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Abstract—This work deals with the application of spread spec-

trum techniques on power electronic converters to reduce the elec-

tromagnetic disturbances. Both, peak and average detector meas-

urements are considered. For these emissions, respective optimum 

parameters are elaborated. These results are discussed and ap-

plied to a power electronic test setup. In this setup, the impact of 

spread spectrum on the emissions, the output voltage ripple, and 

the efficiency is investigated. By doing so, the advantages, disad-

vantages and possible problems of spread spectrum are pointed 

out.  

Keywords—Spread Spectrum, Power Electronics, EMI, Peak 

Detector, Average Detector 

I.  INTRODUCTION 

Power electronic converters are major sources for electromag-

netic interferences (EMI) in automotive systems. As the number 

of converters is steadily increasing due to the proceeding elec-

trification, there are more and more EMI sources. To prevent 

the disturbance of communication systems or e.g. safety critical 

sensor systems, the emissions of converters are limited by legal 

regulations [1] that are based on international standards [2]. Ve-

hicle manufacturers often set even lower limits to ensure a 

proper function of every single component. Due to the demand 

for increasing power densities of the individual converters, ef-

fective solutions for EMI reduction are a necessity. Different 

passive strategies like filters and shields have been developed 

and investigated in the past. These strategies reduce the EMI 

that has been already caused by the power electronic system. 

Spread spectrum, on the other hand, is an active solution that 

partially prevents the occurrence of disturbances. Normally, 

power electronic converters operate at a fixed switching fre-

quency causing distinctive harmonics in the frequency spec-

trum. By the application of spread spectrum, the switching fre-

quency is varied over time. So, the power of the harmonics is 

distributed in the frequency spectrum and the respective maxi-

mum values drop.  

There are many different works, e.g. [3], [4], [5], [6] and [7], 

analyzing the impact of spread spectrum on the peak emissions 

of clocked systems. In this work, additionally the average emis-

sions are considered.  

At first, the basics of a spectrum analyzer and the spread spec-

trum technique are introduced. Afterwards, the influence of 

spread spectrum on the peak and average emissions is analyzed. 

These results are discussed and applied to a test setup. In this 

setup, the peak and average emissions, the output voltage ripple 

and the efficiency are investigated for the application of spread 

spectrum. A summary and an outlook close this work.  

II. SPECTRUM ANALYZER BASICS 

For the analysis of emissions, a spectrum analyzer is used. In 

Figure 1, the basic structure is depicted [5]. There is a band-

pass filter with a resolution bandwidth (RBW). As the spectrum 

analyzer shall measure a wide frequency band and the band-

pass filter is fixed to its center frequency, the intermediate fre-

quency, the input signal needs to be shifted in the frequency 

domain by a mixer and a local oscillator. Behind the RBW fil-

ter, there is an envelope detector to find the envelope of the sig-

nal. This signal is low-pass filtered with the video bandwidth to 

reduce noise on the instrument screen. At last, there is a detector 

block to evaluate the signal. In this work, two detectors are an-

alyzed: peak and average. The peak detector searches for the 

highest value of the envelope of the signal. The average detector 

takes the mean of the envelope over time.  

 
Figure 1: Basic structure of a spectrum analyzer [5] 

 

 
Figure 2: Simulated signals of a spectrum analyzer 
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In Figure 2, simulated signals are depicted. There is an ampli-

tude modulated input signal that is superposed with white noise. 

The carrier frequency of the signal is at the center of the RBW 

filter (therefore the mixer can be neglected). Hence, a large part 

of the noise is blocked and the signal is passed. Next, the enve-

lope is detected. This signal is measured by either peak or aver-

age detector (the VBW filter is neglected). 

III. SPREAD SPECTRUM 

In Figure 3, the basic principle of spread spectrum on power 

electronic converters is illustrated. In an unmodulated PWM 

signal, there is a fixed fundamental wave fsw,nom (blue) for the 

fundamental frequency. By the application of spread spectrum, 

the harmonic fsw(t) (red) is shifted in the frequency spectrum 

over time. The range for the variation is ±∆f around the nominal 

switching frequency fsw,nom. 

 
Figure 3: Principle of spread spectrum 

 

As an example, the spectra of an unmodulated and a modulated 

PWM signal are compared. For both signals, a duty cycle 

d = 0.5, an amplitude of 1 V and a nominal switching frequency 

fsw,nom = 250 kHz are assumed. 

In Figure 4, a PWM signal without spread spectrum is depicted. 

The switching frequency is not modulated and therefore con-

stant at 250 kHz. 

 
Figure 4: PWM signal without modulation 

 

There are many different frequency modulation (FM) schemes 

including e.g. sinusoidal [3], cubic [4], triangular [4], or ran-

domized waveforms [8]. As stated in [5], triangular modulation 

is simple, effective and most common. As theoretically derived 

in [6] and practically shown in [7], the related ramp modulation 

is even more effective. Hence, a linear ramp modulation is in-

vestigated in this work. In Figure 5, the modulated PWM signal 

can be seen. The switching frequency is varied by 

∆f = ± 25 kHz over a modulation time of T = 100 µs. So, the 

switching frequency is linearly increased from 225 kHz to 

275 kHz. Afterwards, the switching frequency instantly drops 

back to 225 kHz. 

 
Figure 5: PWM signal with modulation 

 

In Figure 6, the measured spectra of a PWM signal with and 

without modulation are shown. A RBW of 9 kHz has been used. 

According to [2], the sweep time of the spectrum analyzer is set 

so large, that multiples of the modulation time T are observed 

for each frequency point. This is valid for all measurements in 

this work. For the unmodulated PWM signal, the harmonics are 

at integer multiples of the switching frequency of 250 kHz [9]. 

Additionally, the harmonics drop with 20 dBµV per decade [9]. 

As there is a duty cycle of 0.5, the even harmonics are only 

weakly developed. For the first harmonic of the modulated sig-

nal, a plateau, known as Carson’s bandwidth, can be identified 

reaching from 225 kHz to 275 kHz. This is the spreading 

caused by the modulation [10]. By this measure, the amplitude 

of the first harmonic is reduced by approximately 5 dBµV. For 

each following harmonic, the Carson’s bandwidth is propor-

tionally increased [10]. Due to this fact, the power of the har-

monics is spread wider and the harmonics are attenuated even 

further. 

 
Figure 6: Spectra of an unmodulated and a modulated 

PWM signal, detector: peak, RBW = 9 kHz 

 

IV. EFFECT ON PEAK EMISSIONS 

In this chapter, the influence of spread spectrum on the peak 

emissions is discussed. To do so, the peak value of the first har-

monic is investigated. The nominal switching frequency is set 

to fsw,nom = 250 kHz. The frequency derivation ∆f and the mod-

ulation time T are varied over a wide range. The measured re-

sults are presented in Figure 7. 

U



 
Figure 7: Parameter study on peak emissions, 

RBW = 9 kHz 

 

If there is no modulation (∆f  = 0 kHz), the peak is at approxi-

mately 113 dBµV. The higher the value of the frequency varia-

tion ∆f, the lower the values of the peak drop. This is due to the 

fact that the power of the harmonic is spread over a wider fre-

quency range. Interestingly, for all considered frequency varia-

tions, there is a dependency on the modulation time T. There is 

a minimum for T ≈ 100 µs that roughly corresponds to the RBW 

of 9 kHz. This effect has also been shown in [5], [6] and [7]. 

For explanation, the Carson’s bandwidth has to be investigated 

further. 

At first, the ideal case is shown in Figure 8. It can be seen that 

the unmodulated signal has a peak value of 113 dBµV. Due to 

the modulation, the harmonic is spread over a wide frequency 

range. In the measurement with a RBW of 200 Hz, discrete fre-

quency components with a spacing of 1/T = 1/100 µs ≈ 10 kHz 

become visible [11]. If a RBW of 9 kHz is used, there are max-

imum values at 240 kHz and 260 kHz. Under consideration of 

the RBW at 260 kHz, it is obvious that there is only one fre-

quency component having a significant influence on the peak 

value. So, a peak value of approximately 108 dBµV results. 

 
Figure 8: Peak spectra for an ideal modulation time and 

∆f  = 25 kHz. Black line: RBW of 9 kHz at 260 kHz 

 

Now, the modulation time is increased (Figure 9). Due to the 

finer spacing of 1/T = 1/200 µs ≈ 5 kHz, the power is distrib-

uted to more frequency components and the individual values 

measured with a RBW of 200 Hz further drop. Nevertheless, 

there are now more frequency components inside of the RBW 

of 9 kHz that add up to a higher peak value (109 dBµV) than 

for T = 100 µs. 

 
Figure 9: Peak spectra for a too large modulation time and 

∆f  = 25 kHz. Black line: RBW of 9 kHz at 260 kHz 

 

At last, the modulation time is decreased below the optimum 

value. In this case, there is still only one frequency component 

inside of the RBW. But, due to the higher frequency spacing 

1/T = 1/50 µs ≈ 20 kHz, each individual component carries 

more power. So, the peak value for the RBW of 9 kHz is in-

creased to 112 dBµV.  

So, to minimize the emissions measured with the peak detector, 

a modulation time of T = 100 µs is recommended. It is notable 

that the corresponding frequency of 10 kHz is in the audible 

spectrum. So, an annoying whistle may occur [4]. The fre-

quency variation ∆f should be as large as possible to minimize 

the measured peak emissions. 

 
Figure 10: Peak spectra for a too small modulation time 

and ∆f  = 25 kHz. Black line: RBW of 9 kHz at 250 kHz 

V. EFFECT ON AVERAGE EMISSIONS 

In this chapter, the effects of spread spectrum on the average 

emissions of the first harmonic are discussed. At first, a param-

eter study is done with fsw,nom = 250 kHz and RBW = 9 kHz. 

The result is shown in Figure 11. 

For the unmodulated case, the emissions are at 113 dBµV 

again. From the discussion in II and III, it is clear that the aver-

age drops with an increasing frequency variation ∆f as the 
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power of the harmonics is spread in the frequency spectrum. 

Interestingly, there is no optimum value for the modulation time 

T. From the measured results, it can be seen that T should be 

above 1 ms. This value is much higher than the optimum value 

of 100 µs for the peak detector. To understand this effect, the 

time domain is investigated. The settling time of the input band-

width filter may be calculated by tsettling = 1 ⁄ RBW = 1 ⁄ 9 kHz ≈ 

111 µs [11].  

 
Figure 11: Parameter study on average emissions, 

RBW = 9 kHz 

 

At first, an unmodulated signal is considered. In Figure 12, the 

simulated output voltage of the input bandwidth filter is de-

picted. To analyze the fundamental wave, the filter is virtually 

set to a center frequency of 250 kHz. Due to the constant enve-

lope, both average and peak have a value of 624 mV. 

 

 
Figure 12: Simulated output voltage of the input band-

width filter for an unmodulated PWM signal 

 

Now, in Figure 13 (note the different time scale), a large mod-

ulation time T of 1 ms is considered. This value is much higher 

than the settling time of the bandwidth filter. So, the bandwidth 

settles and unsettles over a modulation period. There is a slight 

overshoot increasing the peak value to 636 mV. Due to the 

modulation, the average value of the envelope is reduced to 

136 mV.  

If the modulation time T is close to the settling time (e.g. 

100 µs), the bandwidth filter does not settle (Figure 14). So, the 

maximum peak value is not reached. Additionally, there is not 

enough time for the bandwidth filter to unsettle. Due to this ef-

fect, a too short modulation time reduces the attenuation of the 

average emissions in comparison to a large modulation time. 

So, for a maximum attenuation of the average, a modulation 

time much higher than the settling time of the input bandwidth 

is recommended.  

 
Figure 13: Simulated output voltage of the input bandwidth 

filter for a sufficient modulation time and ∆f  = 25 kHz 

 

 
Figure 14: Simulated output voltage of the input bandwidth 

filter for a too short modulation time and ∆f  = 25 kHz 

VI. CONSIDERING EMI VICTIMS 

The major influence for both the attenuation of peak and aver-

age emissions is the RBW filter of the spectrum analyzer. This 

filter is designed to represent mainly either AM (bandwidth: 

9 kHz) or FM (bandwidth: 120 kHz) broadcasting. So, spread 

spectrum should have the same impact on broadcast systems as 

on the spectrum analyzer. [2]  

Nevertheless, there are also other possible EMI victims. Espe-

cially in automotive, there is an increasing number of suscepti-

ble sensors due to e.g. safety features or autonomous driving. 

Additionally, the number of potential EMI sources increases 

due to the proceeding electrification. In this requirement, spread 

spectrum may be a cost efficient solution to reduce the disturb-

ances if the standard measurement is applied. However, there 

may be EMI victims that are not sufficiently considered by the 

standards. For the application of spread spectrum in this envi-

ronment, the complete system has to be analyzed for suscepti-

bilities.  

VII. APPLICATION 

In this chapter, spread spectrum is applied to a DC-to-DC con-

verter that connects the vehicular voltage levels 12 V and 48 V. 

Figure 15 shows the considered test setup: There is a 12 V bat-

tery, a DC-to-DC converter, an artificial network and a load re-

sistance of 26.7 Ω. The nominal switching frequency is 

fsw,nom = 250 kHz. The duty cycle is manually adjusted so that 



there is always a DC output voltage of Uout = 48 V. There are 

three setups that are compared: 

1. No modulation of the switching frequency. 

2. Optimum attenuation of the peak emissions: modula-

tion time T = 100 µs. The frequency deviation is cho-

sen to ∆f = ±10 % ∙ fsw,nom = ±25 kHz.  

3. Optimum attenuation of the average emissions: mod-

ulation time T = 1 ms. The frequency deviation is cho-

sen to ∆f = ±10 % ∙ fsw,nom = ±25 kHz.  

 

 
Figure 15: Test setup 

A. Electromagnetic Emissions 

To analyze the electromagnetic disturbances, CISPR 25 is ap-

plied [2]. The focus lies on the conducted emissions in the fre-

quency range from 100 kHz to 10 MHz. So, an artificial net-

work is used to measure the voltage 𝑈AN. Furthermore, the 

RBW of the spectrum analyzer is set to 9 kHz. It is assumed 

that the converter must fulfill the limit for class 5 devices. 

In Figure 16, the peak emissions are depicted. Obviously, all 

three setups produce much more EMI than permitted. As ana-

lyzed in IV, the peak emissions are minimized for a modulation 

time of T = 100 µs. A modulation time of T = 1 ms has no at-

tenuating effect for the first harmonics of the converter. Even 

worse, the peak value is increased at some spectral frequencies.  

 

 
Figure 16: Peak emissions of the test setup 

 

In Figure 17, the average emissions and the respective limit are 

shown. Both modulation times of T = 100 µs and T = 1 ms re-

duce the average emissions of the converter. As shown in V, the 

emissions are further reduced by a higher T. 

 

 
Figure 17: Average emissions of the test setup 

 

To fulfill the EMI limits, additional filters have to be applied. 

In all spectra, the harmonic at 750 kHz must be attenuated the 

most. In Table 1, the necessary attenuations are listed. With a 

modulation time of T = 100 µs, the necessary attenuations for 

peak and average are respectively reduced to 51 and 70 dBµV. 

A longer modulation time of T = 1 ms further decreases the nec-

essary average attenuation to 58 dBµV. Nevertheless, the nec-

essary peak attenuation is increased to 62 dBµV. To evaluate 

the resulting filter effort, the effect of spread spectrum on the 

peak and average damping of passive filters has to be analyzed 

in future works. 

 

Table 1: Necessary filter attenuation around 750 kHz 

Setup Necessary      

peak reduction 

Necessary aver-

age reduction 

w/o modulation 58 dBµV 75 dBµV 

T = 100 µs 51 dBµV 70 dBµV 

T = 1 ms 62 dBµV 58 dBµV 

B. Output Voltage Ripple 

At the output of the converter, there is a DC voltage of 48 V. 

Nevertheless, there is a ripple on 𝑈𝑜𝑢𝑡 that is influenced by the 

application of spread spectrum as depicted in Figure 18. If the 

switching frequency is not modulated, there is the smallest volt-

age ripple of 2 Vpp. The short modulation time of T = 100 µs 

increases the ripple to 3.5 Vpp. The long modulation time of 

T = 1 ms causes a larger ripple of 11 Vpp. So, the modulation 

causes a low frequency oscillation in the system. To keep the 

resulting ripple low, a short modulation time is recommended. 

Obviously, the short modulation time of 100 µs is advantageous 

in this case.  

As stated above, the duty cycle is set manually to fulfill the out-

put DC voltage of 48 V. So, there is no voltage controller regu-

lating the output voltage. In a practical application, there might 

be a feedback control system dynamically adjusting the duty 

cycle to realize the required output voltage. By doing so, the 

low frequency voltage ripple may be mitigated or even elimi-

nated. 
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Figure 18: Output voltage ripple 

C. Efficiency of the System 

As the DC output voltage is set to 48 V, the converter supplies 

a power of Pout = (48 V)2 / 26.7 Ω ≈ 86.3 W to the load resistor. 

The input powers for the different setups are listed in Table 2. 

The application of spread spectrum increases the power con-

sumption of the converter from 112.1 W to approximately 

118.7 W. As a result, the efficiency drops from 77.0 % to ap-

proximately 72.7 %. In these measurements, the modulation 

time has no influence. In comparison to [5], the efficiency drop 

is rather severe. As investigated in [12] and [13], nonlinearities 

may be the cause for the additional losses. So, in practical ap-

plications, this effect has to be considered if spread spectrum 

shall be applied.   

 

Table 2: Efficiency of the converter 

Setup Input power Output power Efficiency 

w/o mod. 112.1 W 86.3 W 77.0 % 

T = 100 µs 118.7 W 86.3 W 72.7 % 

T = 1 ms 118.6 W 86.3 W 72.8 % 

VIII. SUMMARY AND OUTLOOK 

In this work, the influence of spread spectrum on peak and av-

erage emissions has been analyzed. For both the standardized 

peak and average measurements, it is recommended to spread 

the switching frequency over a wide range. To minimize the 

peak emissions, a modulation time slightly higher than 1/RBW 

is needed. For the maximum reduction of average emissions, 

the modulation time should be chosen much higher than 

1/RBW.  

In the setup of a boost converter, the results have been verified. 

Additionally, it has been shown that the modulation time should 

be short for a small output voltage ripple. Furthermore, there 

was a huge efficiency drop from 77.0 % to approximately 

72.7 % caused by spread spectrum. 

All in all, spread spectrum is a cost efficient solution to reduce 

the peak and/or average emissions of a power electronic system 

because only the switching frequency has to be varied over 

time. Nevertheless, there may occur a huge expense regarding 

efficiency if nonlinear terms dominate. Furthermore, a low fre-

quency voltage ripple may develop if there is no voltage con-

trol. For the application in e.g. automobiles, it has to be evalu-

ated if there are susceptible sensor systems that may be dis-

turbed even though the EMI source fulfills the EMI demands of 

the manufacturer. 

In this work, a ramp modulation has been used. As shown in [5] 

and [7], this modulation has proven to be the most effective de-

terministic scheme. Nevertheless, there are randomized modu-

lation strategies that offer even higher performances [5]. It is 

proposed to analyze the impact of these stochastic strategies on 

the average detector of the standardized measurement equip-

ment. Again, the susceptibility of peripheral systems has to be 

investigated. 

As shown in this work, spread spectrum has different impacts 

on the peak and average detection of spectrum analyzers. This 

is due to the RBW of the input band-pass filter and its corre-

sponding settling time. As passive EMI filters also have transi-

ent behaviors, they are affected by spread spectrum as well. So, 

to successfully implement spread spectrum, not only the stand-

ard measurement equipment must be considered but the whole 

system and its operational environment. 
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