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ABSTRACT 

 

Wide bandgap (WBG) semiconductor devices are becoming increasing popular in power 

electronics applications. However, WBG semiconductor devices generate a substantial amount of 

conducted electromagnetic interference (EMI) compared to silicon (Si) devices due to their ability 

to operate at higher switching frequencies, higher operating voltages and faster slew rates. This 

thesis explores and analyzes EMI mitigation techniques that can be applied to a power module 

architecture at the packaging level.  

In this thesis, the EMI footprint of four different module architectures is measured 

experimentally. A time domain LTspice simulation model of the experimental test setup is then 

built. The common mode (CM) EMI emissions that escape the baseplate of the module into the 

converter is then examined through the simulation. The simulation is used to explore the CM noise 

footprint of eight additional module architectures that were found in literature. The EMI trends 

and the underlying mitigation principle for the twelve modules is explained by highlighting key 

differences in the architectures using common mode equivalent modelling and substitution and 

superposition theorem. The work aims to help future module designers by not only comparing the 

EMI performance of the majority of module architectures available in literature but by also 

providing an analysis methodology that can be used to understand the EMI behavior of any new 

module architecture that has not been discussed. Although silicon carbide (SiC) modules are used 

for this study, the results are applicable for any WBG device. 
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Architecture on Common Mode Electromagnetic Interference 

 

Taha Moaz 

 

GENERAL AUDIENCE ABSTRACT 

 

As society moves towards the electric grid of the future, there have been increasing calls 

for high efficiency, high power density, and low electromagnetic interference (EMI) power 

electronic converters. EMI is a big problem when using wide-bandgap (WBG) devices as these 

devices can switch very quickly and handle higher voltages when compared to silicon devices. In 

this study, ways to reduce EMI in a WBG power module through twelve different types of 

packaging are explored. Four WBG power modules are designed and fabricated in the lab, whereas 

a simulation model was created to study the EMI behavior of the remaining eight power module. 

The EMI behavior of these modules is explained using common mode (CM) equivalent modeling 

and substitution and superposition theorem. This study is important because WBG devices are 

becoming more and more popular in power electronic applications. The author hopes the findings 

and analysis presented in this paper can help future module designers reduce the EMI footprint of 

modules they design. 
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Chapter 1: Introduction  

1.1 Background 

The leading semiconductor choice for power electronics applications has been silicon (Si) 

for several decades [1]. Although Si-based power electronics provides the benefit of being mature 

and well-established, the technology is gradually reaching its limitations [2]. Wide-band gap 

(WBG) semiconductor devices have recently started to attract attention in power electronics due 

to their higher operating temperatures, faster switching speeds, higher voltage breakdown 

capability, and lower conduction losses [2], [3]. The intrinsic device properties of silicon (Si, 

green), and WBG devices such as gallium nitride (GaN, purple) and silicon carbide (SiC, blue) are 

shown in Figure 1. 

 

Figure 1: Intrinsic device properties of silicon (Si, Green), gallium nitride (GaN, Purple), and 

silicon carbide (SiC, Blue) 
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The higher voltage capability, higher operating temperatures, lower conduction losses, and 

faster switching speeds of WBG devices result in higher efficiency and power density designs; 

however, the higher operating frequency, and higher operating voltages also result in faster slew 

rates, which results in a larger electromagnetic interference (EMI) footprint of the system [4]ï[9]. 

An example of an EMI issue limiting the performance of WBG devices can be found in [10], where 

a 10 kV, 120 A SiC MOSFET/JBS full bridge module [11] was run in a power electronic building 

block (PEBB) based impedance measurement unit (IMU) as shown in Figure 2(a). The converter 

could not be run at full voltage or rated power levels due to EMI issues. It can be seen in Figure 

2(b) that the peak of the noise current flowing into the ground through the parasitic capacitance 

across the direct bonded copper (DBC) substrate in the power module was comparable to the 

current flowing through the inductor going to the output load (Figure 2(c)). The noise current 

contaminated the ground of the converter and was causing the controller to malfunction, limiting 

the operating conditions of the converter. It can therefore be concluded that properly addressing 

EMI issues is crucial to ensure that the advantages of WBG devices are not undermined. Since the 

noise current was flowing through the parasitic capacitance across the DBC substrate in the power 

module, it has therefore become necessary that EMI mitigation is considered in the initial design 

stages of the power modules. 

In this work, the effect of the power module architecture on the common mode (CM) EMI 

generated by WBG devices is studied. The EMI emissions of a total of twelve different module 

architectures found in literature are explored, and different analysis techniques are used to explain 

and compare the EMI spectrum generated by each module. 
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Figure 2: (a) Circuit schematic of 10 kV, 120 A SiC MOSFET/JBS module in PEBB based 

IMU (b) ground current (c) inductor current  from [10]. 
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1.2 Literature Survey 

Over the past decade, research efforts have been concentrated on mitigating CM noise 

issues in WBG devices at various levels of the converter. Solutions such as CM chokes and EMI 

filters are often implemented at the input of the converter to minimize the amount of CM current 

flowing into the system [12]ï[19]. In [20], a CM filter is integrated inside the module package. 

These solutions increase the weight and volume of the system and limit the efficiency and power 

density of the converters [12], [21]. For example, the addition of an EMI filter can occupy nearly 

one-third of the volume of the converter [22]. Other CM current solutions involve the use of active 

gate drivers to minimize issues related to CM current [23]. Slowing down the slew rates can reduce 

noise generated, but also increases switching losses [24]. Active gate drivers employ slew rate 

control to help achieve a balance between switching losses and EMI noise, but can increase the 

complexity of the circuitry and controls of the converters [23], [25]. Snubber circuits and ferrite 

beads can also be used to dampen voltage and current oscillation, which results in lower EMI [26]ï

[30]. 

Less work has been dedicated to studying and mitigating CM current at the power module 

packaging level. It should be noted that reducing the EMI generated at the packaging level will not 

eliminate the need for a filter, but would minimize the amount of noise that will need to be filtered 

at the converter level. With the rise of WBG devices, the layout and design of power modules have 

garnered attention due to the higher sensitivity of WBG devices to parasitic inductances and 

capacitances [31]ï[33]. Since CM current is worsened by these parasitics, which are related to the 

power module design, EMI mitigation and containment solutions at the package level are being 

investigated [34]. 
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When it comes to reducing CM noise inside the package, a large portion of the literature is 

focused on minimizing the power-loop and gate-loop inductances that lead to ringing during 

switching events. A popular way to reduce the impact of stray inductances is to integrate 

decoupling capacitors inside the module to reduce the commutation loop [35]. Other designers 

have attempted to reduce the dv/dt of the module by embedding gate resistors to slow down the 

fast switching transients [36] or embedding resistor-capacitor (RC) snubbers and ferrite beads to 

reduce voltage ringing during switching events [37]. These techniques help mitigate CM current 

by reducing the switching speed; this approach offsets the benefits offered by WBG devices.  

Other studies have focused on the capacitive coupling to the baseplate to mitigate the flow 

of CM current. The literature has proposed mitigating CM current by reducing the capacitive 

coupling of the switching-node to the baseplate present in the power module [38]. In traditional 

power modules, an insulated substrate is patterned to form a half-bridge configuration, with the 

switching-node pad being a significant portion of the footprint. This switching-node pad has 

capacitive coupling across the substrate insulation to the baseplate, creating a critical path for CM 

current to flow through. This capacitive coupling can be reduced either by shrinking the footprint 

of the switching-node or increasing the thickness of the insulation dielectric [39]. Other techniques 

include removing regions of the insulated substrateôs bottom copper layer and replacing it with 

low-permittivity material [40], and canceling the CM current through the baseplate of a single-

phase inverter with the input and output impedances of the EMI testbed being made to be [41], 

[42]. This CM current cancellation is achieved by manipulating the ratio between the switching-

node capacitance and the equivalent baseplate capacitance. In addition, it has been shown that 

reducing the switching-node capacitance of the module and balancing the DC+ and DC- rail 

parasitics help reduce CM current by minimizing differential mode (DM) to CM conversion [43]. 
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A review of the half bridge module architectures that have been used in literature to explore 

EMI mitigation at the module packaging level is now presented. In [44], the effect on the EMI 

performance of a GaN high-electron-mobility transistor (HEMTs) based half-bridge power module 

is studied with the integration of CM filter capacitors and decoupling capacitors ð module 

architectures similar to Baseline (ὅ ) (Figure 3(b)) and Baseline (ὅ) (Figure 3(c)). Compared to 

the Baseline architecture (Figure 3(a)), the integration of decoupling capacitors into the module 

results in mitigation in the CM noise generated in the 40 MHz to 100 MHz range. The integration 

of CM filter capacitors resulted in significant CM noise reduction in the conducted EMI frequency 

range. A Baseline (ὅ , ὅ) architecture (Figure 3(d)), module architecture obtained by combining 

Figure 3(b) and Figure 3(c), is eventually recommended. In [45], CM filtering capacitors are 

integrated directly into a SiC JFET based half-bridge power module, resulting in a module 

architecture similar to Baseline (ὅ) shown in Figure 3(c). The EMI performance of the module 

architecture is compared to a standard Baseline module (Figure 3(a)) by measuring the noise at the 

line impedance stabilization network (LISN). The highest peak in the EMI spectrum for the noise 

generated by the Baseline (ὅ) architecture showed a mitigation of 10 dB compared to the highest 

peak in the EMI spectrum of the Baseline module. An average mitigation of 6 dB was measured 

compared to the Baseline module architecture between 100 kHz to 1MHz. In [46], the EMI 

performance of a configuration similar to the Baseline (ὅ ) module architecture (Figure 3(a)) is 

simulated in a IGBT based half bridge chopper circuit. For the Baseline (ὅ ) module, the value of 

decoupling capacitors is varied from 0 to 1 µF and effect on the CM noise generated is simulated. 

It was observed that the addition of the decoupling capacitors reduces the high frequency noise 

peaks in the CM noise frequency spectrum, but introduces an additional peak in the frequency 

spectrum at lower frequencies. CM filtering capacitors are then added across the module terminals, 
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along with the decoupling capacitors, and the EMI footprint of the converter is experimentally 

tested. Significant mitigation was seen in the CM noise beyond 3 MHz. A Baseline (ὅ , ὅ) 

(Figure 3(d)) architecture is recommended. In [47], Baseline (ὅ ) and Baseline (ὅ) are proposed; 

however, the integration of capacitors is not discussed. Instead the paper proposes modifying the 

module geometry and using the parasitic capacitances inside the module to obtain a somewhat 

similar effect. The architectures are tested as a half bridge operating in a boost converter topology.  

Module architectures in literature that use stacked substrates for a lower EMI footprint are 

now discussed. In [48], the EMI footprint of a SiC half-bridge power module switched in a boost 

converter configuration is measured with four different module architectures: Baseline (Figure 

3(a)), CM Screen (Figure 3(e)), CM Screen (ὅ ) (Figure 3(f)) and CM Screen (DC Mid) (Figure 

3(g)). The EMI footprints of these four module architectures is compared and the CM Screen (DC 

Mid) architecture is concluded to have the lowest CM EMI in the conducted EMI frequency range 

ð a mitigation of more than 15 dB over a wide frequency range. Although experimental results 

are provided, analysis of the noise reduction and frequency spectrum for each module architecture 

is not provided. In [47], the CM Screen (Figure 3(e)) and CM Screen (ὅ ) (Figure 3(f)) 

architectures are proposed and tested with half-bridge power modules operating in a boost 

converter topology. The integration of decoupling capacitors into the architecture for the CM 

Screen (ὅ ) is not discussed; however, a somewhat similar effect is achieved by modifying the 

geometry to take advantage of the moduleôs parasitic capacitances. In [49], the EMI performance 

of a CM Screen (Figure 3(e)) and a CM Screen (DC Mid) (Figure 3(g)) architecture is compared 

in the time domain. The largest peak of the noise generated by the CM Screen (DC Mid) module 

architecture was measured to be ten times lower than the largest peak for the CM Screen module 

architecture. Little analysis on the mitigation seen is provided. In [50], the EMI performance of a 
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stacked substrate module architecture for a T-Type NPC power module (Figure 3(h)), made using 

a hybrid combination of SiC MOSFETs and Si IGBTs, is compared to a baseline single substrate 

T-Type NPC module architecture. The stacked substrate introduced into the module architecture 

is intended to act as an EMI shield and is connected to a fixed potential formed by the series 

connection of decoupling capacitors ð a configuration reminiscent of CM Screen (DC Mid) 

(Figure 3(g)) from an EMI point of view. Experimental results showed a mitigation of up to 21 dB. 

Although analysis of the EMI results is presented, the analysis is done for a T-Type NPC power 

module and insights gained are not easily applicable to a half bridge module. In [51], a stacked 

substrate for half bridge applications is proposed with a CM Screen (DC-) (Figure 3(i)) and CM 

Screen (DC+) (Figure 3(j)) architecture. No EMI analysis of the architectures is presented. In [52] 

and [53], a stacked substrate half-bridge power module with a CM Screen (DC-, ὅ ) architecture 

(Figure 3(h)) is presented and the EMI performance is compared to a commercially available 

module with similar specifications. Experimental results showed an average mitigation of up to 14 

dB and 25 dB in the noise voltage measured at the LISN, respectively. In [54], local shielding 

solutions to reduce CM current at the input of a GaN HEMT based half-bridge inverter leg are 

proposed and attenuation in the CM noise spectra is observed. An architecture similar to the CM 

Screen (DC+) (Figure 3(j)) architecture is explored. Shielding is also applied to the gate driver and 

between the thermal pad and the heatsink. A total noise reduction of up to 17 dB was observed. In 

[37], [40], [55] the CM screen / baseplate in the module architecture was split. All portions of the 

split CM screen were left floating. This technique can be used to obtain module architectures 

similar to Figure 3(k).  
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Figure 3: Module architectures explored in literature 
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Chapter 2: Introduction to Module Architectures  

2.1 Introduction  

This chapter introduces the twelve module architectures whose EMI footprint would be 

explored in this thesis. The hardware implementation of four of the module architectures is 

presented. The hypothetical designs that could be used to implement the remaining eight module 

architectures is also presented.  

2.2 Module Layout 

To study the impact of the CM screen, a new module design was developed. The design 

allows for testing the CM screen under different design conditions and provides insight into the 

effectiveness of containing CM current within the module. Figure 4(a) shows the topside view of 

the layout where 1.2 kV, 40 mɋ SiC MOSFETs are used in the half-bridge module. The DC+, 

DCï and OUT terminal placements are kept consistent between module variations, while allowing 

the flexibility to connect the screen to different DC nodes. 

A side view of the CM screen module is shown in Figure 4(b). The module uses two 0.35-

mm-thick alumina DBC substrates stacked together to create the screening layer. Wire bonds are 

used to electrically connect the top copper layer to the screening layer. This layout enables 

paralleling of many wire bonds to reduce the impedance to the screening layer. 

In the literature, the CM screen is not only used to contain CM current, but also as a path 

for the commutation loop [52]. This enables a reduction in the power-loop inductance through 

magnetic field cancellation, which enables cleaner switching events that reduce EMI [52]. To 

avoid variations in the EMI due to changes in the power-loop inductances, all of the proposed 
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modules have the commutation loop on the top side of DBC 1 (Figure 4(b)). This allows for the 

screening layer to be used only to divert CM current and not to serve as part of commutation loop. 

This enables modification of the screening layer while keeping the power loop inductance 

consistent between a baseline and CM screen design. ANSYS Q3D simulations show that the 

power-loop inductance with and without the decoupling capacitors inside the module is 3.5 nH 

and 7.5 nH at 100 MHz, respectively. 

The switching-node capacitance across DBC 1 to the screening layer is denoted as CCM. 

The screening layer capacitance across DBC 2 to the baseplate is denoted as Cscreen.  Furthermore, 

CCM is 80.2 pF, and Cscreen is 436.9 pF for all the module variations. The module design also allows 

for two paralleled 10 nF decoupling capacitors to be placed in series to minimize the power-loop 

inductance and form the DC Mid node. 



12 

 

Figure 4: (a) Top view, and (b) side view of common-mode screen module. 

2.3  Module Variations Fabricated 

The amount of CM current that will be diverted to the DCïbus depends on the high-

frequency impedance of the screening layer. For the CM screen to be effective, condition (1) has 

to be satisfied [48]: 

  (1) 

where Zscreen is the impedance of the CM screen to the desired DC node and Zbp is the 

impedance from the CM screen to the module baseplate. For the case of the CM screen (DC+) and 

(DC Mid) module in Figure 5(c) and (d), Zscreen can be respectively written as: 

  (2) 
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  (3) 

where ὒ , Ὑ  and ὒ , Ὑ  are the equivalent inductance and resistance of 

the wire bonds connecting the screening layer to DC+ and DC Mid nodes, respectively; and ὤ  

is the impedance of the decoupling capacitors. For  Figure 5(d), ὤ  will be defined as: 

  (4) 

where CD is the equivalent capacitance of the decoupling capacitors between the DC Mid 

and DC+ or DC- nodes respectively. 

In both architectures, the impedance to the baseplate can be given as: 

  (5) 

where Cscreen is the screening-layer capacitance across DBC 2 to the baseplate of the 

module. Using (2), (3), and (5), the inequality of (1) for the two CM screen modules becomes: 

  (6) 

  (7) 

where ὤ  is defined according to equation (4). It can be seen from (6) and (7) that it is critical 

to reduce the parasitic inductance and resistance of the CM screen to be effective in redirecting the 

CM current to its connected DC node. For the case of the CM screen (DC Mid) module, the 

decoupling capacitor CD (20 nF) was selected to be greater than 50 times Cscreen (436.9 pF) to better 

divert the CM current from flowing towards the baseplate of the module to the DC Mid node [56]. 

It should be noted that integrating the decoupling capacitors CD into the module increases the 
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footprint of DBC 2 and the value of Cscreen. For this work, compact ceramic capacitors with high 

capacitance values were selected to balance the trade-offs  

between Cscreen and CD. Furthermore, the capacitors are C0G type, which means they are stable 

with variations in temperature and voltage. This allows the CM screen to have the same 

effectiveness under different voltage and temperature profiles. 

With the module design established, four design variations (shown in Figure 5) were developed 

to study the impact of the module architecture on CM noise reduction. The variations are: 

¶ Baseline Module: This variation only uses DBC 1. The OUT node is coupled to 

the baseplate through the switching-node capacitance CCM (Figure 5(a)). 

¶ Baseline (CD) Module: This variation is the same as the baseline design but with 

the addition of integrated decoupling capacitors (Figure 5(b)). 

¶ CM Screen (DC+) Module: DBC 1 and DBC 2 form a screening layer connected 

to the DC+ node. The DC+ node is coupled to the baseplate through Cscreen (Figure 5(c)). There 

are no integrated decoupling capacitors in this module. The architecture also serves as the CM 

screen counterpart to the Baseline module. 

¶ CM Screen (DC Mid) Module: Two series decoupling capacitors are included to 

create the midpoint DC Mid. DBC 1 and DBC 2 form a screening layer connected to the DC 

Mid node. The DC Mid is coupled to the baseplate through Cscreen (Figure 5(d)). This 

architecture is the CM screen counterpart to the Baseline (CD) module. 

In Figure 5, the high-side and low-side SiC MOSFET dies in the half-bridge schematic are 

referred to as ὗ  and ὗ , respectively. The final module prototypes are shown in Figure 6. Testing 
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these modules will provide a better understanding of the EMI mitigation associated with 

redirecting the CM current to different parts of the DC-bus. 
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Figure 5: Variation of the module (a) Baseline module with no common-mode (CM) screen 

(b) Baseline module with no CM screen but with decoupling capacitors, (c) CM screen 

module with screening layer connected to DC+, and (d) CM screen module with screening 

layer connected to DC Mid. 
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Figure 6: Images of the fabricated CM screen module prototypes. 

2.4 Module Variations Simulated 

In addition to the four module architectures studied experimentally, eight additional 

module architectures were simulated to evaluate and understand EMI mitigation using packaging 

techniques in more detail. The eight module architectures studied are shown in Figure 7. It should 

be noted that all eight architectures can be fabricated through packaging techniques; however, they 

were not made due to time limitations. 

¶ Baseline (Cy) Module: This variation is the same as the Baseline (CD) design, but 

the Mid node formed by the addition of integrated decoupling capacitors is shorted to the 

baseplate (Figure 7(a) and Figure 8(a)). 

¶ CM Screen Module: DBC 1 and DBC 2 are stacked together to form a screening 

layer; however, the screening layer is not connected to the any node and left floating. The 
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architecture serves to show only the effect of stacked substrates on the generated EMI (Figure 

7(b) and Figure 8(b)). 

¶ CM Screen (CD) Module: This variation is the same as the CM Screen design, but 

with the addition of integrated decoupling capacitors (Figure 7(c) and Figure 8(c)). 

¶ CM Screen (DC+, CD) Module: This variation is the same as the CM Screen (DC+) 

design but with the addition of integrated decoupling capacitors (Figure 7(d) and Figure 8(d)). 

¶ CM Screen (DC-) Module: DBC 1 and DBC 2 form a screening layer connected 

to the DC- node. The DC- node is coupled to the baseplate through Cscreen (Figure 7(e) and 

Figure 8(e)). There are no integrated decoupling capacitors in this module. 

¶ CM Screen (DC-, CD) Module: This variation is the same as CM Screen (DC-) 

design but with the addition of integrated decoupling capacitors (Figure 7(f) and Figure 8(f) or 

Figure 9(a)). 

¶ CM Screen (DC+, DC-) Module: DBC 1 and DBC 2 form a screening layer that is 

split similar to what is shown in Figure 3(k). One half is connected to the DC+ node and the 

other half is connected to DC- node. The screening layer is split such that the OUT node has a 

capacitive coupling to each pad of the screening layer equal to half of capacitance CCM, and the 

capacitive coupling each pad of the screening layer has to the baseplate is equal to half of the 

capacitance Cscreen. There are no integrated decoupling capacitors in this module (Figure 7(g) 

and Figure 8(g)). 

¶ CM Screen (DC+, DC-, CD) Module: This variation is the same as CM Screen 

(DC-) design, but with the addition of integrated decoupling capacitors (Figure 7(h) and Figure 

8(h) or Figure 9(b)). 
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In Figure 7, the high-side and low-side SiC MOSFET dies in the half-bridge schematic are 

referred to as ὗ  and ὗ , respectively. Simulating the EMI behavior of these eight module 

architectures along with the four previously described will provide a better understanding of the 

EMI mitigation option available at the packaging level. Figure 8 shows hypothetical module 

layouts for the architectures shown in Figure 7. It should be noted that in Figure 8(f) and (h), the 

midpoint node has been removed as it was not needed. However, if needed inside the module vias 

can be used as shown in Figure 9. 

 



20 

 

Figure 7: Eight additional module architectures studied through simulation 
























































































































































































































