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adiated Emissions 
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Abstract-Since the efficiency of switched mode power supplies 
(SMPS) is much higher than that of linear power supplies, this 
type of supply has gained favor among designers and manufac- 
turers. Switching frequencies extend from tens to hnndreds of 
kilohertz with the result that radiation from circuits carrying 
switched current is becoming more of a problem. This paper 
addresses the modeling of the converter section of an SMPS 
in order to calculate the current distribution and the radiated 
electromagnetic field. The inhomogeneities in the circuit are 
treated by equivalent electrical parameters and a technique is 
introduced to take into account the fictitious effects on radiation 
due to the electrostatic terms in the dipole equations. The global 
approach is validated by comparison of the computed results 
with those measured for a simple and clearly arranged S M P S  
experimental setup. 

I. INTRODUCTION 

WITCHED mode power supplies (SMPS) have now be- 
come one of the more popular types of supply. Their use 

ranges from the feeding of integrated electronic devices to the 
feeding of power drive systems. According to the definitions 
given in the new IEC Draft 22G-WG4-11 [l], an SMPS 
consists of two parts: the so-called converter section and the 
control section. The former is composed of the switching 
elements, the auxiliary devices, and the conductors to the load. 
The switching elements are usually semiconductor devices 
with switching frequency extending from tens to hundreds of 
kilohertz. During turn-on and turn-off operations they give rise 
to very fast voltage and current transients that are sources of 
conducted and radiated electromagnetic interferences (EMI). 
Although conducted emissions from the converter section of 
an SMPS are well covered in the literature, e.g., [2]-[4], their 
radiated emissions are not. Both the control and the converter 
sections are sources of radiated emissions. The digital circuits 
of the control section radiate in the RF range and do not 
have enough energy to be a serious hazard for the correct 
operation of the converter section. However, knowledge of the 
converter sections radiated near-field is extremely important 
for a correct EMC design of the device: this electromagnetic 
(EM) radiation has enough energy to affect the operations of 
the control section, possibly causing malfunctions. This paper 
addresses the EMC modeling of an SMPS to evaluate current 
distribution on the converter section and to predict the near 
EM field radiated. 
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Fig. 1. Schemabc of the SMPS. 

Following the typical topology of an SMPS, a simple and 
clearly arranged circuit configuration has been chosen for 
the simulations; this has been built up for measurement and 
validation of the numerical results. The schematic of the 
considered SMPS is shown in Fig. 1, where the control section 
is simulated by an equivalent square wave pulse generator 
V,, supplying the gate of the switching element, a MOSFET. 
VDC is the dc power supply, D, is the free wheeling diode, 
Lstep-up is an auxiliary inductance which allows the voltage at 
the load to be raised, and Zload is a generic passive load. The 
conductors at the right-hand side of the MOSFET are printed 
traces over an epoxy substrate ( E ~  = 4.7). The next section of 
the paper deals with the circuit model and the per unit length 
(p.u.1.) electrical parameter estimation required to calculate the 
current distribution along the traces. Section I11 is devoted to 
the introduction of a near-field radiation model in which the 
dipole equations are adequately modified to treat the fictitious 
effects of the electrostatic terms [51, [61. The numerical results 
obtained by the developed prediction models are presented in 
Section IV; they are also compared with the measurements 
performed by means of a test setup described in the same 
section. The conclusions are given in Section V. 

11. CIRCUIT MODEL OF THE CONVERTER SECTION 

The highest switching frequencies of an SMPS rarely exceed 
200 kHz so it may be expected that there is a band limited 
spectrum around fmax = 10 MHz (Amin = 30 m) of the 
harmonic components of the current in the converter section. 
Given the geometrical dimensions of the circuit illustrated 
in Fig. 1, a circuit approach can be used to analyze the 
current distribution on the printed traces. The traces are 
divided into two pairs: horizontal and vertical. Each pair 
consists of two parallel strips on the same side of the board 
[see Fig. 2(a)], at the interface between media with different 
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Fig. 2. (a) Cross section of the traces. (b) Elementary lumped Pi section. 

dielectric constants. Each pair is considered as a transmission 
line (TL) and divided into an elementary lumped Pi section, 
as shown in Fig. 2(b), where r,1, and c are respectively the 

following manner: 
p.u.1. resistance, inductance and capacitance, evaluated in the - Q n  

(b) 

A. Evaluation of the p.u.1. Resistance 
Fig. 3. 
situation and (b) numerical situation. 

Effect of the electrostatic term in dipole equations: (a) physical 

The total resistance T is frequency dependent but the dimen- 
sions of the traces are such that even at the highest considered 
frequency the current can be considered uniformly distributed 
over the whole cross section. Furthermore, the high impedance 

in which K ( k )  is the complete elliptic integral of the first kind 

of the load permits such a frequency variation of r to be 
neglected 

dt 
K ( k )  = .6’ [ ( l  - P ) ( 1  - k2t2)]1/2 ( 5 4  

T = TDC = (awt)-l [n/m] (l) k is the modulus and k’ is the complementary modulus defined 
as where c is the conductivity of the traces. 

k’ = (1 - k2)1/2. 
E. Evaluation of the p .  u. 1. Inductance and Capacitance 

Owing to the coplanar configuration of Fig. 2(a), the exact 
evaluation of 1 and c is difficult, not least because of the 
presence of an inhomogeneous medium. An effective relative 
dielectric constant E‘, is therefore introduced: this is the 
constant of a fictitious dielectric material such that if the 
original pair of traces were immersed in a homogeneous 
material having this constant, the TL would have velocity of 
propagation 

Y = ( E O E ; , U O ) - ~ / ~  [m/s]. (2) 

When w >> t the following expression for E; can be used [7] 

kW 
h 

+ -[0.04 - 0.7k + (lo-’ - ~ , l 0 - ~ ) ( 0 . 2 5  + k ) ]  

( 3 )  

The numerical evaluation of the ratio K(k) /K(k ’ )  in (4) 
is straightforward and accurate; simplex expressions for this 
ratio are given in Appendix A. The introduction of E‘, permits 
the use of the well-known expressions of the TL theory to 
evaluate the external inductance 1, and c 

For the SMPS the internal inductance is ignored because it is 
negligible compared with the external one. It should be noted 
that the electrical parameters in Fig. 2(b) I = I,, T = TDC and c 
represent the two parallel traces and their mutual couplings. As 
with all the TL models, this one is unable to treat the common 
mode currents arising from geometrical or electrical circuit 
asymmetry or stray capacitances toward metallic structures 
such as heatsinks or EM screens. This fact fixes an upper limit 
to the frequency range for which the present approach is valid. 
However, as shown in Section IV, this limit is well above the 

where k = s/(s + 2w). For coplanar strips 2, is given in [SI 

2, = 377K(k)/(E;)1’2K(k’) [R] (4) highest significant harmonic component of the SMPS current. 
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TABLE I 
GEOMETRICAL CHARACTERISTICS OF THE SMPS 

140 200 
5 5 

0.1 0 1  
1.57 1.57 

TABLE I1 
ELECTRICAL PARAMETERS OF THE CIRCUITS 

Fig. 4. Complete PSpice circuit adopted for simulations. 

The circuit simulator PSpice [9] has been used to calculate 
the current distribution. 

111. NEAR-FIELD RADIATION MODEL 

The current flowing in the printed traces of the converter 
section of the SMPS is considered to be the source of the 
device's radiated EM field. Because of the width and thickness 
of the traces and the harmonic content of the current, the 
cross-sectional variation of the current can be neglected, thus 
permitting the use of the well known Hertzian (or electric) 
dipole model of radiation. In frequency domain the dipole 
equations are [lo] 

I ( w )  dl 
471. 

where I ( w )  is the phasor of the current assumed constant 
along the length dl of the dipole, r is the distance from the 
observation point P to the center of the dipole, 70 is the free- 
space impedance, k is now the propagation constant and 6' 
the azimuth angle. The radiating traces are considered to be 
made up of a number of dipoles connected to one another; the 
total radiated field is the sum of all contributions from each 
constituent dipole element [5], [6]. In the near-field region the 
term l/r3 in (7a) and (7b) is predominant. The electric field 
is proportional to the integral of the current I ( w ) / J w ,  that is 
to say proportional to the equal and opposite sinusoidal time- 
varying charges Q that, by continuity, must exist on the two 
ends of the dipole. If more dipoles are connected in series 
and carry different currents, the equivalent net charge Q,,, at 
the junction between the mth and nth dipole is given by the 
requirement of continuity 

( 7 4  If I m ( w )  = I n ( w )  then Qm,n = 0 and its contribution 
to the total radiated field from the two dipoles must vanish. 
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Fig. 5. Load voltage: (a) measured and (b) computed. 

This case is depicted in Fig. 3(a) Est, ,  and Est,n are due to 
Qm and Qn at the junction. They are equal and opposite, and 
because the two charges theoretically overlap, they point in the 
same direction so their vector sum must be zero, as physically 
expected. The next part of this section is devoted to showing 
how equations (7) are unable to handle such requirements 
without adequate correction. 

The EM field at the observation point P is evaluated by 
means of (7) considering the distance from P to the dipole 
center. This means that in the case of the dipoles m and n 
mentioned above, and Est,, do not lie in the same 
direction and their sum is not zero [see Fig. 3(b)]. This 
gives rise to a fictitious electric field component that results 
in the low frequency near-fields being overestimated. When 
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Fig. 6. -Load voltage: (a) measured and (b) computed. 

all dipoles carry the same current (as with electrically short 
structures), one solution to the problem of such an unnaturally 
large near-zone term due to consideration of the charges at the 
dipole centers is to omit from the calculation the electrostatic 
term in (7), except in the case of the outermost dipoles in 

open structures or where an accumulation of charges exists, 
for example, at the leads of a capacitor. For closed structures, 
the electrostatic term is omitted for all dipoles. If dipoles carry 
different currents the l /r3 term in (7) is always omitted but 
the contribution of the net charge Qm,, at each junction is 
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Detailed view of the load voltage over-shoot: (a) measured and (b) computed. 

given by the well-known expression for the electrostatic field 
of a point charge 

where T is the distance from the junction to P, 2,  y and z are 
the coordinates of P,  with respect to the junction, and i,j and 
k are the unit vectors along the axis. 

Qm1n + ~ Qm,n Qm,n (9) Using (7)-(9) calls for a segmentation of the traces so that 
the dipole lengths are significantly smaller than the minimum 

Estm,n = - 
47r&0r3 4n&or3 " -k 
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TABLE 111 
LOAD VOLTAGE 

TABLE IV 
LOAD VOLTAGE 

wavelength associated with the transient and the distance 
to the observation point P. This is always more restrictive 
(more segments are needed) than the required segmentation 
for current evaluation, and for the frequency spectrum of an 
SMPS a subdivision into ten segments for each trace provides 
reasonable accuracy. 

IV. MODEL VALIDATION 

The converter section of the SMPS in Fig. 1 has the 
geometrical characteristics reported in Table I. 

From these values the electrical parameters needed for 
the numerical simulation are evaluated and summarized in 
Table 11. 

A heuristic procedure has been adopted in order to insure 
that the number of lumped Pi sections of Fig. 2(b) is also able 
to describe possible resonances due to the presence of reactive 
elements: the traces were modeled using an increasing number 
of cells until the difference between the current and voltage 
values in two successive discretizations (between 0 and 100 
MHz) was less than 0.1%. Fig. 4 shows the complete PSpice 
circuit adopted for the simulation. The used MOSFET model 
in the simulation is an IRF440 built-in model belonging to the 
Pspice MOSFET library. 

In order to validate the proposed method, four different 
operating conditions (O.C.1,2,3 and 4)  of the SMPS are 
considered. 

These are characterized by the source voltage V&, the 
switching frequency f s ,  the duty-cycle 6, and the value of the 
load, chosen as being the most significant for such a device. 

O.C. 1: VDC = 13 V, f s  = 75 kHz, d = 0.5, 

Rload = 1.2 kQ. 

The presence of a pure resistive load gives a proportional 
relationship between voltage and current at the load. Fig. 5 
shows a comparison between measured and calculated load 
voltage. The small over-shoot at the right-hand edge of each 
pulse in the measured voltage [Fig. 5(a)] also occurs in the cal- 
culated one [Fig. 5(b)]. Table I11 compares the most significant 
transient magnitudes for such an operating condition. 

O.C. 2: VDC = 13 V, f s  = 75 kHz, d = 0.5, 

Rload = 470 R, Lload = 0.1 mH. 

Frequency [Hz] 

Fig. 8. Frequency spectrum of the load current for O.C. 1. 

This set of operating parameters is particularly useful to 
test the prediction capabilities of the proposed approach. The 
peak value and the over-shoot of the measured load voltage 
[Fig. 6(a)] are fully predicted by the computed values in 
Fig. 6(b). Fig. 7 shows a detailed picture of the measured 
[Fig. 7(a)] and calculated [Fig. 7(b)] over-shoot and their 
agreement. Table I11 summarizes the results. 

Two more conditions are considered: O.C. 3 (VDC = 13 V, 
f s  = 150 kHz, S = 0.5, Rload = 1.2 kR) and O.C.4 (VDC = 
13 V, fs = 150 kHz, 6 = 0.3,Rload = 1.2kR). For the sake 
of brevity, only the recapitulatory Table IV is presented: it 
shows the reliability of the developed approach for evaluating 
the SMPS voltages and currents for different load values, fa 

and 6, in order to predict the radiated electromagnetic field. 
Computation of the EM near-field radiated by the converter 

section, for analysis of the EM1 produced on the control sec- 
tion, is carried out in frequency domain. The time waveform 
of the current flowing on each segment into which the Pspice 
circuit is divided is Fourier transformed by an accurate FFT 
algorithm [9]. These currents are the sources of the radiated 
EM field, evaluated by means of the algorithm described 
in Section 111. Fig. 8 shows the frequency spectrum of the 
load current for operating condition 1. The geometry of the 
radiating structure is given in Fig. 9 and the dimensions of the 
traces are those reported in Table I. The effects of omitting 
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Fig. 9. Geometry of the radiating structure. 
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Fig. 10. 
dipole equations. 

E ( w )  in P(O., O., 3.): ( 0  o 0 )  classical approach, (---) modified 

the fictitious electrostatic terms in the dipole equations, as 
described in Section 111, are evident from Fig. 10, where the 
radiated electric field at P(0. m, 0. m, 3. m) derived by the 
classical equations (circles) is compared with that stemming 
from the modified one. A difference of about 40 dB appears 
at low frequencies, where the electrostatic terms in (7) are 
dominant. As the frequency increases, the results from these 
two approaches tend to coincide and above 15 MHz , as 
expected, they overlap perfectly. To test the validity of the 
proposed radiation model two points PI (0. m, 0.1 m, 0.1 
m) and P2 (0. m, 0. m, 0.1 m) very close to the SMPS 
converter section have been chosen for calculation of the EM 
fields. Figs. Il(a) and 12(a) show the comparison between the 
measured and calculated values of the electric field, while the 
magnetic fields are compared in Figs. ll(b) and 12(b). In both 
cases, the agreement between measured and computed values 
is excellent up to 10 MHz. Above this frequency the presence 
of the common mode currents can no longer be neglected and 
the TL model of the circuit does not give a correct estimation 
of the currents and, hence, of the fields. In any case, as shown 
by Figs. 8 and 11, the energy content of currents and fields 
due to an SMPS is limited in the low-frequency region below 
1-5 MHz, where the effects of the differential mode current 
are dominant. 

From this approach one can obtain useful data such as 
far-field radiation patterns [ 121, near-field maps, and electro- 
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Fig. 11. 
H ( w )  in P(O., 0.1, 0.1): (+) measured, (---) computed. 

(a) E ( w )  in P1(0., 0.1, 0.1): (+) measured, (---) computed. (b) 

magnetic energy distributions [ 131 for the correct EMC design 
of the device. 

V. CONCLUSIONS 
The proposed analysis permits some conclusions to be 

drawn concerning the EMC modeling of SMPS. Because the 
switching frequencies of such devices are no more than a 
few hundred kilohertz, the energy content of the harmonic 
components currents, voltages, and radiated fields is limited 
below 10-15 MHz. The radiation from the SMPS's converter 
section is not of serious concern for compliance with EMC 
Standards, but it is for the correct operation of the control sec- 
tion, which is usually placed very close by. In this frequency 
range the whole circuit is well modeled as a TL in which the 
conductors lie between two media with different permittivity. 
The introduction of a suitable equivalent permittivity allows 
extension of the TL theory for homogeneous medium to this 
case. There is excellent agreement between measured and 
computed results for different operating conditions of the 
SMPS. As the frequency increases, the common mode currents 
become important, due to parasitic couplings, and the TL 
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Fig. 12. 
H ( w )  in P(O., O., 0.1): (+) measured, (---) computed. 

(a) E ( w )  in Pz(O., O., 0.1): (+) measured, (---) computed. (b) 

model fails to represent correctly the current distribution along 
the circuit. In the near-field calculations the radiating structure 
of the SMPS is divided into a suitable number of finite length 
electric dipoles. An adequate treatment of the dipole equations 
is needed: the field of a fictitious electrostatic charge at the 
junction between two equal dipoles carrying the same current, 
due to the finite length segmentation, must be subtracted 
from the total field in order to get an exact evaluation of 
the radiated em field. In this case, too, the measurements 
performed confirm the validity of such a procedure. 

APPENDIX A 

In terms of Jacobian elliptic functions, the modulus k and 
the complementary modulus k’ are related with the parameter 
ml by 

IC’ =m,  k’’ = ml (AI) 

The complete elliptic integral of the first kind (5a) and its 
complementary integral in terms of ml are 

K’ = K(ml)  = K(1-  m). (A4) 

Equations (A3) and (A4) can be expressed in terms of infinite 
series [14] and their ratio is 

(A51 KIK’ = - r /  In q 

where 

4 = m/16 + S(~n, /16)~  + 8 4 ( ~ n / 1 6 ) ~  + 9 9 2 ( ~ ~ / 1 6 ) ~  + . . . . 
(A61 

Substituting k and k‘ to m and ml in (A6) and using the 
first three terms gives 

1 1 + k1/’ 
0.22 + - In ~ 

T I - k1/2 

These expressions are equivalent to that presented in [15] 
and are easier to calculate. 
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