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Advanced EMI mitigation techniques for 
automotive converters

Introduction
With the emergence of new trends in automotive electronics 
such as autonomous driving, car infotainment systems and 
hybrid to all-electric cars, electrical engineers are facing 
an onslaught of new challenges, particularly in designing 
automotive front-end power systems. Such systems directly 
impact the reliability of overall system design.

The demand for higher processing power, 
more communication, longer wire harnesses 
and miniaturized electronic system sizes make 
electromagnetic interference (EMI) caused by 
switch-mode power supplies one of the most 
formidable challenges in an automotive envi-
ronment. This article provides an overview of 
the EMI problems caused by automotive 
switch-mode power supplies and the various 
techniques employed in TI’s converter 
 products to help mitigate the issue.

Automotive DC/DC converters
In a typical automotive power train, a wide-
input front end DC/DC converter such as the 
TI LM53635 converts the battery voltage to a 
regulated voltage. The power requirement of 
such DC/DC converters can range from sub-1 W 
to a few kilowatts depending on the applica-
tion. There are many unique features of auto-
motive DC/DC converters: a wide input voltage 
range (3 V to 40 V) to protect the down stream 
device against voltage transients (for systems 
with a 12-V battery at the input), low quies-
cent current requirements (sub-10 µA) for 
always-on systems, deep dropout conditions 
down to a 3-V input during cold-crank condi-
tions, higher operating junction temperatures 
(minimum of 150°C), and the need to meet 
stringent EMI standards.

Causes of EMI in DC/DC converters
EMI is one of the most undesired effects of 
any DC/DC converter. The main sources of 
noise in a switch-mode power supply involve 
discontinuous input currents due to the 
switching of power field-effect transistors 
(FETs), the fast rising and falling rate of the 
switch node, and additional ringing along the 

switching edges due to parasitic inductances in the power 
loop. Figure 1 shows the emissions generated due to 
discontinuity in the input currents of the switching 
converter. This creates spurs in the switching frequency 
and its harmonics that can couple to other equipment 
connected to the input line.
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Figure 1. Emissions generated by the discontinuous 
input currents of switching converters
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Figures 2 and 3 illustrate the emissions generated 
due to the high slew rates and the additional ringing 
on the switching node of the converter. Fast switch-
ing edges lead to sustained harmonics even up to 
frequencies in the range of 100 MHz, which can then 
couple to other sensitive parts of the system. 
Switch-node ringing, meanwhile, can have energy 
content in the hundreds of megahertz switching 
frequencies, causing issues in systems employing 
radio-frequency designs.

Figure 4 summarizes the different frequency 
bands that are important while meeting the stan-
dards set forth for automotive EMI compliance. 
Various circuit design, package and board layout 
techniques are typically employed for EMI mitigation 
in each of these bands. The next few sections will go 
into the details of some of these techniques and the 
improvement obtained.

Figure 2. Emissions generated by fast rise and fall 
times of the switch node
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Figure 3. Emissions generated by high-frequency ringing on the switch node
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Figure 4. EMI bands of interest and mitigation techniques
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Passive filter design and limitations
As shown in Figure 1, input voltage ripple 
generated by discontinuous currents can 
conduct to other systems via physical contact 
of the conductors. Without control, excessive 
input and/or output voltage ripple can 
compromise operation of the source, load, or 
adjacent system. Traditionally, the input ripple 
is minimized by using a passive inductor/ 
capacitor (LC)-based EMI filter. The LC filter 
offers the required attenuation needed to 
meet EMI specifications. An input filter 
designer that is integrated into TI’s WEBENCH® 
online design tool not only calculates the LC 
filter values based on EMI compliance require-
ments, but also ensures stable operation of 
the DC/DC converter by thorough impedance 
analysis to make sure that the output imped-
ance of the input filter is much lower than the 
input resistance. However, there are limita-
tions in using the passive input filters to mini-
mize conducted EMI. Beyond the size and 
cost constraints imposed on the system, 
larger-sized inductors for input EMI filter 
design lose attenuation at frequencies greater 
than 30 MHz due to their lower self-resonance 
frequency.

Figure 5 shows the high-frequency (30 to 
108 MHz) EMI plots of the LMR33630-Q1, a 
2.1-MHz 5 V, 3-A output DC/DC converter at a 
13.5-V input. The plots are taken on the same 
board, with the only change being that of the 
filter inductor. As shown in Figure 5b, the 
printed circuit board (PCB) having the induc-
tor with higher self-resonance frequency 
offers much better EMI attenuation at high 
frequencies. Further, the passive filter does 
not provide any attenuation for EMI coupling 
paths that are not through conduction on the 
input line. To overcome these limitations and 
reduce the size and cost of the input passive 
filter, other techniques are becoming common.

Figure 5. Dependence of EMI performance on an input 
filter inductor’s self-resonant frequency
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Spread spectrum
One common technique to deal with increased spectral 
emissions from a switching converter is to use spread 
spectrum. Spread spectrum is a way to reduce EMI inter-
ference by dithering the switching converter frequency, 
which eliminates peak emissions at specific frequencies by 
spreading emissions across a wider range of frequencies. 
This has the effect of spreading the noise spectrum and 
reducing the fundamental energy, as shown in Figure 6. 
Equation 1 defines modulation index (Mf), which shows 
the correlation between carrier frequency (fC) modulation 
frequency (fM), and the modulation ratio (δ).
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It is possible to improve the spreading of noise (and 
thereby the attenuation) by increasing Mf, which is 
higher for a higher dithering bandwidth (∆fC) and a 
lower fM. Recent automotive switching converters 
switch at ~2.1 MHz to be above the AM frequency 
band. For these switching converters, ensuring that the 
low side of dithered frequency is higher than the AM 
band (1.8 MHz) will limit ∆fC. An even higher attenua-
tion factor can be achieved by lowering fM. But if fM is 
lower than the resolution bandwidth of the spectrum 
analyzer test setting—per the automotive EMI stan-
dard—attenuation will be less than the theoretical 
calculation. Thus, keep fM close to 9 kHz for optimal 
performance.

There are two broad categories for spread-spectrum 
(SS) algorithms. In the first category, the dithering 
happens in a pseudo-random fashion, where changes in 
the switching frequency are randomized within the dither 
bandwidth. In the second category, the switching 
frequency is dithered in a triangular fashion, where the 
switching frequency increases and decreases in steps 
between the lower and higher ends of the dither band-
width. Figure 7 shows the frequency-vs.-time characteris-
tics, along with the spur attenuation possible, for the 
pseudo-random and triangular modulation schemes.

Figure 7. EMI plots of a 2-MHz switcher on the same PCB
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Triangular modulation offers the benefit of 
improved spur attenuation at the expense of 
introducing large spurs at the modulation 
frequency. This additional spectral noise is 
further exacerbated when optimizing for 
Comité International Spécial des 
Perturbations Radioélectriques (CISPR) and 
Federal Communications Commission (FCC) 
standards, which result in the modulation 
spurs being placed in the audio band around 
9 kHz. This effect is evident in Figure 8c, 
where a large spike is observed in the 
audible band when using triangular 
modulation.

To overcome this problem, in addition to 
the triangular modulation of the switching 
frequency, an advanced frequency modula-
tion (AFM) scheme dithers the modulation 
frequency itself in a pseudo-random fashion. 
This leads to the frequency-vs.-time curve 
shown in Figure 8d. This solution combines 
the benefits of both triangular and pseudo-
random modulation techniques of increased 
spur attenuation at the fundamental and 
harmonics while not being hamstrung by the 
large spike in audible frequencies. The AFM 
technique implemented in devices like the 
TPS55165 maintains high EMI attenuation 
across the 150- to 108-MHz band of interest 
while attenuating the modulation tone close 
to 9-kHz maximally. The spectral comparison 
in Figures 8c and 8d shows the benefits in 
the audible range.

Figure 8. EMI plots of a 2-MHz switcher on the same PCB
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Switch-node ringing
In addition to the discontinuous input current that causes 
conducted EMI at the input line, the high dv/dt loop in the 
DC/DC converter at the switch node generates EMI, and 
needs attenuating to meet the compliance limit. As the 
switching frequency of switch-mode power supplies 
increases, there is a general trend to shorten the rise and 
fall times of the switch node to reduce the switching losses. 
However, a switch node with very short rise and fall times 
maintains high energy content, even at high frequencies 
close to its 100th harmonic, as shown in Figure 9. The 
switch-node waveform of converters that offer short rise 
and fall times will cause much higher emissions. When 
choosing such a device, look for additional features in the 
device that can help mitigate EMI effects.

Switch-node ringing is caused by the parasitic induc-
tance in the power loop resonating with the overall capaci-
tance present in the switch node of the DC/DC converter 
and may range close to 100 MHz. At such higher frequen-
cies, the differential filter at the input does not provide 
any attenuation; thus, different techniques are required to 
avoid the emissions. One primary technique is to inherently 
minimize the power-loop inductance. Newer products 
from TI like the LM53625-Q1 and LM53635-Q1 move away 
from wire-bond packages to leadframe-based packages 
(Figure 10), which help lower the power-loop inductance 
and in turn reduce the switch-node ringing.

Improving this further is the layout arrangement of the 
input capacitors of the DC/DC converter. By optimizing 
the pinout of the DC/DC converter so that there is symme-
try in the layout of the input capacitors, the electromag-
netic fields generated by the input power loops are 
contained within the symmetric loops, thereby minimizing 
the emissions to systems nearby.

Figure 9. EMI plots of square waveforms with different rise and fall times
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Figure 10. New package option helps lower 
power-loop inductance
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Figure 11 shows the improvement in the 
 emissions obtained as a result of symmetric pinout. 
Figure 11a has only one input-voltage capacitor 
placed to the left of the converter, while Figure 11b 
is with two capacitors to provide the symmetric 
input path. A combination of improved packaging, 
along with symmetric pinout and board layout of 
the input capacitors, enables the power converter 
to meet the spectral standards even in the 30- to 
108-MHz band.

Despite these techniques, there may be designs 
where the high-frequency (60- to 250-MHz) EMI 
may still not be within specified standards. One 
common way to mitigate and improve margin in 
the high-frequency range is to use a resistor in series 
with the boot capacitor of the switching converter. 
This helps slow down the switching edges leading 
to lower EMI, but comes with a penalty of lower 
efficiency and potential undervoltage lockout 
issues with the boot voltage.

Switching converters like the LM61440-Q1/
LM62440-Q1 are designed to allow a resistor to 
select the strength of the high side FET’s driver 
during turn on. As shown in Figure 12, the current 
drawn through the RBOOT pin, the dotted blue 
arrows, is magnified and drawn through from 
CBOOT, the dashed red arrows. This current is 
then used to turn on the high-side power MOSFET 
without putting a resistor in the series path. With 
RBOOT short circuited to CBOOT, the rise time is 
rapid; switch-node harmonics will not roll off until 
above 150 MHz. If CBOOT and RBOOT are 
connected through 700 Ω, the slewing time increases 
to 10 ns typical when converting 13.5 V to 5 V. 
This slow rise time allows the energy in switch-
node harmonics to roll off near 50 MHz under most 
conditions.

Conclusion
The rapid growth of electronics within automotive systems 
has put a tremendous strain on the design of the power 
converters used to supply end equipment within a car. 
The close proximity of sensitive systems makes design for 
electromagnetic compatibility a stringent challenge. 
Designers must take extreme care when designing power 
converters for automotive systems in order to comply with 
and meet the standards set forth by agencies to ensure that 
critical systems can safely operate in a noisy environment. 
Employing a combination of techniques with TI’s DC/DC 
converters ensures that your designs using TI components 
will pass the system standards without much rework.

Related Web sites
WEBENCH® online design tool

Product information:
LM53625-Q1, LM53635-Q1, LM61440-Q1,
LM62440-Q1, LMR33630-Q1, TPS55165-Q1

Figure 11. EMI plots of the LM53635-Q1 
2-MHz switcher on the same PCB

40 60 80 100

A
m

p
li

tu
d

e
 (

d
B

µ
V

)

50

40

30

20

10

0

–10

–20

Frequency (MHz)

Input: 13.5 V
Output: 5 V at 3.5 A

40 60 80 100

A
m

p
li

tu
d

e
 (

d
B

µ
V

)

50

40

30

20

10

0

–10

–20

Frequency (MHz)

Reduced
Emissions

Input: 13.5 V
Output: 5 V at 3.5 A

(a) One bypass capacitor CIN HF1

(b) Symmetric pinout with two bypass capacitors in parallel

Figure 12. True slew-rate control 
implementation in the LM62440-Q1
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