 
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○ Figure 8 - Experimental in Simulink (MATLAB) with two tones input signal to simulate the 

non-linear behaviour of an specific amplifier. 

 

2. Simulation in Simulink with two tones input signal, different amplifier model and introducing the 

proposed linearization technique (Figure 9) 

 

○ Input signal -  1.8 MHz and 2.6MHz. 

○ Amplifier Model - GMP. Estimate the parameters of the nonlinear amplifier with input and 

output of a real PA measurement system. The amplifier model considered in this 

experiment was used for telecommunication of digital modulated signals. 

○ Linearization - The linearization technique used on this simulation is the DPD. Based on 

the previous memory polynomial PA model, the inverse function that predistorts the input 

signal is derived using the amplifier output signal to predict its input. This process is called 

post distortion, and the estimated parameters of the inverse model are copied to an 

identical model that is used to predistort the input signal. 
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○ Figure 9 - Experimental in Simulink (MATLAB) with two tones input signal to simulate the 

non-linear behaviour of an specific amplifier modelled by memory polynomial and with DPD 

linearization technique. 

Bullets 3 and 4 refer to the experiments about the linearization technique by using digital pre-distortion.  

 

3. Simulation with OFDM signal, different amplifier model and introducing the proposed linearization 

technique, 

○ Input signal: OFDM 

○ Amplifier Model: Memory Polynomial 

○ Linearization Technique: Predistortion with Digital Signal Predistortion (DPD) 

4. Simulation considering input and output of a Cubic Polynomial Model 

○ Input signal: Two Tones (Modulated and unmodulated) and Three Tones 

○ Amplifier Model: Cubic Polynomial Model. 

○ Linearization Technique: Predistortion with Digital Signal Predistortion (DPD) 

To perform the above experiment, it was considered one physical amplifier, the physical EMC RF amplifier 

’Sonoma 330 Broadband RF Amplifier’ to develop the cubic polynomial model that describes its 
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nonlinearities. All experiments and results will be presented and published in the paper to EMC Europe 

2023. 

Bullet number 5 is about the results working with complex interference signals found in real scenarios. 

5. Simulation of complex interference signals identified in PLUX secondment 

During these experiments, it was essential to consider various real case scenarios of BITalino [33] board 

usage. This involved simulating different types of interference sources commonly present in environments 

where the BITalino could be used, such as wireless communication devices, medical equipment, and other 

electromagnetic sources. 

Performing experiments in line with the information acquired during the secondment at PLUX is a significant 

step in advancing the research. The knowledge gained from PLUX regarding different scenarios and input 

signals that can be used as interference will contribute to refining and validating the proposed methodology. 

By incorporating this acquired knowledge about scenarios and input signals, it becomes possible to closely 

mimic the actual electromagnetic environment in medical facilities. The experiments conducted at PLUX 

provided valuable insights into the performance and robustness of the proposed method, allowing for further 

optimization and refinement of the testing approach. 

6.2. Experiments with physical devices 

This step of implementing and validating the proposed methodology is still ongoing in the laboratory at the 

time of writing. It involves practical experimentation and measurements to verify the effectiveness and 

reliability of the proposed approach. The measurements obtained in the laboratory will contribute to the 

validation of the proposed methodology and provide insights into the effectiveness of the developed 

approach in replicating the complexities of real medical environments. 

○ Input signal: Two Tones (Modulated and unmodulated) and Three Tones 

○ Amplifier Model: ZFL-500-BNC+ 

○ Linearization Technique: Predistortion using DPD 

The experiment consists in coupling the interference signal through a capacitor to the Arduino board. The 

capacitive coupling effectively blocks the DC component of the interference signal, allowing only the AC 

component to pass through to the Arduino board. This ensures that the interference signal does not interfere 

with the normal operation of the board's digital circuits. The purpose of using the Arduino board in this setup 

is to observe the effects of the interference signal on the board's digital functionality. Through these 

experiments, it would be able to evaluate the effectiveness of the linearization technique (predistortion) in 

mitigating the effects of electromagnetic interference on the Arduino board. The results obtained will serve 
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as a proof of concept, demonstrating the potential of the proposed method in real-world EMC tests and its 

applicability in improving the immunity of digital devices to interference. 

7. Publications 

➔ Jornadas Españolas sobre Compatibilidad Electromagnética (EMC) 2022 [34] 

(Abstract and Oral Presentation) 

A different approach to perform Radiated Immunity Test taking into consideration complex signals 

The current EMC IEC 61000-4-3 basic standard does not replicate the actual complex communication 

environment, its conditions and equipment behaviors. It considers a single AM modulated CW as a test 

signal while real scenarios include multiple complex signals that might generate several harmonics and 

cause intermodulation problems. In this study, a more complex signal is examined and compared to AM 

Modulated signals described in EMC standards, by previously characterizing the power amplifier 

nonlinearity behaviour and applying the power amplifier model to the system level, in order to tune its 

parameters to deal with the complexity of combined modulated signals. 

➔ EMC Europe 2023 [35] 

Reduction of EMC Power Amplifier Intermodulation by Using Digital Signal Predistortion 

(Full paper and Oral Presentation) 

The current EMC IEC 61000-4-3 standard includes multiple complex signals like multitone as a possible 

input signal for radiated immunity test. Nevertheless, due its nonlinear behaviour, amplifiers can distort the 

multitone input signal to some degree, generating intermodulation products at the output which will result 

in unwanted and additional frequencies applied to the EUT that may affect the results of the test. This paper 

presents a predistortion method based on the Generalised Memory Polynomial model to compensate for 

the system nonlinearities. Simulations in MATLAB are performed considering a mathematical model of the 

physical EMC Sonoma 330 Broadband RF Amplifier. The proposed predistortion method could 

successfully remove the intermodulation distortion products. 

8. Conclusion 

The medical environment has a wide range of electronic equipment and systems, including medical 

devices, wireless communication systems, monitoring equipment, imaging devices, and communication 

networks. Generally, these devices operate near each other, creating a complex electromagnetic 
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environment which likely contains multiple RF signals and sources, with different amplitudes, bandwidth, 

and modulation schemes. 

To overcome the challenges posed by multiple RF signals and sources within hospitals, as well as the 

unique propagation, it is important to examine and understand the indoor propagation characteristics. This 

would allow possibilities to simulate an to define realistic RF interference scenarios (frequency bands, 

power levels, modulation schemes, and operational parameters of these signals) that can occur in hospital 

environments including both intentional transmitters (e.g., wireless communication devices, medical 

equipment) and unintentional radiators (e.g., electronic devices, power lines). Defining new input signals 

considering the frequency bands, signal characteristics (e.g., modulation schemes, bandwidth, power 

levels), the coexistence of signals that accurately represent the complexity of the EME, and the use of 

complex modulation schemes of DCS commonly found in healthcare settings (OFDM, QAM etc), allows for 

thorough testing of MDs and helps to identify potential malfunctions or vulnerabilities to EMI.  

The main objective of the research is to establish a reliable and reproducible approach for radiated immunity 

testing specifically tailored for medical devices. By developing such an approach, it will be possible to 

assess and control the risks associated with EMI, ensuring the safe and secure operation of medical 

devices in the presence of complex EMI. Overall, the research aims to bridge the gap between traditional 

radiated immunity testing methods and the complex EME of medical facilities, ultimately ensuring the proper 

functioning and integrity of MD in critical healthcare applications. This contributes to the field of EMC in 

healthcare by providing a method for conducting radiated immunity testing that accurately represents the 

electromagnetic conditions encountered in ME. This will help manufacturers and testing laboratories to 

assess the performance of medical devices, identify vulnerabilities to EMI, and make informed decisions to 

mitigate potential risks. 
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