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Abstract 

 
The push toward high-efficiency, high-frequency power conversion and the increasing 

susceptibility of electronic systems to electromagnetic disturbances has intensified the demand for 

precise electromagnetic compatibility (EMC) modeling and measurement techniques. This thesis 

addresses these challenges through several contributions that advance the prediction, probing, and 

analysis of electromagnetic interference (EMI) and electrostatic discharge (ESD) effects, focusing on 

GaN-based power converters and ESD-sensitive structures. 

A central theme in this work is the accurate modeling of EMI in GaN transistors. A behavioral 

modeling framework is proposed that adapts a simplified power MOSFET model to GaN devices, 

requiring only minimal parameter extraction and demonstrating prediction accuracy up to 300 MHz. 

Using both circuit simulation and 3D electromagnetic modeling, the influence of layout and DC 

operating points on conducted emissions is evaluated, showing that a compact model based on three 

lumped elements and a diode can achieve strong agreement with experimental data. 

To improve the predictive fidelity of this model, the resistive loss component of the transistor output 

capacitance—termed ROSS—is introduced and experimentally extracted using a novel S-parameter-

based methodology. This parameter, often overlooked in standard models, has been shown to 

significantly impact the damping of switching oscillations and the suppression of spectral peaks in the 

30–150 MHz range. When incorporated into the transistor model, ROSS reduces EMI prediction errors 

by up to 14 dB across the investigated cases, effectively bridging the gap between device-level loss 

modeling and system-level EMC behavior. 

Complementing the modeling work, this thesis introduces a high-impedance voltage probe based 

on a printed circuit board (PCB) structure, optimized through capacitive symmetry to mitigate 

distortion and frequency-dependent loading. The probe achieves a flat frequency response with 3 GHz 

bandwidth and is suitable for high-voltage measurements in GaN switching environments. Building 

on this, an extended set of PCB-based probes is developed, adding current sensing capability through 

a low-resistance shunt design with minimal mutual inductance. The integrated voltage and current 

probes provide reliable waveform acquisition with GHz-level resolution and validate key assumptions 

in EMI and switching performance analysis. 

Finally, the thesis expands its EMC investigation into the domain of ESD susceptibility. It quantifies 

the voltages induced in PCB traces and flex cables by various near-field probes during scanning 

procedures. By comparing probe-induced voltages to those caused by a standardized ESD gun, the 

work offers guidelines for selecting probe types and adjusting test parameters to avoid overstress and 

false-positive fault detection during compliance evaluation. 
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Together, these contributions deliver a comprehensive suite of EMC techniques, spanning 

behavioral modeling, high-speed waveform acquisition, and board-level susceptibility analysis. The 

outcomes support improved EMI prediction and measurement practices while enhancing the 

resilience and reliability of next-generation electronic systems across power and signal integrity 

domains. 
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Kurzfassung 

 
Der Trend zu hocheffizienter, hochfrequenter Leistungsumwandlung sowie die zunehmende 

Störanfälligkeit elektronischer Systeme gegenüber elektromagnetischen Einflüssen erfordern 

präzise Methoden zur Modellierung und Messung der elektromagnetischen Verträglichkeit 

(EMV). Diese Dissertation greift diese Herausforderungen auf und leistet mehrere Beiträge zur 

Vorhersage, Messung und Analyse elektromagnetischer Störungen (EMI) und elektrostatischer 

Entladungen (ESD), mit einem Fokus auf GaN-basierte Leistungswandler und ESD-empfindliche 

Strukturen. 

Ein zentrales Thema dieser Arbeit ist die genaue Modellierung der EMI in GaN-Transistoren. Es 

wird ein verhaltensbasiertes Modell entwickelt, das auf einem vereinfachten MOSFET-Modell 

basiert und auf GaN-Bauelemente übertragen wird. Dieses Modell erfordert nur wenige 

Parameter und ermöglicht die Vorhersage leitungsgebundener Störungen bis 300 MHz. Mit Hilfe 

von Schaltungssimulationen und 3D-Feldmodellierung wird der Einfluss des Layouts und der 

Betriebspunkte auf das Störspektrum analysiert. Ein kompakter Modellaufbau mit drei passiven 

Elementen und einer Diode zeigt dabei eine sehr gute Übereinstimmung mit experimentellen 

Messungen. 

Um die Vorhersagegenauigkeit dieses Modells zu verbessern, wird die 

Widerstandsverlustkomponente der Ausgangskapazität des Transistors – bezeichnet als ROSS – 

eingeführt und experimentell mithilfe einer neuartigen, auf S-Parametern basierenden Methodik 

extrahiert. Dieser Parameter, der in Standardmodellen oft vernachlässigt wird, hat sich als 

entscheidend für die Dämpfung von Schwingungen beim Schalten sowie für die Unterdrückung 

von Spektralpeaks im Bereich von 30–150 MHz erwiesen. Wird ROSS in das Transistormodell 

integriert, reduziert sich der Fehler bei der EMI-Vorhersage in den untersuchten Fällen um bis zu 

14 dB und überbrückt damit effektiv die Lücke zwischen verlustbezogener Modellierung auf 

Bauteilebene und dem EMV-Verhalten auf Systemebene. 

Ergänzend zur Modellierung wird eine hochimpedante Spannungsmesssonde auf 

Leiterplattenbasis vorgestellt, die durch symmetrisches Layout parasitäre Kapazitäten 

kompensiert und einen flachen Frequenzgang bis 3 GHz erreicht. Diese Sonde eignet sich 

insbesondere für hochspannende, schnelle Schaltvorgänge in GaN-Systemen. Darauf aufbauend 

wird ein erweitertes Messsystem entwickelt, das eine Strommesssonde mit niedriger Induktivität 

ergänzt. Durch die Kombination beider Sonden wird eine simultane Erfassung von Spannungs- 

und Stromverläufen mit GHz-Bandbreite ermöglicht. 

Abschließend untersucht die Arbeit die EMV-Anfälligkeit im Bereich der ESD. Es werden die 
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durch Nahfeldsonden induzierten Spannungen in Leiterbahnen und Flexkabeln gemessen und mit 

jenen eines normierten ESD-Simulators verglichen. Die Ergebnisse liefern praxisnahe 

Empfehlungen zur Auswahl geeigneter Sonden und zur Einstellung sicherer Prüfspannungen, um 

Überbelastung und Fehldiagnosen bei EMV-Prüfungen auf Board-Level zu vermeiden. 

Diese Beiträge liefern ein umfassendes Methodenset zur Modellierung, Messung und Diagnose 

im Hochfrequenz-EMV-Bereich. Die Arbeit verbindet gerätebezogene Modellierung mit 

praxisnaher Messtechnik und Systemanalyse und bietet damit eine fundierte Grundlage für die 

Entwicklung robuster, emissionsarmer elektronischer Systeme der nächsten Generation. 
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1.1 Background and Motivation 

The demand for high-frequency, high-efficiency, and high-density power electronics has led to the increasing 

use of gallium nitride (GaN) devices in modern converter applications. GaN high-electron-mobility 

transistors (HEMTs) offer advantages such as lower on-resistance, reduced parasitic capacitance, and 

negligible reverse recovery charge compared to their silicon (Si) counterparts, making them ideal for fast-

switching, compact power systems [15]. These characteristics are particularly beneficial in applications such 

as electric vehicles and high-frequency soft-switching topologies, where performance and size are critical. 

However, the high-speed switching transitions inherent to GaN devices result in significant 

electromagnetic interference (EMI), posing challenges for system-level electromagnetic 

compatibility (EMC). A tenfold increase in switching speed typically leads to approximately 20 dB 

higher emissions, making EMC a key design constraint [1]. These emissions can affect adjacent 

circuits and compromise compliance with regulatory standards such as CISPR 25 [10]. 

To address these challenges, circuit simulation plays a pivotal role in predicting EMI early in the design 

process. Physical transistor models—based on semiconductor geometry—offer high fidelity but 

require extensive parameter extraction, while behavioral models treat the transistor as a black box 

and emphasize ease of implementation and simulation speed [2], [3]. Behavioral modeling techniques 

have proven useful across different technologies, including GaN, SiC, and super-junction structures, 

although the modeling of high-speed GaN devices still faces challenges due to the presence of nonlinear 

capacitances and parasitic resonances [41]. 

Among the dynamic characteristics of GaN transistors, losses associated with the output 

capacitance (COSS) have become an area of focus. These losses increase with frequency and become 

a dominant factor in MHz-range switching applications [18]. The loss can be separated into 

capacitive components—attributed to charge hysteresis effects that become significant above 20 

MHz—and resistive components. The latter—commonly termed ROSS—is often neglected in 

datasheets despite its significant contribution to damping and waveform behavior [25]. Existing 

models typically assume a lossless charging and discharging of COSS or simplify the behavior into 

a passive capacitance in the OFF-state. However, empirical studies have shown that up to 20% of 

the energy stored in EOSS may be lost during each switching cycle [18]-[24]. 
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Characterizing these behaviors requires high-bandwidth voltage and current measurements. 

However, commercial high-voltage probes often struggle to achieve bandwidths beyond 100 MHz—

particularly at high voltages—due to frequency-dependent loading and parasitic effects [62]–[65]. 

These limitations are especially critical in applications such as double pulse testing of GaN switches in 

electric vehicle modules, where accurate waveform reconstruction is essential [47]–[50]. Additionally, 

since these probes are not integrated into the circuit layout, they increase the complexity of the test 

setup.  

Resistive voltage dividers (RVDs) are frequently used in high-speed environments. However, as 

frequencies exceed a few MHz, parasitic capacitances across and to ground dominate behavior, 

reducing measurement fidelity. Design trade-offs between resistance, capacitance, and bandwidth 

become critical in this regime [59]. In general, increasing input impedance reduces probe bandwidth, 

and vice versa, making symmetrical PCB layout and parasitic balancing key to achieving reliable GHz-

bandwidth measurement performance [62]-[65]. 

While voltage sensing can typically be performed with minimal disturbance to the circuit, current 

measurement remains more challenging due to its inherently intrusive nature. Resistive shunts and 

Rogowski coils offer alternative approaches, each with trade-offs in bandwidth, linearity, and spatial 

constraints [66]-[84]. 

Beyond GaN-based power systems, the susceptibility of electronic systems to electrostatic discharge 

(ESD) remains a critical EMC concern. ESD scanning is widely employed to investigate soft-failure 

mechanisms, particularly in systems that fail to pass standards such as IEC 61000-4-2 [99]-[100]. Field 

probes excited by pulsed voltage sources are moved across traces, interconnects, or PCBs to localize 

sensitivity. However, the exact voltage induced by these probes is often not quantified, and over-

injection risks overstressing the system under test [101]-[104]. 

In summary, the interaction of fast-switching GaN devices, measurement system bandwidth, and 

system-level ESD susceptibility forms a complex landscape in EMC engineering. The challenges in 

modeling losses like ROSS, measuring high-speed transients, and characterizing probe-induced 

disturbances all point to the need for more refined approaches in both simulation and 

experimentation. 

 

1.2 Objectives of the Dissertation 

This dissertation aims to improve electromagnetic compatibility (EMC) engineering across high-speed 

power and signal systems by addressing predictive modeling, high-bandwidth measurement, and ESD 

susceptibility characterization. The focus lies in GaN-based power converters and PCB-level electronic 

interfaces. The core research questions include: 

 How can compact transistor models predict conducted EMI in GaN-based converters with 

minimal input requirements? 
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 What previously unaccounted loss mechanisms critically affect waveform damping and EMI peaks 

in GaN switching? 

 How can voltage and current waveforms be measured with GHz-level fidelity using compact, 

manufacturable PCB probes? 

 How do voltages induced by ESD field probes compare to those from standardized ESD guns, and 

what are the implications for test safety and accuracy? 

To address these, the dissertation makes the following novel contributions: 

 Compact Behavioral Modeling of GaN Transistors for EMI Prediction: 

A simplified GaN transistor model is adapted from silicon MOSFET architectures using three lumped 

elements and a diode. It is designed for rapid, practical prediction of conducted EMI up to 300 MHz using 

only datasheet data and a single reference waveform. The model includes DC operating point sensitivity 

and 3D layout parasitic effects, supporting system-level EMI simulation for early-stage design decisions.  

 Incorporation of ROSS into EMI-oriented GaN Modeling: 

A compact measurement and modeling method is proposed to extract the resistive component of the 

output capacitance (ROSS) using S-parameter measurements. This parameter is integrated into an 

LTspice-compatible model and shown to significantly impact oscillation damping and EMI prediction 

accuracy, particularly in the 30–150 MHz range. Experimental validation across three GaN devices 

reveals that including ROSS improves prediction error by up to 14 dB. 

 Development of a PCB-Based GHz Bandwidth Resistive Voltage Probe: 

A compact, high-resistance voltage probe is designed using a symmetrical PCB structure to suppress 

parasitic capacitance and balance electric fields. The probe achieves 3 GHz bandwidth with a 5 kΩ input 

resistance, verified through full-wave electromagnetic simulation and experimental testing. Its design 

offers a scalable, low-distortion voltage sensing solution tailored for fast-switching GaN environments, 

including high-voltage applications. 

 Design of a PCB-Integrated GHz Bandwidth Resistive Current Probe: 

A planar, resistive PCB current sensor is introduced with a bandwidth exceeding 1 GHz. The probe is 

compact and highly integrable, offering minimal parasitic interaction and a wide linear range. Key design 

trade-offs are explored to support both symmetric and asymmetric test setups. The resulting probe 

allows simultaneous, non-invasive current waveform capture during rapid switching transitions in GaN-

based circuits. 

 Evaluation of Probe-Induced Voltages in ESD Susceptibility Testing: 

3
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A systematic comparison is conducted between voltages induced by local field probes and those from 

standard IEC 61000-4-2 ESD gun discharges. Using controlled TLP excitation, this work establishes 

thresholds for safe probe operation, identifies geometrical effects on coupling behavior, and outlines 

guidelines for selecting appropriate probes and tuning voltage levels during ESD susceptibility scans.  

Together, these contributions form an integrated approach to modern EMC challenges—linking 

predictive device modeling, GHz-class instrumentation, and practical susceptibility diagnostics. The 

work supports more reliable, simulation-informed design and testing for fast-switching power systems 

and sensitive electronic platforms. 
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2.3 Modeling a GaN Transistor and its Impact on Conducted Emission up 

to 300 MHz 

M. Gholizadeh, K. Odreitz, C. Riener, A. Pak, D. Pommerenke, and J. Hansen, “Modeling a GaN 

transistor and its impact on conducted emission up to 300 MHz,” in Proc. 2023 Int. Symp. 

Electromagn. Compat. (EMC Europe), Sep. 4, 2023, pp. 1–6. 

2.3.1 Abstract 

Accurate transistor models in the wide frequency range are essential for the prediction of 

electromagnetic interference. This paper investigates the applicability of a silicon power MOSFET 

behavioral model to GaN transistors and shows which parameters are important for modeling high-

frequency emissions. In the tested case we show that GaN modeling is feasible up to 300MHz using 

datasheet information and a single measurement. In addition, a simplified power MOSFET model is 

proposed that requires only three lumped element values and an ideal diode. We also investigate the 

impact of the layout by 3D simulations, the impact of two DC voltage levels, and we compare the 

simulated results to measurements. 

 
2.3.2 Introduction 

The development of gallium nitride (GaN) devices has been driven by the increasing demand for 

power electronic devices with new specifications such as high frequencies, voltages, temperatures, 

and high current densities. GaN is the technology of choice for fast switching frequencies, offering the 

highest efficiency and power density at an optimized total cost for power applications. However, fast 

switching comes at the price of higher electromagnetic emissions: a factor of 10 faster rise time results 

in about 20 dB higher emissions at high frequencies [1]. The number of redesigns should be kept to a 

minimum as they are time-consuming and costly. Therefore, circuit simulations are used, supplemented by 

parasitic elements to account for the electromagnetic properties of the electromechanical setup of the test 

system.  

Transistor modeling usually follows one of two approaches: physical or behavioral. Physical models are 

created with numerous parameters because they are based on the semiconductor structure. Therefore, 

knowledge of the internal geometry and material is required in order to extract these parameters [2]. 

Behavioral models, on the other hand, treat the chip as a black box where only the pins are accessible. A 

behavioral metal–oxide–semiconductor field-effect transistor (MOSFET) model, including a comparison with 

physical models, is presented by Turzynski and Kulesza [3].  

Ideally, a universal behavioral model must satisfy several requirements. First, it must provide high accuracy 

in fast simulation times. Second, the lumped-element model must not suffer from convergence problems in 

a SPICE simulation. Third, it is advantageous if it is independent of semiconductor technology such as GaN, 

silicon carbide (SiC) [4], [5], or super-junction (SJ) structure [6]. This requirement is usually not met because  
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the channel of a silicon transistor is formed by an inversion layer, whereas a GaN device forms a two-

dimensional electron gas (2DEG) through a heterojunction. A good approach to meet these requirements is 

presented by Endruschat et al [7]. 

This paper investigates the applicability of a silicon power MOSFET behavioral model for GaN transistors. 

The Infineon CoolGaNTM IGOT60R070D1 [8] is modeled using the procedure proposed in [9], which was 

originally developed for super-junction FETs. The model is then analyzed in a half-bridge topology by both 

simulation and measurement according to the CISPR 25 standard [10]. A 3D simulation is performed in CST 

Studio Suite [11], which includes the MOSFET model. Thus, the effects of the given PCB layout and two 

different DC voltages are also investigated.  

The aim is to analyze which parameters of the model become critical at higher frequencies. We only use 

datasheet information and a single measurement. In this paper, we use a conducted emission 

measurement, alternatively, a double-pulse measurement does also work. We show that with the 

developed model, measured conducted emission data is well reproduced up to 300 MHz. In addition, a 

simplified universal power MOSFET model is proposed, including its limitations. In summary, this 

paper has the following novelties: 

 A quick and easy way to create a universal power MOSFET model that is also valid for GaN 

transistors, 

 Which (few) parameters are, in the given case, critical for accurate emission modeling up to 

300 MHz. 

We note that we refer to conducted emission modeling, even though this procedure is usually only 

performed up to 108 MHz. In our paper, we extend the frequency range of investigation up to 400 MHz 

for comparison with measurement.

 
2.3.3 Transistor Modeling 

The power MOSFET model and the proposed simplified version are shown in Figure 3.1 and 

Figure  3.2, respectively. The complex version separates static and dynamic behavior. Especially the 

latter is of interest for high-frequency analysis.  
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Fig. 3.1: Detailed equivalent circuit model of the power MOSFET used in this work, incorporating 

voltage-dependent capacitances (Cgs, Cgd, Cds), parasitic resistances (Rg, Rd, Rs), and inductances (Lg, 

Ld, Ls) to capture high-frequency switching behavior and conducted EMI up to 300 MHz. 

 

Fig. 3.2: Simplified behavioral MOSFET model derived from Fig. 3.1, retaining dominant parasitic 

elements (Rp, Lp, Cp) to reduce simulation complexity while preserving key resonance and damping 

effects relevant to EMI analysis. 
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2.3.3.1 DC Characteristics 

The output characteristic of the MOSFET is modeled with a voltage-controlled current source (IDS). 

Depending on whether the MOSFET is biased in the linear region or in the saturation region, the current 

can be calculated by Eq. 3.1 and Eq. 3.2 of Shichman and Hodges [12]:  

𝐼𝐷𝑆,𝑙𝑖𝑛 =
𝛽

2
(2(𝑉𝑔𝑠 − 𝑉𝑡𝑜)𝑉𝑑𝑠 − 𝑉𝑑𝑠

2)(1 + 𝜆𝑉𝑑𝑠) (3.1) 

𝐼𝐷𝑆,𝑠𝑎𝑡 =
𝛽

2
((𝑉𝑔𝑠 − 𝑉𝑡𝑜)

2
(1 + 𝜆𝑉𝑑𝑠)) (3.2) 

The three unknown parameters are the threshold voltage Vto, a factor β which is a function of the 

internal semiconductor geometry and material, and the channel length modulation factor λ. For 

the investigated GaN transistor, λ has a small value. For simplicity, it is set to 0. The other two 

parameters can be extracted from the datasheet by taking the two points Ids1 and Ids2 at Vgs1 and 

Vgs2 from the transfer characteristic. The rearrangement of Eq. 2 gives β and Vto with Eq. 3.3 and 

Eq. 3.4, respectively: 

𝛽 = 2𝐼𝑑𝑠1 (𝑉𝑔𝑠1 − 𝑉𝑡𝑜)
2

⁄  (3.3) 

𝑉𝑡𝑜 = 𝑉𝑔𝑠2 − 𝑉𝑔𝑠1(√𝐼𝑑𝑠2 𝐼𝑑𝑠1⁄ ) (1 − √𝐼𝑑𝑠2 𝐼𝑑𝑠1⁄ )⁄  (3.4) 

The reverse characteristic of the GaN transistor is modeled in a very similar way by taking two 

points from the datasheet again. The breakdown is modeled by an ideal diode which becomes 

conductive when the applied voltage exceeds Vbreak. 

 
2.3.3.2 AC characteristics 

The voltage-dependent capacitances between the drain, gate, and source are modeled as voltage-

controlled current sources whose output currents follow the current–voltage relation I = C · dV/dt. The 

capacitance values are stored in tables as voltage sources. Since datasheets give the values as input 

capacitance Ciss, output capacitance Coss, and feedback capacitance Crss, these must be converted 

according to Eq. 3.5–3.7: 

𝐶𝑔𝑑 = 𝐶𝑟𝑠𝑠 (3.5) 

𝐶𝑔𝑠 = 𝐶𝑖𝑠𝑠 − 𝐶𝑟𝑠𝑠 (3.6) 

𝐶𝑑𝑠 = 𝐶𝑜𝑠𝑠 − 𝐶𝑟𝑠𝑠  (3.7) 

A first-order estimate of the parasitic self-inductance of the bond wires is made using the formula for 

the inductance of a straight piece of round wire [13] as most datasheets do not provide this 

information. The same applies to Rd and Rs. These values can be initially estimated to be RDS(on)/2, each. 

 
2.3.3.3 Simplified model 

The complex model depicted in Figure 3.1 is simplified in Figure 3.2 to investigate the impact of the gate 

terminal at high frequencies. Rp, Lp, and Cp in the simplified model correspond to Rd and Rs, Ld and Ls, and Cds  
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in the complex model, respectively. 

 
2.3.4 Device-under-Test 

We investigate two 600+V CoolGaNTM IGOT60R070D1 from Infineon [8] mounted in a half-bridge 

topology on a printed circuit board as shown in Figure 3.3. The gate signal is generated by an 

external waveform generator and processed on the board by an auxiliary gate driver circuit 

(1EDF5673K). Two DC link capacitors of nominal 1.0 µF are connected between the DC+ and DC- 

nodes. The load is an RL series circuit connected between the switching node and DC+. It is 

composed of a power resistor with aluminum housing and a high-current power inductor with 

nominal values of 10 Ω and 10 µH and about 15 cm of wire at both ends. The fundamental 

switching frequency is 200 kHz, and the rise and fall times of the drain-source voltage are about 

10 ns. Further hardware details are described in [1]. 

 

Fig. 3.3: The GaN half bridge board top and bottom side. 

 
2.3.4.1 Conducted Emission Measurements 

Conducted emission measurements according to the voltage method described in the CISPR 25 

standard [10] were carried out. As can be seen in Figure 3.4, the board and the load are placed 50 

mm above a full metal table, and two Line Impedance Stabilization Networks (LISNs) [14] are 

connected between the power supply and the DUT. At the positive LISN, an EMI receiver measures 

the EMI spectrum in the frequency range from 150 kHz to 400 MHz. It should be noted that there is 

an additional effect of LISNs above 150 MHz, which we have not investigated. Two operating points 

were measured, one with a DC supply voltage of VDC = 10 V and one with VDC = 60 V . Further details 

of the measurements are described in [1]. 
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Fig. 3.4: Setup of the conducted emission measurement. Two LISNs are used, and the emission 

measurement used in this paper is recorded at LISN P at the positive supply terminal. 
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2.3.4.2 Simulation Model 

Figure 3.5 shows the numerical 3D model of the DUT. It was developed in [1] and reused to test 

the accuracy of the novel GaN MOSFET model compared to the previously reported one. The 3D 

model considers a distance of 50 mm between the DUT and the ground reference table. 

Furthermore, the supply cables connecting the LISN networks and the load are also included in 

the model. The electromagnetic behavior of the PCB is numerically estimated using full-wave finite 

element method (FEM) simulations in CST Studio Suite [11] and a multi-port S-Parameter model 

is generated from the 3D simulation results [1]. Finally, this S-Parameter model is then deployed 

in a SPICE framework to connect equivalent circuit (EC) models of the GaN MOSFETs, capacitors 

(equivalent circuits with parasitic inductance taken from data sheet), load (network analyzer 

measurement for differential mode plus additional common mode capacitance obtained using an 

impedance analyizer), and LISN networks (circuit schematic). Figure 3.6 shows the top-level 

circuit schematic of the com- plete system. It comprises the novel EC model of the GaN MOSFETs 

detailed above (see Figs. 3.1 and 3.2) as well as the previously reported EC models of the load, 

LISNs, and DC link capacitors [1]. 

 

Fig. 3.5: Full-wave 3D electromagnetic model of the GaN half-bridge test setup used for conducted EMI 

simulation. The model includes the PCB layout, LISN connections, supply and load wiring, and a 50 mm 

spacing to the ground reference plane, enabling accurate extraction of the multi-port S-Parameter 

model of PCB shown in the center of Fig. 3.6. 

. 
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Fig. 3.6: Top-level circuit schematic for system simulations of the conducted emissions. 

 
2.3.5 Model Analysis 

In this section, firstly, the comparison between the simulation using a complex transistor model and the 

measurement using DC power supplies of 10 V and 60 V up to 400 MHz is shown. Then, the impact of 

individual parameters of the model used on the simulation result is studied to gain insight into its sensitivity. 

Both the parameters of the GaN model and the impact of the 3D geometry are investigated. 

2.3.5.1 Comparison to Measurements 

Fig. 3.7 and Fig. 3.8 show the comparison between measure- ment and simulation results using 

the complex model shown in Fig. 1 at VDC = 10 V and VDC = 60 V , respectively. To investigate the 

impact of the transistor model parameters, we use a manual fitting procedure. We start using the 

datasheet values and subsequently investigate the sensitivity of all parameters. It turns out that 

the following parameters are of relevance: λ, Rg, Rd, Rs, Ld, Ls, Cgd and Cds. In the end, a very good 

match between simulation and measurement is obtained with the values found in Tab. I, which 

results in the frequency responses of Fig. 3.7 and Fig. 3.8. 

The parasitic capacitance values are close to the datasheet values (±10% deviation). In the 

complex model, to obtain the desired overshoot attenuation between 70 MHz and 90 MHz, there 

is a trade-off between Rd and Rs, and λ. In this case, when λ=0, Rd and Rs tend to be larger than 

estimated from the datasheet (about 20 times larger). However, Rd and Rs can have values close 

to the datasheet if λ can have a larger value such as 0.5. 
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Note that alternatively, these parameters could be obtained by comparing measured and 

simulated waveforms of a double pulse setup. The parameters of the simple model are chosen 

according to [1]. 

From 70 to 90 MHz, the maximum difference between simulation and measurement is about 6 dB 

at VDC = 10 V . In both figures, the difference between simulation and measure- ment, from 3 to 40 

MHz, can be proven to be due to the load, as shown in [1]. In conclusion, the chosen model 

topology, originally devised for power MOSFETs characterizes the GaN very well for emission 

simulation up to 300 MHz. Above 300 MHz, the measurement appears to show a resonance, which 

is not predicted by the model. 

 

Fig. 3.7: Comparison between measured and simulated conducted emissions using complex model (VDC 

= 10 V). 
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Fig. 3.8: Comparison between measured and simulated conducted emissions using complex model (VDC 

= 60 V). 

 

2.3.5.2 Sensitivity Analysis of System Parameters 

The simulation results of the complex and simple models are compared with and without the 

effect of PCB layout at VDC = 10 V (Fig. 3.9). It is clear that ignoring the effect of the PCB layout 

results in the disappearance of the overshoot between 70 MHz and 90 MHz, which is 

demonstrated by both models. Using the simple model without layout, the overshoot frequency is 

visible at a much higher frequency, because the parasitic inductance of the layout is missing. The 

simple and the complex transistor models differ in the peak amplitude at the resonance. 

Compared to the measurement, the amplitude of the complex model is about 5 dB too low 

(cf. Fig. 3.9), and that of the simple model is 5 dB too high. 

Fig. 3.10 compares the simulation results with the complex and simple models for VDC = 10 V and 

VDC = 60 V . Below 80 MHz, the frequency response at 10 V is shifted up by about 15 dB at 60 V as 

shown by both models which equals 20 log10(6), i.e. it is proportional to the increase in DC voltage. 

Above 80 MHz the simple model shows almost the same overshoot between 70 MHz and 90 MHz 

at both voltages, which is wrong for the frequency response at 10 V. At 60 V, above 150 MHz, the 

frequency response should drop sharply, but, this is not possible with the simple model. The 

parameters Rg and Cgd of the complex model produce this behavior very well. At 60 V, the first 

resonance (region A) is well described by both the simple and the complex transistor models, but 

the second (region B) is only correctly described by the complex model. 
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The impact of individual parameters of the complex model on the simulation result has been 

investigated in further simulations and is as follows: 

• Cgd and Cds define the frequency of the overshoot between 70 MHz and 100 MHz. 

• Cgs has in our experimental setup (the load is attached to the drain-side) minor impact on the 

frequency response. 

• Damping can be tuned to a high extent by Rg, Rd and Rs. 

• The falling slope at higher frequencies could be tuned to a higher extent by Rg and Cgd and to 

a lower extent by Ld and Ls 

• The effect of Lg is negligible. 

The high-frequency performance of the complex model can be divided into regions A, B, and C as 

it is shown in Fig. 3.10. The third column of Table 3.1 shows which region is dominated by which 

parameter. The dots ... indicate that the parameter has no effect. 

 

Fig. 3.9: Simulated conducted emissions: comparison between complex and simple (Rcs=0) models with 

and without the effect of PCB layout (VDC = 10 V ). 
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Fig. 3.10: Simulated conducted emissions: comparison between complex and simple models at VDC = 10 V 

and VDC = 60 V. 

Table 3.1: Chosen values of the parameters of the complex model for the simulation. 

Parameter value Region of impact 

λ 0 ... 

Rd 0.7 Ohm A 

Rs 0.7 Ohm A 

Rg 1 Ohm A, B and C 

Ld 3.3 nH C 

Ls 1.2 nH C 

Lg 5 nH ... 

Cds(10 V) 120 pF A 

Cds(60 V) 148 pF A 

Cgs(10 V) 363 pF ... 

Cgs(60 V) 400 pF ... 

Cgd(10 V) 60 pF A, B 

Cgd(60 V) 6 pF A, B 
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2.3.6 Conclusion 

In this paper, a silicon power MOSFET behavioral model is adapted to GaN transistors to characterize 

conducted emission. The model is analyzed in a half-bridge topology using both 3D simulations of the 

test setup and measurements. Using datasheet information and a single measurement, our approach 

indicates that GaN modeling up to 300 MHz is possible by considering only a few parameters of a very 

general transistor model. We also present a simple model which shows good results at a low supply 

voltage of 10 V and up to the resonance frequency generated by the layout inductance and the 

transistor capacitances. 

 

2.3.7 My Scientific Contribution 

This paper evaluates the applicability of a behavioral model—originally developed for silicon power 

MOSFETs—to GaN transistors, with a focus on identifying key parameters influencing high-frequency 

emission modeling. It further investigates the impact of PCB layout through 3D electromagnetic 

simulations, examines the effect of different DC voltage levels, and compares simulation results with 

experimental measurements. 

My specific contributions to this work include: 

 Developing of a GaN transistor model for transient co-simulation in CST Studio Suite 

 Performing 3D full-wave electromagnetic simulations 

 Conducting high-frequency emission measurements 

 Designing and executing a sensitivity analysis to assess the influence of model parameters and 

PCB layout effects 

 Analyzing and interpreting the resulting data 
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2.4 Modeling and Experimental Characterization of ROSS for EMI 

Prediction in GaN-based Power Converters 

M. Gholizadeh and D. Pommerenke, “Modeling and experimental characterization of ROSS for EMI 

prediction in GaN-based power converters,” submitted to IEEE Trans. Power Electron., Apr. 30, 

2025; reviews received Jul. 21, 2025; revision currently in preparation. 

2.4.1 Abstract 

This paper presents a detailed investigation into the impact of the resistive component of the output 

capacitance—denoted as ROSS—on the electromagnetic compatibility (EMC) performance of GaN-

based power converters. It shows that this loss can dominate the resonance often seen in the 

electromagnetic interference (EMI) measurements. A behavioral compact model of a GaN high-

electron-mobility transistor (HEMT) is developed and implemented in LTspice, incorporating 

nonlinear capacitances, dynamic on-state resistance, and a voltage-dependent ROSS. The ROSS 

parameter, which is not provided in standard datasheets, is experimentally extracted through S-

parameter measurements up to several hundred megahertz using a calibrated transmission line 

setup. The model is validated across three different GaN devices through both time-domain and 

frequency-domain measurements using a half-bridge test platform. Results confirm that ROSS 

significantly affects switching waveform damping and EMI emissions, particularly in the 30–150 

MHz range. Devices with higher ROSS show reduced overshoot and improved damping, translating 

to up to 15 dB lower conducted EMI. Simulation results that incorporate ROSS show excellent 

agreement with measurements, highlighting the importance of including this loss mechanism for 

accurate modeling and EMI prediction. These findings offer new insight into GaN device selection 

and circuit design for EMC-critical applications. 

 
2.4.2 Introduction 

Gallium Nitride (GaN) high-electron-mobility transistors (HEMTs) are emerging as a superior 

alternative to traditional silicon (Si) power devices due to their lower on-resistance, reduced parasitic 

capacitance, and negligible reverse recovery charge. These characteristics enable faster switching 

speeds and higher power densities, making GaN an ideal candidate for compact and efficient power 

conversion in modern applications such as electric vehicles [15]. However, fully realizing the benefits 

of GaN devices requires a deeper understanding of their dynamic behavior, especially under high-

frequency switching conditions. In addition to known challenges such as dynamic on-resistance 

degradation and breakdown limitations [16], [17], a key concern in MHz-range soft-switching 

applications is the energy loss associated with the output capacitance, COSS, of the device [18]. This 

loss becomes particularly significant at high switching frequencies, where it can dominate total 

switching losses and drastically reduce system efficiency.  

Output capacitance loss can be divided into two components: capacitive loss, attributed to charge  
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hysteresis effects that grow prominent above 20 MHz, and resistive loss, commonly referred to as 

ROSS. Ideally, charging and discharging COSS  would be lossless; however, empirical studies have 

shown that GaN HEMTs may lose up to 20% of their stored energy (EOSS) during each switching event 

[18]–[24]. This loss mechanism is not reflected in device datasheets but has a measurable impact on 

converter performance, particularly at high frequencies [24]. 

Prior work typically evaluates COSS losses in terms of energy dissipation per cycle (EDISS), often 

treating the device as a passive capacitor in the OFF-state [18]–[27]. These studies, however, either 

overlook the contribution of ON-state behavior or focus only on single-pulse characterization, failing 

to capture steady-state operating conditions. Recent methods, such as those proposed in [25], begin 

to address this gap by incorporating resonance-based testing under controlled conditions, yet the 

specific role and modeling of ROSS remains underdeveloped.  

From an electromagnetic compatibility (EMC) perspective, the resistive component of COSS. or ROSS, 

plays a critical role in shaping the switching waveform, particularly the damping of oscillations caused 

by parasitic inductance and capacitance in the power loop. Recent work by Kam et al. [28] presented 

a practical method for quantifying Ross in low-voltage power MOSFETs (below 100 V), highlighting its 

significant influence on high-frequency ringing in synchronous buck converters. Their results 

demonstrated that variations in Ross among low-side FETs can markedly affect the waveform 

characteristics and, by extension, the overall radiated electromagnetic interference (EMI) 

performance.  

In half-bridge topologies—commonly used in DC-DC converters and battery chargers—the ringing 

observed during switching transitions can introduce substantial conducted and radiated EMI [29], 

[30]. Fig. 3.11 shows a simplified schematic of the half-bridge test circuit used in this study. The 

corresponding switching waveform, captured in Fig. 3.12, highlights the high-frequency ringing 

observed during the falling-edge transition. This waveform clearly exhibits a transient overshoot 

followed by exponentially decaying oscillations. These oscillations are typically characterized by 

several parameters [28],[31]: 

 Rise time: Governed by transistor switching speed and gate driver capability. 

 Overshoot: Affected by the resonant interaction between parasitic inductance and COSS, and 

influenced by reverse conduction in the high-side switch (FET1). 

 Oscillation frequency: Determined by the LC resonance of the switching loop, particularly the 

high-side device’s output capacitance and the loop inductance. 

 Decay rate: Defined by total losses in the loop, including contributions from ROSS, R_(ds,on) , 

and equivalent series resistance (ESR) of decoupling capacitors. (e.g., 12 mΩ). 
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Fig. 3.11. Simplified half-bridge test circuit used for switching and EMI measurements. 

 

Fig. 3.12: Measured phase-node waveform at 𝑉𝑑𝑐 = 200 𝑉 using an IGOT60R070D GaN device 
showing high-frequency ringing. 

 

25



TU Graz | IFE | PhD Thesis 

2 Cumulative Part of the Dissertation 

 

 

 

 

Switching losses in these converters can be broadly categorized into conduction and switching losses 

(Fig. 3.13). While previous work has extensively examined dynamic R_(ds,on) [32]-[39], its effect on 

conduction losses, and the behavior of COSS, there is currently no established model or measurement 

technique to accurately quantify ROSS or integrate it into simulation frameworks [7], [39]–[41]. This 

omission leads to a disconnect between theoretical loss modeling and actual circuit behavior—

especially in EMI prediction and time-domain waveform analysis. 

 

Fig. 3.13: Classification of switching and conduction losses in GaN-based half-bridge converters. 

This paper addresses this critical gap by focusing on the measurement, modeling, and impact of static 

ROSS in GaN HEMTs. The main contributions of this work are as follows: 

 A practical, high-precision measurement technique is proposed to extract ROSS using S-

parameter analysis up to several hundred megahertz. 

 A compact GaN model is developed in LTspice, incorporating a voltage-dependent ROSS extracted 

from experimental data. 

 The influence of ROSS on switching waveform damping and conducted EMI is analyzed across 

different GaN devices and operating voltages. 

 Time-domain and frequency-domain simulations are validated against measurements, showing 

that including ROSS leads to significantly improved correlation with experimental results—up to 

14 dB difference in EMI prediction when ignored. 

These findings underscore the need to consider ROSS as a key parameter in both modeling and device 

selection for high-frequency GaN power converter applications, especially where EMC compliance is a 

concern.
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2.4.3 GaN Device Modeling and Loss Mechanism Analysis 

2.4.3.1 Compact Model of GaN Transistor in LTspice 

To accurately represent power losses in GaN HEMTs, the model illustrated in Fig. 3.14 is proposed. The 

forward conduction behavior is captured using a voltage-controlled current source (IDS), whose value is 

determined based on the device's operation in either the linear or saturation region. The Shichman-Hodges 

model, with channel length modulation (λ) set to zero, is used to calculate IDS as follows:  

𝐼𝐷𝑆,𝑙𝑖𝑛 =
𝛽

2
(2(𝑉𝑔𝑠 − 𝑉𝑡𝑜)𝑉𝑑𝑠 − 𝑉𝑑𝑠

2)     (3.8) 

𝐼𝐷𝑆,𝑠𝑎𝑡 =
𝛽

2
(𝑉𝑔𝑠 − 𝑉𝑡𝑜)2   (3.9) 

The parameters β and V_to are extracted from the device datasheet using two points on the transfer 

characteristic curve [28], according to the following equations:  

𝛽 = 2𝐼𝑑𝑠1 (𝑉𝑔𝑠1 − 𝑉𝑡𝑜)2⁄      (3.10) 

𝑉𝑡𝑜 = (𝑉𝑔𝑠2 − 𝑉𝑔𝑠1√𝐼𝑑𝑠2 𝐼𝑑𝑠1⁄ ) (1 − √𝐼𝑑𝑠2 𝐼𝑑𝑠1⁄ )⁄        (3.11) 

 

 

Fig. 3.14: LTspice implementation of the proposed compact GaN HEMT model. 

Since GaN HEMTs are lateral devices and lack a body diode, reverse conduction occurs through the channel 

and is controlled by V_gd instead of V_gs [42]. The reverse conduction behavior, similar to forward conduction, 

is modeled using a voltage-controlled current source (ISD), with Eqs. (3.8) and (3.9) applied as functions of 

V_gd [7]. 
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To model voltage-dependent parasitic capacitances in LTspice, the charge-based method is used, as illustrated 

in Fig. 3.15: 

𝑄 = 𝑓(𝑥) = ∫ 𝐶(𝑥)𝑑𝑥     (3.12) 

Here, x represents the voltage across the capacitor, and 𝐶(𝑥) is the voltage-dependent capacitance. Hence, 

𝐶𝑑𝑠(𝑉𝑑𝑠) and 𝐶𝑔𝑑(𝑉𝑔𝑑) are derived through curve fitting based on datasheet values. Since datasheets typically 

provide input capacitance 𝐶𝑖𝑠𝑠(𝑉𝑑𝑠), output capacitance 𝐶𝑜𝑠𝑠(𝑉𝑑𝑠), and reverse transfer capacitance 𝐶𝑟𝑠𝑠(𝑉𝑑𝑠), 

the relationships are defined as: 

𝐶𝑔𝑑(𝑉𝑔𝑑) ≈ 𝐶𝑔𝑑(𝑉𝑑𝑠) = 𝐶𝑟𝑠𝑠(𝑉𝑑𝑠)     (3.13) 

𝐶𝑑𝑠(𝑉𝑑𝑠) = 𝐶𝑜𝑠𝑠(𝑉𝑑𝑠) − 𝐶𝑟𝑠𝑠(𝑉𝑑𝑠)     (3.14) 

The gate-to-source capacitance, 𝐶𝑔𝑠(𝑉𝑔𝑠), is extracted from the gate charge (𝑄𝑔) curve in the datasheet[7]. 

Parasitic inductances, which are typically not included in datasheets, are estimated using the formula for a 

straight wire [43]. Other static parameters, such as 𝑅𝑑𝑠,𝑜𝑛  and gate resistance 𝑅𝑔 , are directly obtained from 

datasheet specifications [40]. 

Dynamic 𝑅𝑑𝑠,𝑜𝑛  effects, which result from charge trapping in the buffer layer during OFF-state stress, are also 

incorporated. This phenomenon leads to a temporary increase in resistance that recovers when the device 

returns to the ON-state. The behavior, influenced by both OFF- and ON-state durations, is modeled using RC 

networks, as described in [39]:  

𝑅𝑑𝑠𝑜𝑛(𝑡) = ∑ (𝑅𝑖 − 𝑅0)(1 − 𝑒
−

𝑡𝑜𝑓𝑓

𝜏𝑜𝑓𝑓𝑖 )𝑒
−

𝑡𝑜𝑛
𝜏𝑜𝑛𝑖𝑛

𝑖=1      (3.15) 

This time-dependent resistance is implemented in LTspice using a voltage-controlled behavioral source, as 

shown in Fig. 3.14. Additionally, the resistive loss associated with output capacitance, denoted ROSS, is modeled 

as a series resistor with 𝐶𝑑𝑠 . Since ROSS is not specified in datasheets and varies with 𝑉𝑑𝑠 , it is experimentally 

measured and modeled using a voltage-dependent resistor. A lookup table based on the measured data is 

implemented in LTspice, as demonstrated in Fig. 3.15. 
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Fig. 3.15: Modeling of voltage-dependent parasitic capacitance and ROSS in LTspice. 

 

 
2.4.3.2 Assessment of Individual Loss Components 

Power losses in the transistors of a half-bridge circuit (Fig. 3.11) are critical in determining the overall 

performance and efficiency of power converters. This section evaluates the individual contributions 

of key loss components within such circuits using LTspice simulation. When the switching loop is 

modeled as a simplified series RLC network, the equivalent series resistance—denoted as R_loss, —

governs the damping behavior of the waveform and is mathematically related to the exponential decay 

rate α by:     

𝛼 = 𝑅𝑙𝑜𝑠𝑠 2𝐿𝑙𝑜𝑜𝑝⁄       (3.16)  

LTspice simulations were performed for the circuit shown in Fig. 3.11 using the Infineon CoolGaN™ 

IGOT60R070D1 [44]. The transistor was modeled according to the representations in Fig. 3.14 and Fig. 3.15. 

All model parameters, except for ROSS and the dynamic R_(ds,on) , were extracted from the device datasheet. 

For the dynamic R_(ds,on), the measured parameters reported in [39] were adopted, while a constant 

ROSS=0.95 Ω at 60 V—measured and discussed in the following section—was assumed. Simulations were 

carried out with a DC bus voltage of V_dc= 60 V and a switching frequency of 200 kHz. The resulting switching 

waveform for the falling-edge transition is shown in Fig. 3.16. In the baseline scenario (blue curve), only the 

equivalent series resistance (ESR) of the input decoupling capacitors (2 × 12 mΩ) is included. Loss 

components are then introduced sequentially: first, the static R_(ds,on) (70 mΩ) in red, followed by the 

dynamic R_(ds,on) in green, and finally ROSS in purple. In each step, the total effective series resistance, 

denoted as R_loss, is computed based on the values summarized in Table 3.2. The results clearly demonstrate 

that ROSS is the dominant contributor to switching loss. Its inclusion increases R_loss significantly—from  
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270 mΩ to 1047 mΩ—and substantially damps the oscillations, as shown by the purple curve in Fig. 3.16. In 

comparison, the static R_(ds,on) is the second most impactful component, though its effect is considerably 

smaller than that of ROSS. Notably, the dynamic R_(ds,on) , despite being frequently emphasized in the 

literature, has a negligible effect on damping—adding only 27 mΩ to R_loss, as illustrated by the green curve. 

These findings highlight that, in GaN-based switching devices, accurate modeling and characterization of 

ROSS is far more critical than that of the dynamic R_(ds,on), especially in applications where ROSS 

significantly exceeds the static channel resistance. This insight is particularly relevant for EMC modeling and 

loss prediction in high-speed GaN power converter designs. 

 

Fig. 3.16: Simulated switching waveforms showing the impact of individual loss components on 
damping. 
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Table 3.2: Contribution of Individual Loss Components to Effective Series Resistance. 

Loss component added 
α 

(1/uS) 
𝑅𝑙𝑜𝑠𝑠 
(mΩ) 

ESR of DC-link capacitors (Baseline simulation) 1.4 45 

𝑅𝑑𝑠𝑜𝑛_𝑠𝑡𝑎𝑡𝑖𝑐 7.6 243 
𝑅𝑑𝑠𝑜𝑛_𝑑𝑎𝑦𝑛𝑎𝑚𝑖𝑐 8.5 270 

𝑅𝑜𝑠𝑠 32.7 1047 

 

 
2.4.4 Experimental Characterization of ROSS 

2.4.4.1 Measurement Setup and Methodology 

To accurately assess the contribution of ROSS  to total system losses, high-frequency 

characterization—extending into the hundreds of megahertz—is required. This is achieved using 

a simple transmission line setup [28], where the GaN device's drain and source terminals are 

connected to the center of a microstrip trace and ground, respectively. To ensure minimal signal 

loss and high measurement accuracy, a low-loss PTFE substrate (𝑡𝑎𝑛 𝛿  =  0.0002) is employed. 

The gate is biased to ground through a 100 kΩ resistor to keep the device in the OFF state during 

measurement. S-parameters are measured using a vector network analyzer (VNA), with port 

extensions applied to align the calibration plane precisely at the device location (Fig. 3.17(a)). In 

this OFF-state configuration, the measured S-parameters reflect the impedance of the output 

capacitance COSS, series resistance ROSS, and equivalent series inductance (ESL), as illustrated in 

Fig. 3.17(b). The impedance Z can be calculated using the following expressions:  

𝑍 =
𝑍0⨯𝑆21

2(1−𝑆21)
=

𝑍0⨯(1+𝑆11)

−2𝑆11
      (3.17)  

Where 𝑍0 = 50 𝛺 is the characteristic impedance of the trace. Once Z is determined, the resistive 

component representing ROSS is extracted as: 

𝑅𝑜𝑠𝑠 = 𝑅𝑒𝑎𝑙{𝑍}        (3.18)  
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(a) 

 

(b) 

Fig. 3.17: (a) Transmission line measurement setup. (b) Equivalent circuit used for ROSS 

extraction. 

 
2.4.4.2 Validation Using Known Passive Components 

To validate this measurement procedure, a 150 pF high- quality (Q) SMD capacitor in series with a 1 Ω 

SMD resistor was measured. The results, presented in Fig. 3.18, show that the extracted resistance in 

the frequency range of 30–150 MHz closely matches the nominal value, yielding 1 Ω with an accuracy 

of ±5%. This confirms the reliability of the measurement setup and methodology. Above 200 MHz, the 

extracted resistance shows noticeable deviation from the nominal value. This behavior can be 

attributed to the increasing influence of parasitic inductances associated with the surface-mount  
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components, minor de-embedding inaccuracies, dielectric losses of the capacitor at high frequencies, 

and the inherent dynamic range limitations of the VNA. 

 

(a) 

 

(b) 

Fig. 3.18: Validation of the ROSS extraction method. (a) Measured S-parameters. (b) Extracted 

resistance vs. frequency. 
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2.4.4.3 Measured ROSS Across GaN Devicess 

Another Table 3.3 summarizes the three types of devices under test (DUTs) used in this study, all of which 

are commercially available GaN HEMTs featuring different underlying technologies. ROSS for each device was 

measured across a range of 𝑉𝑑𝑐  values. For instance, Fig. 3.19 presents the measured ROSS of the 

IGOT60R070D device at 𝑉𝑑𝑐 = 100 𝑉 , revealing a resistance value of approximately 1.2 Ω.  Fig. 3.20(a) 

compares the ROSS values of the three devices across different 𝑉𝑑𝑐  levels. As shown, ROSS increases 

considerably with voltage for all three devices. The IGOT60R070D consistently exhibits a significantly higher 

ROSS than the other two devices. This clearly demonstrates that ROSS varies notably between manufacturers 

and device types, even when COSS  and 𝑅𝑑𝑠,𝑜𝑛  are comparable. Finally, Fig. 3.20(b) shows the calculated Q-

factors for the three devices, derived from the measured ROSS values and the corresponding COSS values 

provided in their datasheets. As expected, the IGOT60R070D exhibits the lowest Q factor, while the 

TP65H150G4LSG has the highest. This indicates that the IGOT60R070D, when used as the high-side FET in 

the test configuration shown in Fig. 3.11, enables substantially greater damping compared to the other two 

devices. 

Table 3.3: Key Parameters of Tested GaN Devices. 

Technology Part Number 
𝑉𝑑𝑠 
(V) 

𝐼𝑑𝑠(A
) 

𝑅𝑑𝑠,𝑜𝑛 

(mΩ) 

𝐶𝑜𝑠𝑠 at 400 V 
(pF) 

P-GATE GS66508T 650 30 
50 

65 

HD-GIT IGOT60R070D 600 31 
70 

72 

GEN IV TP65H150G4LSG 650 16 
150 

30 

 

 

Fig. 3.19: Extracted ROSS vs. frequency for IGOT60R070D at 100 V. 
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(a) 

 

(b) 

Fig. 3.20: (a) Measured ROSS across three GaN devices. (b) Corresponding calculated Q-factors. 
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2.4.5  Impact of ROSS  on Switching Behavior 

2.4.5.1 Switching Ringing Across Devices and Voltages 

To illustrate the impact of high-side FET selection on switching behavior in the half-bridge circuit, 

measurements were taken using the test setup and board shown in Fig. 3.11 and Fig. 3.21. The low-

side FET (IGOT60R070D) was fixed, while the high-side FET was varied among the GaN devices in 

Table 3.3. All tests were conducted at 200 kHz. Resulting waveforms are shown in Fig. 3.22(a) and 

22(b) for 𝑉𝑑𝑐 = 100 𝑉 and 200 𝑉, respectively. As expected, IGOT60R070D—having the highest ROSS 

and lowest Q-factor (Fig. 3.20)—shows the most damping (blue curve), consistent across both 

voltages. Damping increases for all devices with 𝑉𝑑𝑐, aligning with Fig. 3.20(a), where ROSS rises with 

voltage, enhancing energy dissipation and ringing suppression. Notably, a crossover occurs between 

GS66508T and TP65H150G4LSG: at 100 V, GS66508T has higher ROSS and more damping 

(Fig. 3.22(a)), but at 200 V, TP65H150G4LSG surpasses it, showing greater damping (Fig. 3.22(b)). 

These results confirm that high-side FET choice significantly affects switching waveform damping. 

 

Fig. 3.21: Top and bottom views of the GaN half-bridge test PCB. 
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(a) 

 

(b) 

Fig. 3.22: Switching node waveforms with different high-side GaN devices at: (a) 100 V. (b) 200 V. 
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2.4.5.2 Time-Domain Validation of the Proposed Model 

To validate the proposed compact GaN device model shown in Fig. 3.14, time-domain LTspice 

simulations were performed replicating the previous measurements. These simulations employed the 

device model described in Fig. 3.14 for each of the three GaN devices. As an example, Fig. 3.23(a) 

compares simulated and measured switching node waveforms for the IGOT60R070D at 𝑉𝑑𝑐 = 100 𝑉, 

showing excellent agreement. Fig. 3.23(b) presents the simulated exponential decay rate α across 

various voltages, also aligning well with measurements. Furthermore, the close correlation between 

the simulated α values and the measured ROSS values from Fig. 3.20(a) supports the model’s accuracy 

in capturing the damping behavior of different GaN devices.  

 

(a) 
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(b) 

Fig. 3.23: (a) Simulated vs. measured switching waveform for IGOT60R070D. (b) Decay rate α across 

voltages. 

 

2.4.6 EMI Prediction Based on ROSS  Inclusion 

2.4.6.1 Conducted Emission Measurements and Setup 

To further assess the impact of high-side FET selection on conducted emissions, measurements were 

performed using the setup in Fig. 3.24 and the half-bridge board from Fig. 3.21. The tests followed the 

CISPR 25 voltage method [45], with the board and load positioned 50 mm above a metal table. Two 

LISNs [46] were connected between the power supply and the board, and an EMI receiver at the 

positive LISN captured the EMI spectrum. A 10 Ω resistor in series with a 10 µH inductor was used. As 

before, the low-side FET (IGOT60R070D) remained fixed, while the high-side FET was varied among 

the three GaN devices.  

Fig. 3.25 shows the measured conducted emission spectra for the three devices operating at a 

switching frequency of 200 kHz across three different bus voltages: 30 V, 60 V, and 100 V, up to 

150 MHz—the upper limit of the LISN characterization range. Across all voltage levels, the results 

consistently demonstrate that the choice of high-side FET significantly influences the damping of the 

spectral content near the resonance (ringing) frequency. 
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Fig. 3.24: Conducted EMI test setup with LISNs and load positioned above a ground plane. 

Below approximately 40 MHz, all three devices exhibit similar emission behavior. In this region, 

conducted EMI is dominated by common-mode noise coupling through the load impedance and 

parasitic elements, which is relatively independent of the switching device characteristics. However, 

above 40 MHz, the resonance between the output capacitance (COSS) and switching loop inductance 

becomes the primary factor shaping the EMI spectrum. As the bus voltage increases, the resonance 

peak shifts to higher frequencies, moving from approximately 60–100 MHz at 30 V, to 80–120 MHz at 

60 V, and to 100–140 MHz at 100 V. This upward frequency shift is attributed to the voltage-dependent 

reduction in COSS. In Fig. 3.25(a) at 30 V, differences among devices are moderate, with IGOT60R070D 

exhibiting slightly greater damping compared to TP65H150G4LSG and GS66508T. At this lower 

voltage, ROSS values are smaller across all devices, reducing their impact on spectral damping. In 

Fig. 3.25(b) at 60 V, differences become more pronounced. IGOT60R070D, which has a higher ROSS, 

demonstrates substantially improved damping, resulting in lower spectral peaks near resonance. 

Meanwhile, TP65H150G4LSG and GS66508T show higher peaks, consistent with their lower 

measured ROSS values at this voltage. In Fig. 3.25(c) at 100 V, the disparities reach their maximum. The 

IGOT60R070D device shows the highest damping effect, while TP65H150G4LSG exhibits up to 15 dB 

higher peak emissions near the resonance frequency. This clear separation underscores the dominant 

role of ROSS in controlling the amplitude of resonance-driven EMI peaks at high bus voltages. 
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(b) 
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(c) 

Fig. 3.25: Measured conducted emissions with different high-side devices at: (a) 30 V. (b) 60 V. (c) 

100 V. 

2.4.6.2 Simulated vs. Measured EMI Performance 

To evaluate the predictive capability of the proposed compact GaN device model, LTspice simulations 

replicating the conducted emission tests were performed. The complete simulation setup is shown in 

Fig. 3.26 and incorporates models of the LISNs, DC-link capacitors, and, crucially, the measured load 

impedance [28]. The load impedance was characterized through a combination of differential-mode 

S-parameter measurements using a network analyzer and common-mode capacitance extraction via 

impedance analyzer, as described in [1]. The impedance data were processed and converted into a 

SPICE-compatible model using the IdEM tool in CST Studio Suite [11].  

Fig. 3.27(a) compares measured and simulated conducted emissions across the entire frequency 

range up to 150 MHz (𝑉𝑑𝑐= 100 V). Up to around 40 MHz, the accuracy of the simulation mainly 

depends on how well the load model matches the real system. In this range, the common-mode 

capacitor in the load plays a major role in creating the spectral peak near 40 MHz. Above this 

frequency, the behavior is mainly influenced by the switching device’s built-in characteristics, 

especially ROSS. 

Figures 3.27(b), 27(c), and 18 provide detailed views around the resonance regions, where differences 

in device behavior become critical. When ROSS is included in the GaN transistor model (green curves), 

the simulation results align closely with measurements, accurately reproducing both the resonance  
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frequency and the damping behavior. In contrast, neglecting ROSS (red curves, setting ROSS=0) results in 

significant underestimation of damping, leading to an over prediction of EMI peaks by up to 14 dB for 

the IGOT60R070D device at 60 V. Devices with lower measured ROSS show smaller, though still 

noticeable, discrepancies (between 3 and 6 dB). 

Across all devices and voltages, the simulation results confirm that ROSS is a critical loss mechanism 

governing the damping of parasitic resonances and, consequently, the spectral amplitude near those 

resonances. The close match between simulated and measured EMI spectra validates the accuracy of 

the proposed compact model and underscores the necessity of including ROSS when aiming for realistic 

EMI predictions. 

 

 

Fig. 3.26: LTspice simulation setup for conducted EMI modeling including load and LISN networks. 
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(c) 

Fig. 3.27: Simulated vs. measured conducted EMI for the IGOT60R070D: (a) Full band at 100 V (b) 

Zoom at 100 V. (c) Zoom at 60 V. 

 

(a) 
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(b) 

Fig. 3.28: Simulated vs. measured conducted EMI: (a) TP65H150G4LSG at 100 V. (b) GS66508T at 

60 V. 

2.4.7 Conclusion 

This paper presents a detailed investigation into the role of the resistive component of the output 

capacitance, ROSS, in the EMI behavior of GaN-based power converters. A high-precision extraction 

methodology based on S-parameter measurements was developed, validated against known passive 

components, and applied to several commercially available GaN devices. Results demonstrate that 

ROSS is strongly voltage-dependent and varies significantly among different device types and 

manufacturers. A compact behavioral model incorporating voltage-dependent ROSS was 

implemented in LTspice and validated through time-domain switching measurements and conducted 

EMI experiments. The inclusion of ROSS in the transistor model substantially improved the correlation 

between simulated and measured switching node waveforms and EMI spectra, reducing prediction 

errors by up to 14 dB near the resonance frequencies. Across all tests, ROSS was found to be a 

dominant parameter governing the damping of parasitic oscillations and the suppression of 

resonance-driven conducted EMI peaks. These findings highlight the need to incorporate ROSS into 

device modeling, design optimization, and device selection processes, particularly for high-frequency, 

EMC-critical applications. By bridging the gap between device-level physics and system-level EMI 

performance, the proposed methodology provides a practical pathway toward predictive EMC design 

in GaN-based power electronics. Future work will focus on extending the ROSS modeling to dynamic 

switching conditions and exploring its impact on radiated EMI behavior and overall system 

robustness. 
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2.4.8 My Scientific Contribution 

This paper presents a comprehensive investigation into the influence of the resistive component of output 

capacitance (ROSS) on the electromagnetic compatibility (EMC) performance of GaN-based power 

converters. The study demonstrates that ROSS can significantly contribute to resonance phenomena 

commonly observed in electromagnetic interference (EMI) measurements. A behavioral compact model of a 

GaN high-electron-mobility transistor (HEMT) was developed and implemented in LTspice, incorporating 

nonlinear junction capacitances, dynamic on-state resistance, and a voltage-dependent ROSS. The ROSS 

parameter was experimentally extracted through S-parameter measurements using a calibrated 

transmission line setup, covering frequencies up to several hundred megahertz. The model was validated on 

three different GaN devices through both time-domain and frequency-domain measurements using a custom 

half-bridge test platform. 

My specific contributions to this work include: 

 Originating the research concept 

 Designing and building the ROSS measurement setup 

 Developing the time-domain and frequency-domain measurement setups 

 Performing all measurements, simulations, and modeling of the GaN devices 

.  
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2.5 A PCB Based High Resistance GHz Bandwidth Voltage Pick Up for          

Detecting Switching Voltage 
M. Gholizadeh, S. Sadeghi, A. Pak, J. Hansen, and D. Pommerenke, “A PCB-based high-resistance 

GHz-bandwidth voltage pick-up for detecting switching voltage,” in Proc. 2023 Int. Symp. 

Electromagn. Compat. (EMC Europe), Sep. 4, 2023, pp. 1–6. 

2.5.1 Abstract 

The sub-nanosecond switching of GaN transistors at high voltages challenges existing methods of 

transient voltage measurement. A novel printed circuit board based implementation of a capacitively 

compensated resistive divider is presented in this paper. The geometry balances capacitive coupling 

to the high voltage side with capacitive coupling to ground and longitudinal capacitances along the 

resistors by symmetry. Using five 2 watt resistors a 3 GHz bandwidth is achieved at 5 kOhm. An 

equivalent circuit derived from the geometry and the full-wave model are validated by measurements. 

 
2.5.2 Introduction 

In the design, testing and in EMC investigations of power electronics there is a need to capture voltages 

up to 1000 V and currents of many 10s of Ampere with GHz bandwidth. A typical situation is the 

characterization of disturbances of GaN and SiC transistors in the wireless command, communication 

and control bands and for measurements required to generate simulation models of these transistors. A 

prominent example is the design of power modules for electric vehicles with DC link voltages of 400 V 

or 800 V, and the need to monitor their switching waveforms e.g. in a double pulse test to characterize 

and reduce electromagnetic emission [47]-[50]. Fast high voltage pulse measurements are also typical 

in ion mobility spectrometry (IMS) and mass spectrometry [51]. 

Commercial DC high-voltage probes are limited in their ability to measure voltages. This is because the 

maximum voltage that can be measured drops rapidly as frequencies increase [52], [53]. High input 

currents are usually generated in the high-voltage probe due to the strong frequency dependence of the 

input impedance, and therefore affects the measured signal in a significant way. This will result in an 

inaccurate measurement of the waveform of the signal and is due to the parasitic capacitance in parallel 

with the input impedance. 

For measuring fast high-voltage pulses, AC high-voltage probes are better suited since the transmission 

characteristics corresponds to a high-pass filter. Nevertheless, high-pass filters severely limit DC use. It 

is not possible to measure both AC and DC with AC high voltage probes for high DC and superimposed 

high AC applications [51]. 

A variety of such solutions is discussed in the literature. The authors in [50] present the basic principle 

of the RC divider voltage sensing circuit. The voltage measurement is performed with a simple PCB-

based high bandwidth RC voltage divider and a high bandwidth passive voltage probe. They achieve a 

bandwidth of 150 MHz for the input impedance of 100 kΩ. 
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Van den Bossche and Bozalakov [54] present a probe based on resistive dividers and achieve a flat 

frequency response by tuning the parasitic capacitance between the resistors and the ground of the PCB 

in which they are mounted. They achieve a 3dB bandwidth of 10 MHz for an input impedance of 8 kV. 

In [51], a resistive voltage divider with additional compensation capacities to extend the linear 

bandwidth is proposed. Frequency compensation is realized with PCB traces that form a compensation 

electrode located on adjacent PCB layers. The authors could achieve a bandwidth of 88 MHz, while 

maintaining a DC input impedance of 10 MΩ. 

In this paper we present a modified capacitive compensation approach for resistive voltage dividers. It 

is simple and cost- effective to implement using only SMD resistors based on a special PCB design [55] 

(p. 154). Frequency compensation is realized with PCB traces below the series resistors, which 

introduces more parasitic capacitance referenced to the trace (high voltage) and thus balances the 

parasitic capacitance referenced to the trace and that referenced to GND (low voltage). To achieve 

optimal compensation to have a flat frequency response over a wide frequency range, the gap between 

traces and below the resistors is optimized using electromagnetic simulation with the software CST 

Studio Suite [56]. The equivalent circuit of the realized structure is proposed and compared with the full- 

wave simulated and measured results from an optimized prototype. 

 
2.5.3 Proposed Method 

Resistive voltage dividers tend to have a highly non-linear transfer function due to the increasing 

influence of parasitic and stray capacitances with increasing frequency. The non- linear transfer 

function is dependent on the topology and the resistors that are used and consists of a low-pass filter 

with additional GHz high-pass component.   

In order to achieve a flat frequency response, we need to understand the parasitic coupling 

mechanisms between the resistors and the PCB on which they are mounted. We start with an 

equivalent circuit model and give analytical formulae to parameterize its elements. We show how 

to achieve a flat frequency response by suitable choice of the element values.  

 
2.5.3.1 Proposed Equivalent Circuit 

Fig. 3.29 shows five SMD resistors soldered in series on a microstrip transmission line with all the 

parasitic capacitors that can be taken into account (the parasitic capacitors are only shown for the first 

two resistors). The parasitic capacitors can be divided into those referenced to the trace (𝐶𝑠1 , 𝐶𝑠2 and 

𝐶𝑀 shown in blue) and those referenced to GND (𝐶𝑔1 and 𝐶𝑔2 shown in red).  

𝐶𝑠1 , 𝐶𝑠2 and 𝐶𝑀 are the parasitic capacitances of the resistors and 𝐶𝑔1 and 𝐶𝑔2 are the parasitic 

capacitances formed by GND and the resistors. The proposed equivalent circuit of a resistor above 

GND with all parasitic capacitors is shown in Fig. 3.30. The resistor values and the impedances of the 
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 capacitors are much larger than the inductances associated with the resistors. Thus, the inductances 

are not considered in the resistor equivalent circuit. To simplify, all capacitors are considered to be 

parallel plate capacitors (𝐶 = ℇ0ℇ𝑟𝐴/𝑑) and they are calculated according to Table 3.4 where R is the 

value of the individual resistances. In the figure, 𝐶𝑀 is the approximated parallel plate capacitor 

between the two metallic edges of the resistor. Since the SMD resistor itself is divided by three regions 

in respect to its parasitic capacitors (𝐶𝑠1 and 𝐶𝑠2) the resistive value (R) is also divided according to 

the three regions (𝑅1 and 𝑅2). 𝐶𝑆1 is less than what can be calculated from the parallel plate formula, 

because the stress voltage increases linearly along the surface. We choose to divide the parallel plate 

capacitance formula by 2 and later check in simulation the validity of this assumption. 𝐶𝑀 is assumed 

to be (𝐶𝑀𝑚𝑖𝑛 + 𝐶𝑀𝑚𝑎)/2 since we take the maximum and minimum estimates and average them. 

 

 

Fig. 3.29: Schematic of five SMD resistors soldered in series on a microstrip transmission line with 
all the parasitic capacitors (the parasitic capacitors are only shown for the first two 

resistors and avoided in the other section not to clutter the drawing). 

 

 

Fig. 3.30: Proposed equvalent circuit of a resistor above GND accounting for all parasitic capacitors. 
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Table 3.4: Parameter of the equvalent circuit shown in Fig. 3.30. 

Parameter Formula 

R1 𝑙4

𝑙1
∗ 𝑅 

R2 𝑙2

𝑙1
∗ 𝑅 

Cs1 ℇ0ℇ𝑟1(𝑙4𝑤𝑟)

2 ∗ ℎ2
 

Cs2 ℇ0ℇ𝑟1(𝑙2𝑤𝑟)

ℎ2
 

Cg1 ℇ0ℇ𝑟2(𝑙2𝑤𝑟)

ℎ1
 

Cg2 ℇ0ℇ𝑟2(𝑙3𝑤𝑟)

ℎ1
 

CMmin ℇ0ℇ𝑟1(ℎ2𝑤𝑟)

𝑙1
 

CMmax ℇ0ℇ𝑟1(ℎ2𝑤𝑟)

𝑙2
 

 

 
2.5.3.2 The Novel Twist 

Fig. 3.32 shows the simulation results of the structure in Fig. 3.29 in Keysight ADS [56] using the proposed 

resistor equivalent circuit. In this figure, the effect of the capacitor referenced to the trace and those 

referenced to GND are shown separately. As can be seen, in such structures the effect of the parasitic 

capacitors referenced to GND (red curve) dominates the effect of those referenced to the trace (blue curve). 

Therefore, if the effect of the capacitors referenced to the trace can be somehow increased, then some level 

of balance can be achieved. 

One way to increase the impact of the capacitors that are referenced to the trace is to place some of the 

resistors on top of the trace and the others on top of a section where the trace is omitted. In fact, they are 

on top of GND (Fig. 3.31). The newly introduced capacitors between the resistors and the trace (                        

𝐶𝑡1= ℇ0ℇ𝑟3(𝑙3𝑤𝑟)/ ℎ3 and 𝐶𝑡2= ℇ0ℇ𝑟3(𝑙2𝑤𝑟) /ℎ3) can significantly increase the total capacitance with respect 

to the trace and the structure can have a flat frequency response up to a few GHz only by optimizing the 

gap length under the resistors ( 𝑙𝑔 ). Of course, one can do the optimization for all the three variable 

parameters  , and ℎ3 and ℇ𝑟3 of 𝐶𝑡𝑖 . However, for simplicity, the dielectric layer parameters (ℎ3 and ℇ𝑟3 

) are chosen to have fixed values. Then, the flatness of the frequency response is a function of 𝑙𝑔 only. 
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Fig. 3.31: Enhanced PCB layout for resistive voltage probe showing alternating placement of SMD 
resistors above trace and ground planes. This configuration increases capacitance 

referenced to the high-voltage trace (Ct1, Ct2) to balance parasitic capacitances and 
achieve a flat frequency response up to several GHz. 

 
  

 

Fig. 3.32: Simulated and measured results of the structure shown in Fig. 3.29. 
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2.5.3.3 Full Wave Model Setup and Verification 

To optimize the length of the gap below the resistors ( ), we generate a full-wave simulation of the 

structure in the software CST Studio Suite [11]. This requires a reliable full- wave model of the 

resistance. Fig. 3.33 shows the proposed full- wave model of the SMD resistors, with the dimensions 

taken from the data sheet [57]. The model consists of perfect electric conductor (PEC) parts at the 

edges, dielectric layer (Alumina ℇ𝑟3= 9.9), and a sheet lumped element on top of the dielectric layer 

connecting the two metallic parts. We validate the CST model of the resistors using a structure with 

one and with two resistors in series in the center of a microstrip transmission line and above the 

GND. We simulate and measure S11 and S21 of this structure and compare the results in Fig. 3.24. 

Up to 4 GHz, the proposed full-wave model of the resistor deviates from the measurements less than 

3 dB. As a consequence, we can use this 3D model of the resistors in the 3D simulation of the entire 

voltage pick up to optimize the length 𝑙𝑔. 

 

Fig. 3.33: Full wave model of the resistor. 
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Fig. 3.34: Comparison between simulated and measured results of one/two resistors in series placed 
in the center of a microstrip transmission line and above the GND (S_11 and S_21). 
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2.5.4 Capacitance Optimization and Realization in Hardware 

We generate a 3D simulation model of the structure shown in Fig. 3.31. We use fixed dielectric layer 

parameters 𝑤𝑑 = 3.2 𝑚𝑚, ℎ3 = 0.1 𝑚𝑚 and ℇ𝑟3 = 3. The model is used to optimize the length 𝑙𝑔 of the opening 

below the resistors. Considering a deviation of ±3 dB from a flat frequency response, the optimum length is 

obtained as (𝑜𝑝𝑡𝑖𝑚𝑢𝑚) = 10 𝑚𝑚 (see Fig. 3.31).  

Based on this optimization, a probe is designed using the geometric parameters of the simulation model with 

five 1kΩ resistors in series (SMD 1K OHM 1% 2W 2512). A picture of this 5 kΩ probe is shown in Fig. 3.35. 

The 𝑆21 of this probe is measured and simulated, using both CST and ADS simulations. The equivalent circuit 

of the ADS simulations is shown in Fig. 3.27.  

Fig. 3.36 shows the comparison between simulation and measurement. Tolerating a deviation of ±3 dB 

from a flat frequency response, the probe works well up to 3 GHz. As can be seen, the full wave simulation 

of CST Studio Suite follows the measurement with a deviation of less than 1.5 dB. The ADS simulation 

which uses the simple equivalent circuit models of the resistors deviates more than 3d B above 500 MHz. 

Using full wave simulation, it is easy to check the bandwidth as a function of the resistance value of the 

probe. Here we kept the resistor size, traces etc. just changed the resistor values to understand the trace-

off between resistor value and bandwidth for one layout geometry. No further optimization was 

performed. The full-wave simulation results for the trade-off between bandwidth and probe resistance 

values are shown in Fig. 3.38 for five resistors in series. The bandwidth (±3 dB deviation from a flat 

response) decreases from 4.5 GHz for a 1 kΩ probe to 0.55 GHz for a 100 kΩ probe. 

 

 

Fig. 3.35: Fabricated high-resistance voltage probe consisting of five 1 kΩ SMD resistors (2512 
package) soldered in series on a microstrip transmission line. The design implements 

capacitive balancing through optimized PCB geometry to achieve a flat frequency 
response and 3 GHz bandwidth. 
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Fig. 3.36: Simulation and measurement of the structure shown in Fig. 3.32 (5 KOhm probe). 

 
 

 
2.5.5 Transient Voltage Behavior 

While most publications analyze the frequency response and show transfer pulse data, they do not 

analyze the instantaneous stress on the individual resistors. Fig. 3.39 shows a full wave simulation of the 

voltage levels across the resistors when a 300 ps fast pulse step of 1000 V is applied (5 kΩ probe). As can 

be seen, the voltage across 𝑅1 , 𝑅4 , and 𝑅5 increases smoothly from 0 V to 200 V. However, the voltage 

across 𝑅2 and 𝑅3 converges to 200V after 15 ns only after a strong overshoot (700V - 800V). The fast 

pulse with a 300 ps rise time causes ringing in the voltages across the resistors in both the full wave and 

ADS models. The ringing frequency is both for ADS and the full wave simulation about 1.2 GHz. We 

associate it with the traces under the resistors. They form a capacitively loaded resonator. This frequency 

does not appear in the transfer function S21. We would expect that the triangular compensation 

structure used in [51] also resonates as a capacitively loaded transmission line. 

The data shows ringing mainly over the center resistors. The simulated voltages reach 800 V at 1.2 GHz 

for a 1kV step function. However, multiple loss mechanisms are not included in this simplified 

calculation, so the actual ringing should be highly attenuated. The ringing needs further investigation.  
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Eventually we investigate whether the strong voltage overshoot could yield to sparking. Sparking takes 

at least nanoseconds to develop. For about 2 nanoseconds there is most of the voltage drop across 𝑅2 

and 𝑅3. However, this is not long enough to spark over. The DC breakdown of the resistor structure, 

estimated from its length, disregarding thermal limits is larger than 3kV estimated from the distance of 

3.2mm. The total resistor chain has 3 x 3.2mm gaps and the gap between the trace ends is 10mm. 

Sparking should certainly not occur below 10 kV without any potting material, such as spray on silicon 

rubber. The other limit is the short- term change of resistance values, usually specified by the voltage 

coefficient. For the anti/surge resistors used there is no voltage coefficient provided by the 

manufacturer, but a maximal pulse voltage of 600 V is specified for every resistor. Based on this analysis 

we conclude that the short-term limit is above 3 kV. The thermal limit is 230V rms for 5 kΩ. We conclude 

that sparking in this structure is unlikely. 

 

 

Fig. 3.37: Equivalent circuit of the structure shown in Fig. 3.32 in ADS. 
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Fig. 3.38: Full wave simulation: bandwidth vs. the resistance value of the probe (5 resistors in 
series). 

 

 

Fig. 3.39: Full wave simulation: voltage distribution over each resistor ( 1000V is applied). The 
color of the resistor in the inset is identical to the color of its corresponding voltage 

graph. 

58



TU Graz | IFE | PhD Thesis 

2 Cumulative Part of the Dissertation 

 

 

 
 
 

 

 
2.5.6 Conclusion 

An integrated high voltage probe with GHz bandwidth has been presented using a novel design. The 

design is based on tuning the parasitic capacitances referenced to the trace and those referenced to 

the ground of the PCB on which they are mounted. SMD resistors (SMD 1K OHM 1% 2W 2512) are 

used to realize a 5 kΩ voltage pick up probe. The equivalent circuit and full-wave model of the given 

structure are proposed and results show good agreement with measurements. It has been shown that 

a flat frequency response with a 3 dB bandwidth of 3 GHz can be obtained for the given structure. The 

trade-off between the bandwidth and the probe resistance is investigated using full-wave simulation 

and it is shown that a bandwidth of 600 MHz with an input impedance of 10 kΩ can be achieved. The 

method can be applied to resistors of different sizes. The probe can be integrated on a PCB and used 

for EMC investigations of power electronics like monitoring switching waveforms of very fast devices 

(GaN). 

 

2.5.7 My Scientific Contribution 

This paper presents a novel PCB-based implementation of a capacitively compensated resistive 

divider, designed to achieve symmetrical capacitive coupling and minimize measurement distortion. 

The performance of the design is validated through both equivalent circuit modeling and full-wave 

electromagnetic simulations, supported by experimental measurements. 

My specific contributions to this work include: 

 Proposing the implementation method for an optimizable voltage probe in both simulation 

and measurement 

 Conducting the full-wave and circuit-level simulations 

 Performing the experimental measurements 

 Analyzing and interpreting the results 

 
 

2.6 PCB Integrated GHz Bandwidth Resistive Voltage and Current                     

Probes for Characterization of Wide Bandgap Semiconductor Devices 
M. Gholizadeh, S. Sadeghi, and D. Pommerenke, “A PCB-based high-resistance GHz-bandwidth 

voltage pick-up for detecting switching voltage,” IEEE Trans. Instrum. Meas., accepted on Jul. 13, 

2025. 

 
 

59



TU Graz | IFE | PhD Thesis 

2 Cumulative Part of the Dissertation 

 

 

 

 
 
 

2.6.1 Abstract 

Broadband (GHz) voltage and current sensors are required to measure the transient behavior of gallium 

nitride (GaN) devices due to their sub-nanosecond switching speed. In the case of asymmetric structures, 

achieving GHz bandwidth becomes even more challenging, even with traditional circular current probe 

designs. This paper discusses the advantages and drawbacks of PCB-based resistive voltage and current 

probes, focusing on the trade-offs between bandwidth and voltage pick-up resistance, as well as those 

between resistance and bandwidth in resistive current measurements. It also addresses the challenges 

and solutions for asymmetrical current sensor designs. A capacitively compensated resistive voltage 

divider (3 GHz/5 kΩ) is proposed, optimized through full-wave simulations and validated with S-

parameter measurements. Additionally, a shunt resistor composed of several parallel surface-mount 

device (SMD) resistors achieves 1.2 GHz/20 mΩ for the symmetric current sensor design and 1 GHz/5 

mΩ for the asymmetric design, achieved through parasitic mutual inductance minimization.  This paper 

is an extended version of a work presented at EMC Europe 2023 [59]. 

 
2.6.2 Introduction 

The sub-nanosecond switching speed of GaN devices allows power electronic converters to operate at multi-

megahertz speeds. However, this also presents significant challenges for measuring switching current and 

voltage, which are very important for evaluating switching performance [58]. A typical example is the design 

of power modules for electric vehicles with DC link voltages of 400 V or 800 V, and the need to monitor their 

switching waveforms e.g. in a double pulse test to characterize and reduce electromagnetic emission [47]-

[49], [59].  

Accurate characterization of wide bandgap (WBG) devices, including GaN and silicon carbide (SiC), demands 

voltage and current probes that meet stringent bandwidth and electrical performance requirements. 

According to the established relationship 𝑡𝑟𝑓𝐵𝑊 ≈ 0.35, where 𝑡𝑟  and 𝑓𝐵𝑊  represent rise time and bandwidth, 

respectively, a measurement bandwidth at least five times greater than the signal bandwidth is required to 

limit amplitude error to below 2% [63], [66], [93]. This translates to minimum bandwidth requirements of 

approximately 100 MHz for SiC Metal Oxide Semiconductor Field-Effect Transistors (MOSFETs) and at least 

500 MHz for GaN High- Electron-Mobility Transistors (HEMTs). 

Beyond bandwidth, voltage probes must withstand high voltages, while current probes must minimize both 

insertion and mutual inductance to avoid altering the circuit’s natural switching behavior. Current probes 

must also accurately capture high-speed signals without introducing measurement artifacts and be compact 

enough for seamless integration into high-density, PCB-level power module layouts. For resistive current 

sensing in particular, achieving ultra-low resistance in the milliohm range is critical to minimize power 

dissipation. Although higher resistance can improve bandwidth, it increases losses and compromises 

measurement accuracy—highlighting the inherent challenge of achieving both GHz-level bandwidth and low 

resistance simultaneously [92], [93].  
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2.6.2.1 Voltage Measurement Challenges 

For voltage measurement, resistive voltage dividers (RVDs) are widely used due to their simplicity and high 

impedance. However, at frequencies exceeding a few MHz, parasitic effects from the resistors and the PCB 

can introduce a frequency-dependent voltage ratio. Because of the high resistance values, parasitic 

capacitances tend to dominate over inductances. Parasitic capacitance to ground introduces low-pass 

behavior, while bridging capacitances between resistor segments introduce high-pass behavior, leading to 

distortion in the frequency response (Fig. 3.40). Compensation techniques using SMD capacitors or planar 

PCB electrodes have demonstrated limited bandwidths: 10 MHz at <1 kV [60], 150 MHz at 300 V [50], and 

88 MHz at 2.5 kV [51]. Notably, [51] employs a multilayer PCB with a compensation electrode, discrete 

capacitors, active buffering, and electromagnetic shielding—requiring highly precise layout. Despite these 

efforts, bandwidth remains insufficient for fast-switching applications. As summarized in Fig. 3.41 and 

Table 3.5, most RVDs—whether in the literature or commercially available—fail to exceed 100 MHz 

bandwidth at voltages above 2 kV [62]–[65].  

 

 

Fig. 3.40: Suggested equivalent circuit of a SMD resistor above GND, taking into account parasitic 

capacitances. All capacitors are modeled as parallel plate capacitors, described by the formula 𝐶=ℇ0ℇ𝑟𝐴/𝑑. 

Further details can be found in [59]. 
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Fig. 3.41: Performance limitations and application trends of commercial and non-commercial voltage 

probes (differential voltage probe (DVP), single ended (SE), voltage divider (VD)). The commercial probes 

are identified by their model numbers. 

 

Table 3.5: Comparison of the RVD Sensors in Research. 

 
Input resistance 

(kΩ) 

Maximum 
voltage 

(kV) 

BW 
(MHz) 

Integrated in 
PCB/External 

probe 

Divider 
type 

[60] --- 1 10 Integrated RC 

[61] 100  0.3 150 Integrated RC 

[51] 10000 2.5 88 Integrated R 

This 
work 

1-100  (see 
Fig. 3.51) 

3 
4500 - 

550 
Integrated R 
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2.6.2.2 Current Measurement Challenges 

Current measurement methods typically fall into two categories: inductive sensors and resistive shunts. 

Inductive sensors, such as Rogowski coils and current transformers, offer galvanic isolation and 

straightforward implementation but suffer from poor low-frequency response and often require model-

based compensation at the data processing stage [66]–[79]. Resistive shunts, which directly convert current 

to voltage via Ohm’s law, provide high-speed measurement but introduce parasitic inductance that can 

distort switching behavior (Fig. 3.42). The performance of resistive shunts is often quantified by insertion 

inductance (𝐿𝑖 − 𝑀) —the added inductance observed when comparing layouts with and without the 

shunt—and mutual inductance (M), which quantifies the unwanted coupling from the switching loop into 

the measurement signal. As resistance decreases, the bandwidth of the shunt degrades due to a mutual 

inductance–dependent transfer function: 𝐺 =
𝑉

𝐼
= 𝑅 +  𝑗𝜔𝑀, yielding a +20 dB/decade gain slope and the 

3 dB bandwidth 𝑓𝑟 =
𝑅

2𝜋𝑀
. 

 

Fig. 3.42: Resistive current sensor equivalent circuit [36]. 

Resistive shunts exist in coaxial and SMD-based formats. Coaxial shunts can achieve GHz bandwidths but are 

bulky and unsuitable for integration into PCB-level power modules [80]–[84]. SMD-based shunts—using 

multiple resistors in parallel and a central sense wire—are more compact but typically limited to <200 MHz 

at 0.1 Ω resistance [85]–[87]. To overcome these limitations, various strategies have been proposed to 

mitigate magnetic coupling and reduce mutual inductance, including strategic resistor spacing [88], vertical 

orientation [89], and flipped placements [90]. While these techniques have achieved >1 GHz bandwidth, they 

often increase probe resistance or require more PCB area. For instance, [89] reports a circular SMD-based  
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coaxial structure with vertically mounted resistors, but reducing resistance from 110 mΩ to 10 mΩ results 

in a bandwidth drop from 2.23 GHz to just 125 MHz. Moreover, integrating circular coaxial geometries—pure 

or SMD-based—into conventional power modules is difficult due to their large footprint (Fig. 3.43) [92]. 

Recent approaches have explored RC compensation [91], post-resistor filtering and amplification [92], and 

impedance-matched transmission lines [93], pushing bandwidths to 3 GHz. However, these designs are often 

complex, costly to fabricate, and not well-suited for compact or high-density PCB layouts. Fig. 3.44 compares 

bandwidth and resistance trade-offs among academic and commercial SMD shunt solutions. 

 

Fig. 3.43: PCB space required for circular coaxial current probe reported in [89]. 

 

2.6.2.3 Research Gap 

Despite extensive efforts, a technical gap remains between the requirements for WBG device characterization 

and the capabilities of existing voltage and current sensors. Specifically, no compact, PCB-integrated voltage 

probe provides GHz-level bandwidth with high-voltage isolation (>2 kV), and no current probe achieves GHz 

bandwidth at ultra-low resistance (a few mΩs) —particularly under asymmetric current flow conditions 

common in real-world modules [92]. 
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Fig. 3.44: State of the art of the SMD current shunt sensors (for the SDN414 sensors, the measured 

bandwidth reported in [93] is considered). For “This work”, the full-wave simulation results of the 

symmetric structure shown in Fig. 3.53, which were conducted up to 5 GHz, are used. 

 
2.6.2.4 Paper Contributions 

This paper builds on our prior work presented in [59], which introduced full-wave modeling of SMD 

resistors. Here, we extend that foundation to develop and validate a scalable methodology for both 

voltage and current probes tailored to the demands of WBG device characterization. The main 

contributions of this work include: 

• Full-wave electromagnetic modeling of SMD resistors 

• 3D simulation and parametric optimization using CST Studio Suite 

• Equivalent circuit modeling in ADS 

• Novel analysis of resistance–bandwidth trade-offs for both voltage and current probes 

Our proposed voltage probe achieves a 3 GHz bandwidth at 5 kΩ, surpassing all previously reported  
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PCB-integrated RVDs, which are typically limited to sub-150 MHz (see Table 3.5). For current sensing, 

we present a novel rectangular SMD-based shunt capable of supporting both symmetric and 

asymmetric current paths—the latter addressed for the first time in the literature. By increasing the 

number of parallel resistors and minimizing mutual inductance, the design achieves 1.2 GHz 

bandwidth at 20 mΩ and 1 GHz at 5 mΩ, representing a significant advancement over the state of the 

art. Together, these contributions offer a validated, high-performance solution for non-intrusive, GHz-

bandwidth voltage and current measurement—addressing critical unmet needs in high-speed WBG 

power electronics testing. 

 
 

2.6.3 Proposed Voltage Sensor 

This section summarizes key findings from our previously published conference paper [59], providing 

an overview of the proposed voltage sensor design. To achieve a flat frequency response for RVDs, it 

is essential to understand the parasitic coupling between the resistors and the PCB on which they are 

mounted. In this section, we use an equivalent circuit model and provide analytical formulas to 

characterize its components to show how selecting appropriate element values can lead to a flat 

frequency response. 

 
2.6.3.1 The Novel Twist 

Using the proposed resistor equivalent circuit (Fig. 3.20), Fig. 3.45 shows the Keysight ADS [56] 

simulation results of five SMD resistors soldered in series on a microstrip transmission line with the 

parasitic capacitors. To simplify, all capacitors are considered to be parallel plate capacitors (𝐶 =

ℇ0ℇ𝑟𝐴/𝑑) [59]. In this figure, the effect of the capacitors referenced to the trace and those referenced to 

GND is shown separately. As can be seen, in such structures, the effect of the parasitic capacitors 

referenced to GND (red curve) dominates over the effect of those referenced to the trace (blue curve). To 

achieve balance, increasing the effect of the capacitors referenced to the trace is key. One strategy to 

enhance this impact is to position some resistors directly on the trace, while placing others in sections 

where the trace is absent, typically on the ground (Fig. 3.46). The introduction of new capacitors (𝐶𝑡1 =

ℇ0ℇ𝑟3(𝑙3𝑤𝑑)

ℎ3
 and 𝐶𝑡2 =

ℇ0ℇ𝑟3(𝑙2𝑤𝑑)

ℎ3
 ) between the resistors and the trace can boost the overall capacitance 

referenced to the trace, resulting in a structure capable of achieving a flat frequency response to a few 

GHz only by optimizing the gap length under the resistors (𝑙𝑔). 
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Fig. 3.45: Simulation results of five SMD resistors soldered in series on a microstrip transmission line 

(simulated in Keysight ADS). 

 

 

2.6.3.2 Full-wave Model Setup and Verification 

The full-wave model of the SMD resistors is shown in Fig. 3.46, using the dimensions specified in the data 

sheet (thick film 2512) [96]-[97]. The model consists of perfect electric conductor (PEC) elements at the 

edges, a dielectric layer of Alumina (Alumina ℇ𝑟3 =  9.9), and a sheet lumped element on the dielectric layer 

connecting the two metallic parts. The CST model of the resistors has been validated with configurations 

featuring one and two resistors in series at the center of a microstrip transmission line and above GND. 

Simulated and measured S parameters for this structure are compared in Fig. 3.47. Up to 4 GHz, the proposed 

full-wave model of the resistor deviates from the measurements by less than 3 dB. Consequently, this 3D 

model of the resistors is suitable for use in the 3D simulation of the entire voltage pick-up system to optimize 

𝑙𝑔 . 

The cases with just one and two resistors are considered for only model validation by measurements, but in 

reality more resistors (5 herein) are used for the voltage sensor. The implemented 5 kΩ voltage probe on a 

PCB is shown in Fig. 3.48. Fig. 3.49 shows the comparison between simulated and measured S21. Tolerating 

a deviation of ±3 dB from a flat frequency response, the probe works well up to 3 GHz. As can be seen, the 

full wave simulation of CST Studio Suite follows the measurement with a deviation of less than 1.5 dB. The 

circuit simulation (ADS simulation) which uses the simple equivalent circuit models of the resistors deviates 

more than 3 dB above 500 MHz.  
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The full-wave simulation results illustrating the trade-off between bandwidth and probe resistance are 

presented in Fig. 3.50 for a series configuration of five resistors. In this analysis, the resistor size, trace layout, 

and other design parameters were kept constant, with only the resistor values varied to evaluate their impact 

on bandwidth for a given layout geometry. No additional optimization was performed. The bandwidth, 

defined as the ±3 dB deviation from a flat response, decreases from 4.5 GHz for a 1 kΩ probe to 0.55 GHz for 

a 100 kΩ probe. 

 

Fig. 3.46: Full wave model of the resistor. The dimensions are extracted from datasheet. 
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(a) 

 

(b) 

Fig. 3.47: Comparison between simulated and measured results of one/two resistors in series placed in the 

center of a microstrip transmission line and above the GND. (a) S11. (b) S21. 
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Fig. 3.48: Fabricated high-resistance voltage probe consisting of five 1 kΩ SMD resistors (2512 package) 

soldered in series on a microstrip transmission line. The design implements capacitive balancing through 

optimized PCB geometry to achieve a flat frequency response and 3 GHz bandwidth [59]. 

 

Fig. 3.49: Simulation and measurement of the structure shown in Fig. 3.48 (5 KOhm probe) [59]. 
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Fig. 3.50: Full wave simulation: bandwidth vs. the resistance value of the voltage probe (5 resistors in 

series). 

 
2.6.4 Proposed Current Sensor 

2.6.4.1 Motivation and Concept 

The frequency response of a resistive current probe is governed by the transfer function 𝐺 = 𝑅 + 𝑗𝜔𝑀, 

where R is the resistance and M is the mutual inductance between the resistor paths. While mutual 

inductance can enhance high-frequency signal amplitude, it also introduces phase distortion and limits 

bandwidth. Reducing R to minimize power dissipation typically worsens this effect by lowering the 3 dB 

bandwidth 𝑓𝑟 =
𝑅

2𝜋𝑀
 , creating a fundamental trade-off. 

A common strategy to achieve high bandwidth is to reduce M through flux cancellation [86]-[89]. In circular 

SMD current probes, this is accomplished by feeding current symmetrically from the center, as shown in 

Fig. 3.51. In this ideal scenario, current flows radially outward, and the magnetic fields generated by each 

resistor path cancel one another, resulting in near-zero mutual inductance (𝑀 ≈ 0 ) and enabling GHz-level 

bandwidth with minimal signal distortion. 

However, in real-world applications—such as GaN and SiC-based power modules—current typically 

enters/exits from the one side of the probe, creating an asymmetric feeding condition. This breaks the 

symmetry required for flux cancellation, leading to non-zero mutual inductance (𝑀 ≠ 0) and significantly 

limiting bandwidth. Despite its practical relevance, this limitation of circular current probes under 

asymmetric conditions has not been adequately addressed in the literature. Existing approaches either 

assume ideal symmetry or increase the resistance to regain bandwidth, at the cost of higher power loss (see 
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 Fig. 3.44). 

To address this limitation, we propose a novel rectangular SMD-based resistive shunt optimized for both 

symmetric (Fig. 3.52) and, in particular, asymmetric current paths (Fig. 3.58). The structure achieves GHz-

level bandwidth at ultra-low resistance (a few milliohms) without the need for compensation networks, 

active circuitry, or complex layouts. Its geometry aligns with typical unidirectional PCB current flow and 

supports efficient one-dimensional scaling (extending the probe length) to preserve a compact footprint—

unlike circular coaxial probes that require two-dimensional expansion to add resistors. This approach not 

only reduces the probe resistance but also suppresses mutual inductance through several key mechanisms: 

 Reduced current per path: More parallel resistors divide the total current, decreasing 𝑑𝐼 𝑑𝑡⁄  per 

path and thereby weakening the local magnetic fields that contribute to mutual inductance between 

the resistor paths. 

 Enhanced partial flux cancellation: In both configurations—particularly under asymmetric 

feeding—adjacent paths with opposing current directions enable partial magnetic field 

cancellation, significantly reducing net coupling. This effect is not achievable in circular probes 

under asymmetric conditions. 

This combination of low resistance, GHz bandwidth, and compatibility with asymmetric feeding represents 

a key innovation not previously reported in the literature. The following sections present simulation and 

experimental validation of the proposed architecture, demonstrating its effectiveness and practical 

integration potential. 

 

Fig. 3.51: Symmetric and asymmetric feeding in circular SMD shunt. Longer arrows indicate higher 

currents. 
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2.6.4.2 Rectangular Probe Design with Symmetric Feeding (the test board) 

The Fig. 3.52 presents a 3D design of the proposed rectangular current probe. SMD resistors are 

arranged in a rectangular configuration within the current's series path. The current flows from the 

left side trace of the bottom layer (there is an SMA connector (port 1) on the left side to excite the 

signal), through a central via to the top layer, passing through the resistors before returning to the 

ground layer (middle layer) via additional vias. A standard SMA connector (port 2) is located at the 

center to capture the voltage across the sense resistors. The design utilizes the full-wave model of the 

SMD resistors, as illustrated in Fig. 3.46, based on the dimensions specified in the data sheet for thick 

film 0402 resistors [98]. Key design variables include the number of resistors in parallel (N), which 

effectively determines the length of the current probe (𝑙𝑝𝑟𝑜𝑏𝑒 ), as well as the resistance value of each 

resistor. To illustrate this, several variations were simulated using CST Studio Suite and S21 is 

analyzed. For a 20 mΩ probe, we explored seven configurations involving 12 or 24 resistors, four of 

which are presented in Fig. 3.53: 

 12 resistors with zero distance (there is no gap between the resistors, d=0). 

 24 resistors with zero distance (Fig. 3.53(a)- d=0). 

 12 resistors stacked-6 resistors placed directly on top of another 6, d=0. 

 24 resistors stacked-12 resistors placed on top of another 12 (Fig. 3.53(d), d=0). 

 12 resistors arranged on the side (Fig. 3.53(c), d=0). 

 12 resistors spaced apart to occupy a larger area (Fig. 3.53(b), d=0.6 mm). 

 24 resistors oriented upside down (the resistive layer faces the bottom side, d=0). 

The simulation results are displayed in Fig. 3.54. It is evident that an increased 𝑙𝑝𝑟𝑜𝑏𝑒 leads to a higher 

bandwidth, with configurations using 24 resistors achieving a bandwidth of 600 MHz, while those with 

12 resistors attain 100 MHz. The bandwidth increases from 100 MHz to 160 MHz when the 12 

resistors are spaced 0.6 mm apart, compared to when the distance is 0 mm, as the effective 𝑙𝑝𝑟𝑜𝑏𝑒  is 

slightly larger than 𝑙1+𝑙2 + ⋯ + 𝑙6. When the 24 resistors with zero distance are oriented upside 

down, the bandwidth improves further to 1.2 GHz. 

To evaluate the bandwidth as a function of probe resistance, 36 resistors are considered, and only their 

resistance values are varied to assess the trade-off between resistance and bandwidth for a given 

layout geometry. As shown in Fig. 3.55, the 3 dB bandwidth decreases from 5 GHz with a 50 mΩ probe 

to 0.041 GHz with a 1 mΩ probe. For probe resistances above 50 mΩ, a bandwidth exceeding 5 GHz is 

achievable (simulations were conducted up to 5 GHz).  
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Fig. 3.52: Proposed rectangular structure for the current probe: introducing extra asymmetry by 

increasing the length of the current probe 𝑙𝑝𝑟𝑜𝑏𝑒 . 

 

 

Fig. 3.53: 20 mΩ probe. (a) 24 resistors. (b) 12 resistors (16). (c) 12 resistors (located on the side). 

(d) 24 resistors (12 on top of 12). 

 

74



TU Graz | IFE | PhD Thesis 

2 Cumulative Part of the Dissertation 

 

 

 

 

 

 

Fig. 3.54: Simulated results for a 20 mΩ probe, showcasing various configurations with 12 or 24 

resistors. 

 

Fig. 3.55: Full wave simulation: bandwidth vs. the resistance value of the current probe (structure 

shown in Fig. 3.52) 
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2.6.4.3 Proposed Equivalent Circuit for Rectangular Probe Design with Symmetric                   

Feeding (the test board) 

Fig. 3.56 shows the equivalent circuit for the rectangular 20 mΩ probe (12 × 240 mΩ) depicted in 

Fig. 3.52. 

To estimate the inductances, a commonly used rule of thumb is that the path length between two points, 

measured in millimeters, roughly corresponds to an inductance value ranging from 0.2 nH to 1 nH. In 

this case, we consider 0.2 nH/mm. For example, on the test board, the path length of the input current 

(referred to as the main current in the power loop) that can couple into the measurement loop (on the 

resistor side) is given by the sum of (𝑑𝑖1 + 𝑑𝑖2)  (in mm), as shown in Fig. 3.56.  This trace section couples 

with the thick trace carrying the resistors within the measurement loop. However, this coupling can be 

minimized by reducing the rectangular gap in the ground layer. The corresponding inductance, Li, is thus 

0.2 × (𝑑𝑖1 + 𝑑𝑖2) (in nH). The value of Li in our structure is 1.14 nH. It is clear that resistors with the 

same path length in the rectangular configuration exhibit identical Lm (Lm1=Lm6=Lm7= Lm12=0.8 nH, 

Lm2=Lm5=Lm8= Lm11=1.12 nH and Lm3=Lm4=Lm9= Lm10=1.33 nH).  

Within the measurement loop (on the thick trace), a series inductance Lm is assigned to each resistor, 

with the mutual inductance between them and the power loop (Li) represented as 𝑀1𝑗 =

𝑛√𝐿𝑖𝐿𝑚𝑗 , where 𝑗 = 1, … , 12. To simplify the circuit, it is assumed that the coupling coefficient n is the 

same for all paths. The coupling between resistor paths within the measurement loop is represented by 

𝑁𝑠,𝑡 = 𝑘𝑠,𝑡√𝐿𝑚𝑠𝐿𝑚𝑡 ,  where 𝑠 = 1, … , 12 and 𝑡 = 1, … , 12 . A first-order estimation of this coupling 

coefficient is as follows: 

 We know that the magnetic field around an infinitely long straight wire has an inverse 

relationship to the radial distance, given by 𝐻 =
𝜇0𝐼

2𝜋𝑟⁄ . Hence, the largest value should be 

assigned to adjacent resistors, such as between 𝑅1 and 𝑅2  (𝑘1,2), … , 𝑅11 and 𝑅12  (𝑘11,12). In 

this case, we consider 𝑘1,2 = ⋯ = 𝑘11,12 = 0.6 which physically makes sense for two paths 

coupling at a distance of 𝑑 = 0.5 𝑚𝑚 (the distance between the centers of two adjacent 

resistors). 

 Then, we distribute the remaining coupling coefficients based on the coupling distance. For 

instance, the distance between the centers of  R1 and R2 is d, while the distance between R1 

and R3 is 2d, so 𝑘1,2 = 2 × 𝑘1,3. Moreover, based on this assumption, 𝑛 = 0.1𝑘1,2 is 

obtained. 

In this structure, some of the coupling between the resistor paths will be canceled by others due to 

symmetry, causing the corresponding coupling coefficients, 𝑘𝑠𝑡, to be negative. For example, 𝑘1,2 =

−𝑘2,3 = 𝑘3,4 = ⋯ = −𝑘10,11 = 𝑘11,12. A similar approach can be applied to the circular configuration 

probe design. In the circular probe, it is assumed that all coupling between the resistors' paths cancels 

out due to symmetry, and only the coupling between the measurement loop and the power loop is 

considered, with 𝑛 = 0.1𝑘12 and Lm=0.8 nH and Li=1.14 nH. 
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Fig. 3.57 shows a comparison between ADS circuit simulations and CST results for circular and 

rectangular probes with 12 and 24 resistors, demonstrating good agreement. 

 

Fig. 3.56: Equivalent circuit of the proposed current probe. 
 

 

Fig. 3.57: Equivalent circuit (ADS) and full wave (CST) simulation results for the structures shown 

in Fig. 3.52 (20 mΩ probe). 
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2.6.4.4 Rectangular Probe Design with Asymmetric Feeding 

Fig. 3.58 illustrates the proposed rectangular current probe, which is fed asymmetrically. The length of 

the arrows indicates the relative current flowing through each resistor, with shorter electrical lengths 

corresponding to higher current levels. To simulate and analyze the performance of the rectangular 

probe in this asymmetric configuration, the ODB++ file of a PCB designed for a half-bridge (HB) circuit 

([41]) is imported into CST Studio Suite, as shown in Fig. 3.59. 

In the 3D model, to evaluate the frequency response of the current probe, all components except for the 

high-side FET (HS-FET) and the high-side current sensor (HS-CS) are removed. For simplification, the 

low-side FET (LS-FET) and the low-side current sensor (LS-CS) in the main loop are shorted. The current 

path created for this simulation (representing the main loop of the HB circuit) is indicated by the black 

arrows. The current is introduced via a discrete port (port 1) placed between the drain and source of the 

HS-FET. It flows through the vias, passing the shorted LS-CS, LS-FET, and DC-link capacitor, before 

entering the HS-CS. After passing through the sense resistors, it returns via the central vias to the HS-FET 

drain. A standard SMA connector is positioned at the center of the HS-CS to capture the voltage across 

the sense resistors, with a discrete port located at the SMA connector (port 2). The circuit diagram of the 

main loop of the HB circuit is also presented on the right side of Fig. 3.59. 

 

 

Fig. 3.58: Proposed rectangular structure for the current probe: introducing extra asymmetry by 

increasing the number of the resistors in parallel. Longer arrows indicate higher currents. 
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Fig. 3.59: ODB++ file of the HB PCB imported into CST. Black arrows only show the current path. 

 

 Fig. 3.60 displays the simulated S21 for the HS-CS. As indicated, the number of resistors (𝑙𝑝𝑟𝑜𝑏𝑒 ) 

increases from 12 to 32 to achieve a GHz bandwidth with a minimal probe resistance. A lower probe 

resistance necessitates an increase in the number of resistors to maintain a GHz bandwidth. Specifically, 

using 32 resistors in parallel can achieve a 5 mΩ probe with a bandwidth of 1 GHz, while with only 12 

resistors, the probe resistance is limited to 100 mΩ with a bandwidth of 1.015 GHz. 

 

Fig. 3.60: Simulated S21 for HS-CS (structure shown in Fig. 3.59). 
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Fig. 3.61 demonstrates how the current distribution through the sense resistors changes as the number 

of resistors (𝑙𝑝𝑟𝑜𝑏𝑒 ) increases from 12 to 32. It is important to note that: 

 Resistors with shorter electrical lengths in the current path carry more current. 

 There is an increase in current through the resistors located at the corners of the structure, as 

high-frequency currents tend to flow more through these corner resistors. 

 

 

(a) 
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(b) 

Fig. 3.61: current through the sense resistors (lumped elements in the full wave simulation) for the 

structure shown in Fig. 3.59. (a) 12 resistors. (b) 32 resistors. 

 

2.6.4.5 Experimental results and analysis 

Measuring the frequency response of the probe (HS-CS) directly on the HB board is challenging due to 

common mode currents on the SMA connector located above the sense resistors (as the shield of the 

SMA connector is not referenced to ground). Hence, the setup depicted in Fig. 3.52 is utilized for 

measurements. Based on this configuration, PCBs are designed to implement both conventional circular 

probes and the proposed rectangular probes, allowing for the measurement of their frequency 

responses (see Fig. 3.62). 
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(a) 

 

 

(b) 

Fig. 3.62: PCB layout used for characterization. (a) Proposed rectangular probe. (b) Conventional 

circular probe. 
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Fig. 3.63 shows full-wave simulated and measured S21 for a 20 mΩ probe resistance. Both results 

demonstrate that while a circular SMD arrangement achieves GHz bandwidth at higher resistances (e.g., 

100 mΩ), it fails at lower resistances like 20 mΩ. In contrast, our rectangular design maintains GHz 

bandwidth (1.2 GHz at 20 mΩ for 36 resistors in parallel) by introducing additional asymmetry, which 

reduces mutual inductance (M) and results in a flatter frequency response across the GHz range.  

As an example, a line with a +20 dB/decade slope is shown for the rectangular probe with 12 resistors, 

and the corresponding uncompensated mutual inductance is also calculated. Notably, the 

uncompensated mutual inductance decreases from 44 pH for 12 resistors to 7 pH for 36 resistors in the 

proposed rectangular probes. 

 

Fig. 3.63: Simulated and measured results for the structures shown in Fig. 3.62 (20 mΩ probe). 

 

2.6.4.6 Limits 

The design process for resistive current and voltage probes is outlined using 0402 and 2512 SMD 

resistors, respectively; however, this approach can be adapted to resistors of various package sizes. The 

ability to increase the voltage handling of the voltage probe and the current handling of the current probe 

is constrained by the power, voltage, and current ratings, as well as the thermal capacity of each 

individual resistor. For example, the resistors used in the design of the voltage probe have a maximum 

operating voltage of 300 V [97]. Considering a pulse with a 50 percent duty cycle, the maximum voltage 

handling of the implemented 5 kΩ probe (shown in Fig. 3.48) is V(Max) = 300 × 2 × 5 = 3 kΩ.  

Additionally, the available space for arranging sufficient resistors in series for the voltage probe or in 

parallel for the current probe imposes constraints on these parameters. Naturally, a larger occupied  
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space will increase the insertion inductance of the probes. For the current probe, the frequency 

response—especially at low resistance values—can be improved as long as there is enough space to 

incorporate more resistors in parallel. The trade-off between resistance and bandwidth for a given 

layout geometry, for both the voltage and current probes, has been discussed, with the results shown in 

Fig. 3.50 and Fig. 3.55, respectively. 

 

2.6.5 Conclusion 

This paper presents a novel PCB-based GHz bandwidth resistive voltage and current probes. The voltage 

probe balances parasitic capacitances, which arise from the resistors to the high-voltage trace and from the 

resistors to ground. Based on full-wave simulations and utilizing SMD resistors, a 5 kΩ voltage probe with a 

3 dB bandwidth of 3 GHz is realized. The investigation into the trade-off between bandwidth and probe 

resistance shows designs achieving 4.5 GHz bandwidth at 1 kΩ and 0.55 GHz at 100 kΩ for the same resistor 

configuration. 

Additionally, we propose a shunt resistor made of parallel SMD resistors with increased bandwidth and a 

rectangular shape, optimized similarly to the voltage divider. Full-wave simulations and measurements show 

that while a circular SMD resistor arrangement achieves GHz bandwidth at higher resistances (e.g., 100 mΩ), 

it fails at lower resistances (e.g., 20 mΩ). Our rectangular design maintains GHz bandwidth by introducing 

asymmetry (1.2 GHz/20 mΩ). A trade-off analysis shows the 3 dB bandwidth decreases from 5 GHz at 50 mΩ 

to 0.041 GHz at 1 mΩ, with bandwidths over 5 GHz achievable for resistances above 50 mΩ. Full-wave 

simulations of asymmetric feeding yielded a 1 GHz bandwidth for a 5 mΩ probe with 32 SMD resistors.  

2.6.6 My Scientific Contribution 

This paper analyzes the trade-offs involved in PCB-based resistive voltage and current probes, 

particularly the relationship between bandwidth and resistance. It specifically addresses the 

challenges in asymmetrical current sensor designs. A capacitively compensated voltage divider with 

GHz-level bandwidth is proposed, optimized through full-wave simulations and validated using S-

parameter measurements. Additionally, a high-bandwidth current shunt—constructed from 

parallel SMD resistors—is presented, achieving GHz performance through minimized parasitic 

mutual inductance. 

My specific contributions to this work include: 

 Proposing an implementation method for an optimizable voltage probe in both simulation 

and measurement 
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 Designing the structure of the GHz-bandwidth current probe with minimized parasitic 

mutual inductance 

 Designing and fabricating the test PCBs for current probe evaluation 

 Proposing the equivalent circuit model for the current probe  

 Conducting simulations, experimental measurements,  data analysis and interpreting the 

result
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2.7 ESD Susceptibility Analysis: Coupling to Traces and Interconnect 

M. Gholizadeh, S. M. Mousavi, D. Pommerenke, A. Pak, G. Fellner, and J. Min, “ESD susceptibility 

analysis: Coupling to traces and interconnect,” in Proc. 2021 IEEE Int. Joint EMC/SI/PI and EMC 

Europe Symp., Jul. 26, 2021, pp. 1018–1023. 

2.7.1 Abstract 

ESD susceptibility scanning is an effective method for finding the causes of ESD soft failures in electronic 

systems. A local probe is used to scan the system for sensitive areas. However, the voltages induced by 

the probe are often unknown. This paper quantifies the induced voltages from different probes when 

injecting into traces and flex cables and compares the values to the induced voltages caused by an IEC 

61000-4-2 ESD gun in the contact mode. The goal is to guide the reader in selecting the voltage levels 

and probes during susceptibility scanning in a way that they relate to ESD gun injection and avoid levels 

that are likely to cause hard failure. 

 
2.7.2 Introduction 

ESD susceptibility scanning is a powerful method to investigate the root cause of ESD soft-failures in 

electronic systems [99]. It is described as a standard practice by the ESDA Association [100]. It can be 

applied to compare different designs, e.g., a manufacturer has changed the IC process or the package, or 

to troubleshoot systems which fail to pass ESD testing, such as IEC 61000-4-2. To identify sensitive ICs 

and modules, electric and/or magnetic field probes are excited by strong pulse sources, e.g., 2 kV, using 

a 500 ps rise time TLP. The probes are moved along potentially sensitive structures, e.g., above a PCB, 

along flex cables, to identify which structure leads to soft failures. This type of soft failure is compared to 

the soft failure observed during IEC 61000-4-2 testing to determine which local structure is sensitive 

and probably causing a soft failure in IEC 61000-4-2 testing.  

A core difficulty is not knowing how large the induced voltage is. Partial treatment of this question is 

given in [101-104], however, it does not relate to the interconnect. The voltages induced in the traces or 

other interconnect depend on a set of parameters such as the probe geometry, the distance of the probe 

to the structure, the geometry of the structure and the pulse amplitude and rise time. The user can select 

all, but the geometry of the structure. The probe influences the coupling [105-109]. The local geometry 

is often only known by inspection from the top of a PCB. While an exact knowledge of the coupling can 

only be determined by full wave simulation or measurement of the specific structure, a general guidance 

can be obtained by measurement and simulations on similar structures.  

Inducing a voltage of less than 100 mV is unlikely to even cause a bit error, while inducing voltages of 

100 V or more is likely to damage, either directly or by causing a latch-up. The induced voltages are 

proportional to the TLP voltage if the rise-time does not change with voltage. The range mentioned above 

is large. An approximate knowledge of the induced voltages is sufficient to select a start value for the TLP 

settings that, allows to induce significant voltage, without taking the risk of causing damage. 
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Experimentally, this paper investigates the correlation between TLP settings (pre charge voltage) and 

the desired level of TLP induced signals in traces and flex cables. The goal is to give guidance to the user 

of the susceptibility scanning in the selection of the appropriate TLP settings. A set of typical probes has 

been used for testing. 

 

2.7.3 Methods and Structures investigated 

2.7.3.1 Probes 

The EMC laboratories own a variety of probes that are mainly used for EMI measurements. Some of them 

are intended for hand scanning and some of them can be attached to scanning systems. As these are near 

field probes. Thus, one can distinguish between electric- and magnetic field probes. All probes also 

partially couple to other field components. This is especially strong in non-shielded magnetic field 

probes. For ESD voltage coupling, the shield is often omitted which allows the movement of the current 

carrying part of the probe closer to the DUT and thus increase the coupling.  

Furthermore, the orientation of the field is relevant. If Z is defined as the axis along the probe’s body, 

then, most of the EMI probes are Hx oriented (or Hy if they are rotated by 90 degree) and the most of the 

E-field probes, such as an open coax [105] are Ez oriented. In addition, a horizontal loop will create a field 

that is Hz oriented while a symmetric structure that has the characteristics of a dipole (e.g., two small 

patches on the left and the right side of a PCB) and driven differential will create an Ex field. Again, 

rotation of the probe leads to an Ey field. The paper concentrates on the more common probes, some are 

shown in Fig. 3.64. 

 

Fig. 3.64: Probes used in this investigation (http://www.amberpi.com). 
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2.7.3.2 PCBs 

As test objects, flex cable connected boards (different pitch and connectors) and traces have been 

selected. They are shown in Fig. 3.65, Fig. 3.71 and Fig. 3.74. 

 

 

Fig. 3.65: Setup used to couple to a flex cable. The probe is at the location of the maximal coupling 

amplitude. 

 
2.7.3.3 Test Methods 

The goal is to determine the coupling of probes to different flex cables. This is to guide the user of an ESD 

scanning system. The user needs to estimate the induced voltages as a function of probe, distance, TLP 

voltage etc. The data gives the estimations of the induced voltages if the probes are used to induce voltage 

into the flex cables and traces. Knowing the approximately induced voltage helps in setting the TLP voltage 

range to one where soft failures are likely, but damaging effects are not likely. Thus, after a probe is selected 

and the actual PCB or flex cables are inspected, a good range of TLP voltage settings can be estimated.  
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2.7.3.4 Frequency Domain 

The frequency domain measurements are performed using a VNA (Vector Network Analyzer). As most of the 

spectral energy of ESD is confined to less than 2 GHz and the rise time of the TLP used for pulse creation was 

about 500 ps, we limited the frequency range to 2 GHz. The setup for coupling to a flex cable is shown in 

Fig. 3.65. In this setup, three traces on the board 2 (pin 1,5 and 6) and two traces on the board 1 (pin 5 and 

6) are terminated in 50 Ω and port 1 of the VNA is connected to the pin 1 from the input side. The rest of the 

traces (7 traces) are shorted to GND on both sides using 0 Ohm resistors (detailed information of the PCBs is 

shown in Fig. 3.74). While the magnitude of the coupled signal varies strongly from probe to probe, all show 

similar features. 

The frequency response, Fig. 3.66, follows a 20 dB/dec slope as expected from a first order coupling response. 

Above about 100 MHz, the curve flattens. This is a result of the low pass filtering which is caused by the 

inductance of the flex cable trace and the 100 Ω terminations (50+50 Ω). A complex behavior with many 

resonances is visible above 200 MHz. This includes board-to-board resonances and resonances of GND 

connected flex cable traces. Only full wave simulation would be able to relate the details of the physical 

structure to each resonance. 

 

 

Fig. 3.66: S21 obtained from measurements of the coupling of probes to a flex cable having 1 mm pitch. 

The trace coupled to is terminated with 50 Ω on the both ends ( the detailed information of the two 

PCBs are shown in Fig. 3.74). 
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2.7.3.5 Time Domain 

E-field and H-field probes couple differently to a trace. Depending on the probe selected, the TLP will inject 

a current or couple a voltage into a trace which is close to the probe. If it is an H-field probe, the probe will 

cause a voltage along the trace. It is induced by the magnetic field of the probe which couples into the loop 

area between the trace and its GND. An E-field probe will inject a current into the trace by the capacitive 

coupling from the probe to the trace. The difference is well visible in Fig. 3.67. 

To obtain this data, we placed probes on a microstrip trace and measured the voltage induced by connecting 

both ends of the microstrip to the two channels of the oscilloscope. 

The E-field probe’s current injection leads to the same polarity on both channels, while inducing a voltage 

along the microstrip (for the length of the microstrip that is underneath the probe) leads to pulses of opposite 

polarity on the scope.  

A horizontal loop (unshielded Hz-probe) shows a more complex behavior. If the loop is centered above the 

trace, the magnetic field coupling at the left and right of the trace is canceling each other, however, some E-

field coupling remains. If the probe is moved to a position that its current carrying wire of the probe is above 

the microstrip, then, its magnetic field coupling will be dominant as illustrated in Fig. 3.68. 

 

Fig. 3.67: S21 obtained from measurement of the coupling of probes to a flex cable having 1 mm 

pitch. The trace coupled to is terminated with 50  on both sides. 
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Fig. 3.68: Coupling of an unshielded horizontal loop of 8 mm to a microstrip for two positions. 

 

2.7.4 Results 

If the goal is to recreate the soft failures observed during a system level IEC test by local scanning, it is 

important to estimate the voltage induced by a certain TLP voltage setting and the selected probe. As the 

peak voltage depends on the di/dt or dv/dt at the probe, the rise time of the TLP is important. The TLP 

selected shows a rise time of about 500 ps. It is realized using an SF6/N2 relay as switch. The relay is the 

same as the ones used in most ESD generators. 

The reaction of the DUT depends on the voltage. If we roughly assume that the voltages less than 0.1 V will 

lead to no soft-failures and the voltages more than 100 V may carry the risk of latch-up or damage, then, a 

lower and upper bound is given. To facilitate the coupling, the probes have been held against different 

microstrip traces. The width of the microstrip trace and its distance to the ground plane was varied to 

consider different layout situations. The voltage is expressed as “TLP charge voltage setting to achieve 1 V 

induced voltage”. 

The data shown in Fig. 3.69 indicate that TLP voltages from 20 V to 170 V will induce 1 V in the microstrip 

traces. Indicated by “A” we see a general tendency: It is easier to couple to the 90 Ω trace relative to the 42 Ω 

trace. Less TLP voltage is needed for the same induced voltage of 1 V. The reason lies in the layout. For the 

90 Ω trace, layer 2, the normal GND of this 4-layer board is removed. Thus, the return path is about 1.4 mm 

below the trace. The 76 Ω trace has the same return plane as the 42 Ω trace, but its width is more narrow. 

This increases the TLP voltage needed for coupling 1 V, indicated by “B” comparing the red and the blue bars. 
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The effect of using a shielded probe, designed for EMI vs. using a probe that has no shielding to allow closer 

coupling to a trace, is indicated by “C”. It compares the two probes of the same size, 5 mm, one with a shield 

(EMI) and the other without a shield (ESD). The needed TLP voltage approximately doubles. If the TLP can 

be charged to 5 kV (often limited by the connectors used) then the first and the last probe, Fig. 3.69, will 

induce about 250 V. This value has a rather high chance to cause damage (e.g. gate oxide damage). 

 

 

Fig. 3.69: TLP charge voltage for achieving 1 V of induced voltage for different traces and probes. 

 
 

2.7.4.1 Effect of Flex Pitch 

To create the data shown in Fig. 3.70, different flex cables have been mounted between the boards. 

The probes are held against the flex at the position of maximal coupling and the peak induced 

voltage is measured. It is normalized to the TLP voltage. By this normalization, we express the TLP 

voltage that is needed to achieve 1 V of induced voltage. Due to reciprocity, there is no difference 

between injecting into the probe and measuring at the trace or injecting into the trace and 

measuring at the probe. In this setup, three traces on the board 2 (pin 1,5 and 6) and two traces 

on the board 1 (pin 1 and 6) are terminated in 50 Ω and the output of the TLP is connected to the 

pin 5 from board 1. The rest of the traces (7 traces) are shorted to GND on both sides using 0 Ω 

resistors (detailed information of the PCBs is shown in Fig. 3.74). The output of the different 

probes is connected to the oscilloscope. Two pitches are used: 0.5 mm and 1 mm. 

The larger 5 mm probe (indicated by “A”) designed for maximal coupling (no shield) needs less 

than 50 V TLP charge voltage to couple 1 V into the 1 mm pitch flex cable. Comparing the 0.5 mm  
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to the 1 mm pitch (“B”), we see stronger coupling to the wider pitch flex. This is a result of using 

other traces of the flex as return path. Thus, the loop area, needed for coupling, is reduced if the 

pitch is tight.  

Often, no test setup is available to determine the coupling into a flex cable. However, microstrip 

traces are available in most labs. How predictive is the coupling into a microstrip towards coupling 

into a flex? Indicated by “C” a relative good match can be seen. In general, the 1 mm pitch flex 

coupled 25% less than the 50 Ω microstrip while the 0.5 mm pitch flex coupled similar to the 

microstrip. Thus, the microstrip is a good predictor for other none-shielded flex cables. 

 

 

Fig. 3.70: Coupling of different probes to flex cables compared to coupling to a 50  microstrip 

line. 

 
 

2.7.4.2 Shielding the Flex Cable 

From an EMC point of view, flex cables form weak points in board-to-board connections. Their 

field confinement is low. Thus, they may excite board-to-board modes for EMI and allow ESD 

current, injected into one of the connected boards, to couple and create a voltage between the PCB 

GND and a trace. 
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The Flex cables are often shielded to improve field confinement. This reduces EMI and ESD 

coupling. However, the shield is often not connected, or only connected on one side. How good is 

this? In this experiment, the ESD gun is discharged at 1 kV contact mode into the not grounded 

board, while the other board is connected to a large ground plane. Two traces on the flex 

connection, one at the edge and one in the middle are connected to the oscilloscope, Fig. 3.71. 

As shown in Fig. 3.72, the trace at the edge of the flex will couple stronger. This is a consequence 

of the partial shielding of the center trace by its neighboring traces. 

Here, all, except three traces are connected to the ground on both sides (detailed information of 

the two PCBs is shown in Fig. 3.74). 

Just adding a copper tape as a “shield” directly onto the flex, but not connecting it to PCB ground, 

reduces the voltages, especially for the edge pin. Adding a GND to the shield connection, but only 

on the one side did not reduce the coupling, it even increased the coupling for the center pin. Using 

a one sided shield on the flex, but grounding it on both PCBs reduced the coupling by about 8x 

relative to the unshielded case. Moving to a both sided shield with best connection, reduced the 

coupling further to about 20x below the value of the unshielded case. The data indicates that the 

adding a “shield” to a flex, but not grounding it (this is often done as bandage), is reducing the 

coupling, however, far less is achieved compared to the both-sided ground connection. 

 

 

Fig. 3.71: Test setup for board-to-board coupling of an ESD pulse for a flex cable connection. 
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Fig. 3.72: Peak voltage induced by a 1 kV ESD discharge in contact mode into the not grounded 

board connected by the flex cable to the other board (the other board is connected to a large 

ground plane) for different shielding conditions. 

2.7.4.3 Using other traces in a flex as return current traces 

The effect of using neighboring traces as return paths for reduced coupling is presented in Fig. 3.73. 

The edge trace receives a stronger coupled signal.  

The effect of using other traces as return is further investigated by changing the load condition of the 

traces. The following changes have been performed: 

 Base condition: Three traces terminated in 50 Ω on both sides (pin 1,5 and 6), 7 traces 

shorted to GND on both sides using 0 Ω resistors (detailed information of the PCBs is shown 

in Fig. 3.74) 

 Removing the 0 Ω resistors one by one, leaving the traces open  

 Adding 100 pF instead of the 0 Ω resistors. This method provides a return path for higher 

frequency signals, but still allows to use the same trace for lower speed signaling. Thus, 

reduces ESD coupling, without designating additional traces as GND. It is common design 

practice. 

The data in Fig. 3.73 show that up to 50 V can be induced, relative to board GND, on a trace for a 1 kV 

ESD. With increasing number of return paths (identified by “A”) the voltage is reduced by about 3x.  
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Using slow speed traces as ESD return is successful. Identified by “B”, there is no difference in the 

voltage, if grounding on both sides is compared to using 100 pF capacitors instead of the 0 Ω resistors.  

The effect of grounded neighboring traces on the induced voltage is identified by “C”. For C1 the next 

grounded trace is away from the center trace, therefore, the center and the edge trace receive about 

the same voltage. However, if many returns exist, the difference between the edge and center trace 

increases to about 2x, Identified by “C2”.  

As Fig. 3.73 shows, a 1 kV ESD pulse in contact mode induced about 7 V (center pin). In scanning one 

tries to reproduce the induced voltage from the ESD gun by a local probe driven by a TLP. It is 

interesting to know at which TLP voltage setting will the induced voltage be similar. To measure 

this, a 10-wire-1mm pitch flex cable has been mounted between the boards. The output of the TLP 

is connected to different probes. The probes are held against the flex and the peak value of the 

induced voltage is measured (Fig. 3.74).  

Fig. 3.75 shows the TLP voltage needed for inducing the same voltage of 7 V. The values vary from a 

few hundred volt for the probe which shows the best coupling to 6 kV for a very small probe 

indicating the importance of probe selection in near field scanning. 

 

Fig. 3.73: Effect of using other traces on the flex cable as return paths on the induced voltage by a 

1 kV contact mode ESD to one board of a board-to-board connection by a 10 pin, 1 mm flex cable 

of 100 mm length. 
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Fig. 3.74: Test setup for board-to-board coupling of an ESD pulse for a flex cable connection. 

 

Fig. 3.75: The TLP voltage needed for inducing the same voltage (7 V into the center pin of the 

Flex cable) as a 1 kV ESD pulse in contact mode induces when using a mm size probe. 
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2.7.5 Conclusion 

This paper shows experimental results for coupling into traces and flex cables. The data was collected 

to guide the users of the susceptibility scanning in selecting the TLP settings and probes for the 

coupling voltage levels that are sufficient to cause disturbances, but do not pose a strong risk of 

damage to the scanned DUT.  

The data validates the basic coupling mechanisms via the field: the coupling follows the time derivative 

of the current that flows through a magnetic field probe and the time derivative of the voltage between 

an E-field probe and GND. Thus, using a TLP having a sub-nanosecond rise time, a voltage or current 

pulse having a width of less than 1 ns is induced. This pulse width is also observed for coupled ESD 

gun voltages, e.g., if an ESD gun is discharged to GND of a system.  

The data shows that the TLP settings of a few hundred volts, when selecting a probe in the mm range, 

is a good starting point for the soft-failure analysis.  

Investigations on the flex cables shows strong coupling if the ESD is injected into one board which is 

connected to another board by the flex cable. A 1 kV ESD pulse in contact mode induced about 5 V. A 

similar induced voltage was achieved when by using a mm size H-field probe with a 500 V TLP 

discharge pulse . 

As all coupling is geometry driven, the paper can only give a general guideline on the equivalence and 

TLP settings. 
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3 Conclusion 

 
This dissertation presents a cumulative body of work aimed at addressing key challenges in 

electromagnetic compatibility (EMC) across fast-switching power electronics and electrostatic 

discharge (ESD)-sensitive systems. Through five peer-reviewed contributions, this work explores 

predictive modeling, high-bandwidth measurement, and ESD susceptibility analysis, with a particular 

focus on GaN-based power converters and PCB-level signal interfaces. 

In the first part of the thesis, a compact behavioral model is developed for GaN transistors, enabling 

efficient and accurate prediction of conducted emissions up to 300 MHz. By reducing the complexity 

of parameter extraction and incorporating layout parasitics, the model offers practical utility during 

early-stage converter design. The modeling framework is further refined through the introduction of 

the resistive component of the output capacitance, ROSS—a parameter often excluded from datasheets 

yet shown to significantly affect switching waveform damping and EMI spectral peaks. An S-

parameter-based method is proposed to extract ROSS, and its integration into the behavioral model 

leads to a measurable improvement in EMI prediction accuracy, especially in the 30–150 MHz range. 

Building on the need for accurate waveform capture in fast-switching circuits, a new voltage probe 

was designed using a symmetrical PCB layout with a resistive divider structure. The probe achieves 3 

GHz bandwidth while maintaining a high input impedance, offering minimal capacitive loading and a 

flat frequency response. Its performance was validated through both simulation and experimental 

testing, making it a reliable tool for high-voltage, high-frequency measurement in GaN converter 

environments. 

The work on voltage probing is extended with the introduction of a compact PCB-based current probe 

in a subsequent study. The current probe employs a resistive shunt geometry optimized for minimal 

mutual inductance and wide bandwidth. The integrated current probe allow for high-fidelity capture 

of switching transients in both symmetrical and asymmetrical layouts. The proposed structures for 

current and voltage probes represent compact, low-disturbance solution suitable for switching loss 

analysis, waveform characterization, and EMI validation in state-of-the-art power electronics. 

The final contribution of this thesis focuses on ESD susceptibility at the board and interconnect level. 

Using near-field probes and TLP excitation, the study systematically characterizes the voltages 

induced in PCB traces and flex cables. These values are compared to those generated by standardized 

IEC 61000-4-2 ESD gun discharges, offering guidance on the selection of probe types and voltage levels 

for safe and effective susceptibility scanning. The results emphasize the importance of understanding 

coupling mechanisms and the potential for overstress during diagnostic procedures. 

In conclusion, this dissertation delivers a comprehensive set of methods and tools that support the 

development of robust, emission-aware electronic systems. By combining predictive modeling, GHz-

bandwidth measurement, and practical susceptibility diagnostics, the work advances the state of EMC  
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engineering in both power conversion and system-level reliability contexts. These contributions lay 

the groundwork for further research into compact, high-speed EMI and ESD analysis methods that 

meet the demands of next-generation electronic systems.
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