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Abstract— In this paper a novel method to model the passive 

parts of differential output system is presented. This approach, 

based on impedance matrices, models conducted EMI and takes 

into account component non-idealities. It is not only able to deal 

with common mode but also differential mode and with 

conversion between the two modes. This method is 

experimentally applied to the passive output part of an audio 

differential switching amplifier dedicated to mobile phone 

applications. Using a simple impedance-meter, results show good 

accuracy up to 110 MHz when associating the different parts of 

the system. 
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I.  INTRODUCTION 

Speed, size and energy efficiency are the biggest challenges 
for embedded systems manufacturers at the moment. 
Embedded systems are based on extremely small integrated 
circuits, where thinner the submicron technology, the more 
sensitive it is to EMI (Electro Magnetic Interference) 
perturbations. Moreover, the use of high potential aggressor 
circuits (such as the switching power management circuits), 
introduces some practical EMI problems during the final 
development stage of portable devices. Thus, the intra-circuit 
EMC (Electro Magnetic Compatibility) can no longer be 
neglected by manufacturers. For this purpose, the conducted 
EMIs and even the radiated EMIs [1-2] in portable devices are 
widely studied today, and should be represented accurately in 
today’s simulations in order to avoid prototypes that cost time 
and money. 

In the case of integrated audio applications in mobile 
phones, the switching converter topologies (Fig.1) are widely 

used due to the high power efficiency. A typical Class D 
topology is composed of H-bridge switching power stages 
integrated in submicronic CMOS technology. The switching 
frequency is between 300 kHz and 2 MHz, the rise and fall 
times of output voltages are less than 10ns, switching up to 1A. 
The switching nature of the audio amplifier generates 
undesired high frequencies, and disturbs surrounding 
electronics such as digital ICs and RF components. Therefore, 
to reduce the unwanted EM interactions, a costly and large 
passive output filter is introduced. Furthermore, other complex 
circuits [3-4] and techniques are explored in order to improve 
the EMIs, like the spread spectrum [5-8]. 

 

Figure 1.  Class D amplifier block decomposition 

In order to solve the undesired EMI problems, it is 
necessary to start by finding a suitable way to model the EMI 
frequency behavior of the switching audio amplifier, without 
using time domain simulations, because of their huge 



simulation time and their inaccuracy at high frequencies. As 
passive elements have a significant impact on conducted EMIs, 
and the amplifier chip is an already designed black box (its 
emission can be measured using a specific testing board [9]), 
the passive parts of the system (filter, load and tracks etc) are 
the EMI reduction tools. Therefore a tool that can model these 
parts at the design stage for a normative comparison would be 
useful. Dividing the system into blocks allows the designers to 
isolate the defects for better treatment and predict the impact 
on the whole system by changing only a single block. Previous 
work used this approach for common mode modeling using 
2x2 impedance matrices to represent each block of the system  
[9-11]. However, in the case of differential systems (like 
differential class D audio amplifier) this model cannot be used 
if differential mode and mode conversion have to be taken into 
account. Other models, as those in [12-13], deal with 
differential mode, common mode and mode conversion for a 
single passive block without studying a whole system. Another 
way used to model passive networks consists in extracting 
parasitic elements of conductors (PCB, busbar and cables etc) 
and to characterize separately each discrete component. Several 
softwares using different numerical methods [14-15] allow 
stray elements of the implemented geometry to be extracted. 
This kind of method is only efficient for simple geometries. 
Intrinsic stray elements of discrete components can be provided 
by manufacturers or extracted from the measurements. 

This paper presents a pentapolar model able to represent the 
passive output parts of a system with two active conductors and 
a grounded conductor. This model allows conducted EMI to be 
calculated directly in the frequency domain that leads to a 
shorter simulation time. Moreover, differential and common 
mode disturbances as well as mode conversion are taken into 
account, with the intention of using this model at the early 
design stage. 

The next section describes the pentapolar approach. In 
section III, the proposed approach is experimentally validated 
on a passive filter and a speaker load for class D amplifier. 
Section IV concludes. 

II. PENTAPOLAR APPROACH 

The Pentapolar approach consists in decomposing the 
system which includes three conductors (2 active conductors 
and a ground reference), into sub-systems as shown in Fig.1. 
Each passive sub-system is represented by a pentapolar block. 
Blocks are then cascaded to rebuild the system in a black box 
behavioral model. The associated blocks can be used to 
calculate the information needed on the output (differential or 
common modes) for any type of input (differential or common 
input etc). 

A. Pentapolar block representation 

A pentapole can be thought of as a black box with two 
voltages and two currents on its input as well as on its output. 
Each pentapolar passive block can be mathematically 
represented with a 4x4 impedance matrix as shown in Fig.2. 

 

Figure 2.  Pentapole mathematical representation 

B. Single matrix parameter evaluation 

Determining the matrix elements is divided in two parts. 
The first is to determine the diagonal elements  
(zii with i = 1...4) and the second is to determine the cross 

elements of the matrix (zij with j ≠ i ; i=1…4 ; j =1...4). It 

must be noted that the impedance matrix is symmetric with 
respect to the diagonal, according to the reciprocity theorem. In 
fact, zii is the impedance seen from the i port when Ij = 0  

(j ≠ i ; j=1,…,4). zii can be determined using one of three 

different methods: 

 Direct measurement (example shown in Fig.3.a) 

 Calculation from the measured impedance of the 
circuit elements (resistor, inductor and capacitor etc), 
in order to determine the matrix without a prototype 

 Using analytical methods (PEEC, MoM or FEM etc), 
for track modeling for example 

The zij terms can be measured directly using the transfer 
function between the inserted current on the j port and the 
measured voltage on the i port. Otherwise, it can be obtained 
from (2) that is induced from (1), for a calculation using a 
simple impedance meter. zijsc is the impedance seen from i port 

with Vj=0 (j ≠ i ; j=1,…,4), and can be obtained in the same 

way as zii (see Fig.3.b). 

  (1) 

    (2) 

 

(a) 

 
(b) 

Figure 3.  zii  and  zijsc determination technique 

C. Block association 

The association of the different blocks allows the system to 
be rebuilt in a single block that models the behavior of all the 
blocks in a simple matrix. Pentapolar blocks can be cascaded 
by using the transfer matrix as shown in Fig.4. The 



transformation from impedance matrix (Z) to transfer matrix 
(T) and vice versa can be done using (4) and (5), respectively. 

 

Figure 4.  Pentapole association technique 

 

Since the T matrix gives the outputs (V3,V4,I3,I4) in terms of 
the inputs (V1,V2,I1,I2), (3) can be used to calculate (4). 

   (3)  

Where: 

 

  (4)   

(5) is calculated the same way as (4). Using the T matrix the 
voltages can be calculated in terms of the currents instead 
calculating the outputs in terms of the inputs. 

     (5)  

Where: 

 

D. Load representation 

In most cases, the output of a load cannot be electrically 
measured, because it is not an electric output (e.g. mechanical, 
acoustic and optical etc). Thus, modeling the load with a 
pentapolar block is inappropriate. Instead, the load is 
considered as a tripolar block with only two voltages and two 
currents as shown in Fig.5. This method can be used for any 
kind of load. 

 

Figure 5.  Load representation 

The load impedance matrix can be therefore determined 

using the same methodology as the pentapolar matrix, by 

determining zii and zij. (See section I.B) 

E. Association of a pentapole and a tripole 

Once the matrix of the pentapolar block and the tripolar load 

are defined, (6) can be applied in order to rebuild the passive 

part of the system in a single tripolar block as shown in Fig.6. 

     (6)  

Where ZL is the 2x2 tripolar impedance matrix of the load and 

I2 is a 2x2 identity matrix. 

 

Figure 6.  Pentapole and tripole association technique 

III. APPLICATION ON THE OUTPUT CIRCUIT OF A CLASS D 

AMPLIFIER 

The proposed approach is applied to the passive part of a 
switching audio amplifier composed of an output filter 
associated with a loudspeaker. Fig.1 shows the block 
decomposition of the class D amplification system. The used 



filter (Fig.7) is the recommended filter in the evaluation kit of 
the class D amplifier MAXIM 9700B [3]. 

A. Filter matrix determination by measurment 

The impedance matrix of the output filter shown in Fig.7 
has been determined using two methods: calculation using the 
measurement of the filter components to obtain the matrix, and 
measurement on the complete filter. The impedance meter 
HP4294a shown in Fig.8 is used for impedance measurements. 
Two impedance results from the impedance matrix z11 in 
Fig.10.a and z23 in Fig.10.b are presented. 

 

Figure 7.  Considered differential filter 

 

Figure 8.  Test bench 

 

Figure 9.  Routings of the filters 

 

(a) 

 
(b) 

Figure 10.  2 examples of filter matrix impedances 

As can be seen from Fig.10.b, the results show that the 

cross impedances of the matrix (zij with i≠j) calculated using 

component measurements and calculated using (2) are not 
similar at high frequencies, and that because of the tracks 
impedances and the parasitic coupling between the 
components. In order to verify this hypothesis, two routing 
shapes for the filter are considered (Fig.9). Results in Fig.10.b 
show the difference between z23 in the case of a filter routed in 
shape 1 and a filter routed in shape 2. The differences can be 
explained by the variation of parasitic elements of tracks and 
the variation of couplings between components. Therefore, the 
declared hypothesis is considered verified. This phenomenon 
has been highlighted in previous work [16-17] but it is difficult 
to take into account.  To limit this phenomenon and to neglect 
its effects, only “good practices” in routing and component 
placement are cited as the solution [18-19]. [20] propose an 
innovative model to take into account coupling between 
components but it should be noted that this method is in early 
development. 

B. Loudspeaker matrix determination and variation analysis 

For a precise validation, the stability of the load impedance 
is explored. The impedance of the speaker is measured with 
different positions of the vibrating membrane, by applying a 
positive or negative bias that moves the membrane forward or 
backward. Fig.11 shows the measured impedances. 



 

Figure 11.  Speaker’s impedance at different membrane position 

From Fig.11, it clearly appears that the position of the 
membrane has a low impact on the speaker’s impedance, which 
implies that there is negligible dependence on the conducted 
EMI prediction. Hence, the speaker load is modeled with a 
tripolar impedance matrix (see section II-D). It is important to 
note that the speaker impedance varies also with mechanical 
parameters variation and temperature drift. 

C. Experimental validation of the matrices association 

In order to experimentally validate the association method, 
(6) is used to associate the pentapolar filter block and tripolar 
speaker block (Fig.12). The results of the physical association 
and mathematical association are shown in Fig.13.a and 
Fig.13.b. 

 

Figure 12.  Filter, loudspeaker association 

 
(a) 

 
(b) 

Figure 13.  matrix’s elements of the associated filter and loudspeaker 

As can be clearly seen in Fig.13.a, the two curves 
(mathematical + physical) superimpose. Although, even if in 
Fig.13.b the curves are not completely overlapping, they show 
a sufficient accuracy for the used association method. Note that 
Z11 and Z22 are quite similar since the system is symmetric. The 
non-null values of Z12 highlight the mode conversion 
phenomenon. 

IV. CONCLUSION 

The proposed approach models the conducted EMI paths 
with blocks, and predicts the behavior of a complete system 
composed of several blocks including their imperfections. Each 
block can be determined using measurements, calculations or 
simulations. This approach offers a short simulation time and 
has the ability to model differential and common mode 
perturbations as well as mode conversion for single blocks and 
for a complete passive system. This model will be useful for 
EMI engineers, as well as system-level designers, for EMC 
predictions and for normative comparisons. It should be noted 
that, in this paper, the proposed model is applied to a 
differential filter connected to a loudspeaker but it could also 
be applied to any passive system with two active conductors 
and a ground reference.   

In future work this approach will be used for passive block 
conception such as filters and loads, with the aim of an EMI 
behavior optimization. Moreover, this approach will be 
generalized to three-phase and N-phase systems so it can be 
used to model complex power electronics systems. 
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