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Automotive Applications with Long Output Cable

Class-D LED USB Charger

Note: In automotive electronics, there are many loads connected to the board via a long cable.  



Conducted EMI Test Setup with a long output cable

LISN

Low permittivity, 𝜀𝑟 ≤ 1.4

Spectrum 
analyzer

50𝑚𝑚

Equipment 
under test

Power 
supply

+
−

𝑖𝐿

𝑖𝑁
Load

1~2𝑚 depending on the real case ~20𝑐𝑚

Note: A long output cable is applied in the conducted EMI test. The length depends on the real 

application, or it is subject to OEM’s specification.  

Subject to CISPR25



Undesired Noises and Spikes with Long Output Cable

Note: With a 2-m output cable, the conducted EMI increases, and there are two undesired spikes on 

the EMI spectrum at ~30MHz and 90MHz. And this is a general phenomenon for various topologies. 

And this is a common mode (CM) noise, which can be figured out via CM/DM noise separation.

2.1MHz Class-D, CE (150kHz to 108MHz)

with 2m output cable

2.1MHz Class-D, CE (150kHz to 108MHz)

no output cable

Spikes violating CISPR-25CE EMI meets CISPR-25



 Modeling of the Conducted CM EMI

 Impedance of the long output cable

 Noise reduction techniques and experimental verification

Contents



Modeling of CE EMI with long output cable

2.2MHz Class-D, MPQ7795



• MPQ7795 is an analog input, bridge tied load (BTL) Class-D audio amplifier for automotive 
applications.

• MPQ7795 supports both low switching frequency (300kHz/384kHz/470kHz) and high 
switching frequency (2.2MHz). With higher switching frequency, EMI is more challenging.

• As an audio product, usually a 2-m output cable is required in the EMI test, which makes it 
more difficult to meet the EMI standard.

Example: Class-D Amplifier



Basic EMI Models of BTL Class-D Amplifier 

Note: Based on the conducted CM noise path, it is necessary to analyze the output cable to ground impedance. 
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Basic Common Mode EMI Noise Model: Substitution

Note: Based on the substitution theorem, the switches are replaced with voltage/current source.
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Superposition Theorem: Analysis of Current Sources
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Note: The current sources do not contribute to CM noise.



Superposition Theorem: Analysis of Voltage Sources
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Note: The voltage sources contribute to CM noise.

𝑉𝑆𝑊𝐴 + 𝑉𝑆𝑊𝐵

2

𝑍𝐿𝐼𝑆𝑁,𝐶𝑀
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2𝐶𝑜𝑢𝑡
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−

𝑉𝐶𝑀

𝑍𝐿𝐼𝑆𝑁,𝐶𝑀: 25Ω resistance



Near Field Couplings with the Long Output Cable

 The capacitive coupling between the 𝑑𝑣/𝑑𝑡 nodes and the output cable.

 The inductive coupling the 𝑑𝑖/𝑑𝑡 loops and the output cable.

EUT

𝑑𝑖/𝑑𝑡 loops

EUT

𝑑𝑣/𝑑𝑡 nodes

𝑀 𝐶𝐶𝑜𝑢



Modeling of the Capacitive Coupling

𝑍𝐿𝐼𝑆𝑁,𝐶𝑀

+
−

2𝐶𝑠𝑤𝑝

𝐿𝑜𝑢𝑡
2

2𝐶𝑜𝑢𝑡

+

−

𝑉𝐶𝑀

𝐶𝐶𝑜𝑢

𝑍𝑃

Note: A near field coupling capacitance 𝐶𝐶𝑜𝑢 is applied in the model. At high frequency, the 

influence of 𝐶𝐶𝑜𝑢 will be significant.

𝑉𝑆𝑊𝐴 + 𝑉𝑆𝑊𝐵

2



Modeling of the Inductive Coupling

𝑍𝐿𝐼𝑆𝑁,𝐶𝑀

𝐿𝑜𝑢𝑡
2

+

−
𝑉𝐶𝑀,𝐼𝑛𝑑

𝐿𝑃

Take input loop as an example

𝐼𝑆𝑊𝐴 + 𝐼𝑆𝑊𝐵

𝐿𝑙𝑜𝑜𝑝

2𝐶𝑜𝑢𝑡

𝑀𝑙𝑝

𝑀𝑙𝑜

𝑍𝐿𝐼𝑆𝑁,𝐶𝑀
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−
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𝑠 𝐼𝑆𝑊𝐴 + 𝐼𝑆𝑊𝐵 𝑀𝑙𝑝

𝐼𝑝

The CM noise induced by the near-field inductive coupling is: 

𝑉𝐶𝑀,𝐼𝑛𝑑 ≈
𝑠 𝐼𝑆𝑊𝐴 + 𝐼𝑆𝑊𝐵 𝑀𝑙𝑝

𝑍𝐿𝐼𝑆𝑁,𝐶𝑀 + 𝑠𝐿𝑝
𝑍𝐿𝐼𝑆𝑁,𝐶𝑀 ≈ 𝐼𝑆𝑊𝐴 + 𝐼𝑆𝑊𝐵 𝑍𝐿𝐼𝑆𝑁,𝐶𝑀

𝑀𝑙𝑝

𝐿𝑝

𝑀𝑜𝑝

Ignore 𝑀𝑜𝑝 here since 𝐼𝑆𝑊𝐴, 𝐼𝑆𝑊𝐵 ≫ 𝐼𝑜

𝐼𝑜 Decouple



Impedance of the long output cable

Transmission Line Theory



Transmission Line Theory

......

... ...
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𝐶∆𝑧 𝐺∆𝑧𝑉 𝑧, 𝑡
+

−

+
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𝑉 𝑧 + ∆𝑧, 𝑡

𝐼 𝑧, 𝑡 𝐼 𝑧 + ∆𝑧, 𝑡 𝑉 𝑧 + ∆𝑧, 𝑡 − 𝑉 𝑧, 𝑡 = −𝑅∆𝑧 ∙ 𝐼 𝑧, 𝑡 − 𝐿∆𝑧
𝜕𝐼 𝑧, 𝑡

𝜕𝑡

𝐼 𝑧 + ∆𝑧, 𝑡 − 𝐼 𝑧, 𝑡 = −𝐺∆𝑧 ∙ 𝑉 𝑧 + ∆𝑧, 𝑡 − 𝐶∆𝑧
𝜕𝑉 𝑧 + ∆𝑧, 𝑡

𝜕𝑡

𝜕𝑉 𝑧, 𝑡

𝜕𝑧
= − 𝑅 + 𝐿

𝜕

𝜕𝑡
𝐼 𝑧, 𝑡

𝜕𝐼 𝑧, 𝑡

𝜕𝑧
= − 𝐺 + 𝐶

𝜕

𝜕𝑡
𝑉 𝑧, 𝑡

𝑉 𝑧 = 𝑉+𝑒−𝛾𝑧 + 𝑉−𝑒+𝛾𝑧

𝐼 𝑧 =
1

𝑍0
𝑉+𝑒−𝛾𝑧 − 𝑉−𝑒+𝛾𝑧

𝛾 = 𝛼 + 𝑗𝛽 = 𝑅 + 𝑗𝜔𝐿 𝐺 + 𝑗𝜔𝐶

𝑍0 ≡
𝑅 + 𝑗𝜔𝐿

𝐺 + 𝑗𝜔𝐶
= 𝑍0 𝑒

𝑗𝜙𝑧

Note: If 𝑅 and 𝐺 are ignorable, 𝛽(𝑝ℎ𝑎𝑠𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) = 𝜔 𝐿𝐶, 𝑍0(𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒) = 𝐿/𝐶.



Modeling the Output Cable’s Characteristics

𝑑 = 5𝑐𝑚

𝑟 = 0.5𝑚𝑚

𝜀𝑟 < 1.4

EUT 𝑙 = 2𝑚

Note: The parasitic impedance can be seen as the 

transmission line impedance looking toward the load 

from the output, terminated at 2m, open load.

𝐶 =
2𝜋𝜀

cosh−1
𝑑
𝑟

𝐿 =
𝜇

2𝜋
cosh−1

𝑑

𝑟

𝑅 =
1

2𝜋𝑟𝜎𝛿
=

1

2𝜋𝑟𝜎 𝜋𝑓𝜇𝜎
𝐺 ≈ 0

𝑍0 =
1

2𝜋

𝜇

𝜀
cosh−1

𝑑

𝑟
≈

1

2𝜋

𝜇

𝜀
ln

2𝑑

𝑟
𝑟 ≪ 𝑑

If 𝑅 and 𝐺 are ignored:

𝜀 = 𝜀0𝜀𝑟: Permittivity, 𝜀0 = 8.85 × 10−12 F/m

𝜇 = 𝜇0𝜇𝑟: Permeability, 𝜇0 = 4𝜋 × 10−7 H/m

𝜎: Conductivity, = 6.0 × 107 for copper



Transmission Line with Open-Circuit Termination

𝑉 𝑧 = 𝑉+𝑒−𝑗𝛽𝑧 + 𝑉−𝑒+𝑗𝛽𝑧

𝐼 𝑧 =
1

𝑍0
𝑉+𝑒−𝑗𝛽𝑧 − 𝑉−𝑒+𝑗𝛽𝑧

𝐼 ቚ
𝑧=0

= 0 𝑉+ = 𝑉− 𝑉 𝑧 = 2𝑉+ cos 𝛽𝑧

𝐼 𝑧 =
2𝑉+

𝑍0
𝑒−

𝑗𝜋
2 s𝑖𝑛 𝛽𝑧

𝑍𝑜𝑐 = 𝑍 𝑧 = −𝑙 = −𝑗𝑍0 cot 𝛽𝑙

𝑓 =
𝑣𝑝
𝜆
=

1

𝜆 𝐿𝐶
=

1

𝜆 𝜇0𝜀0𝜀𝑟
=

𝑐

𝜆 𝜀𝑟

𝑙1 =
1

4
𝜆1 = 2𝑚 ⇒ 𝑓1 =

𝑐

𝜆1 𝜀𝑟
= 31.6𝑀𝐻𝑧

𝑙2 =
3

4
𝜆2 = 2𝑚 ⇒ 𝑓2 =

𝑐

𝜆2 𝜀𝑟
= 95.1𝑀𝐻𝑧

Note: The resonance frequency is not influenced by the wire diameter or distance to the ground. 



• If the cable length is 2m, there will be two intrinsic series resonance happen at 31.6𝑀𝐻𝑧 and 95.1𝑀𝐻𝑧, 
respectively. Note that the resonance frequency will not influenced by changing the wire size, since 𝜆 is 
constant if 𝜀 and 𝜇 are fixed.

• If the cable length reduces, the resonance will happen at higher frequency, which helps to improve the EMI.

Measurement of the Output Cable’s Impedance

2m Cable

1.2m Cable

No Output Cable

Frequency (Hz)

Impedance (Ω)



Phenomenon in the Experiment

Two spikes happen at 

~30MHz and ~90MHz

Note: The spikes observed in EMI spectrum can be well explained with the transmission line theory.



Reduction Techniques and Verification

Shielding, Filtering, and others



• Noise Source Reduction:

o Reduce the dv/dt slew rate to attenuate high frequency CM noise source.

o Apply frequency spread spectrum.

• Noise Path Reduction:

o Reduce the size of the dv/dt nodes and di/dt loops.

o Add a CM filter or magnetic ring/bead on the output cable to reduce the CM noise.

o Specify the cable length to avoid the ¼𝜆 and ¾𝜆 resonance in sensitive frequencies.

• If the output cable is 1~1.5m, the ¾ 𝜆 resonance is beyond 108MHz and there is no CE issue.

o Apply a shielding for HF noise reduction

General Reduction Methods 



Adding a Magnetic Ring to Increase 𝒁𝒑

2-m Cable

2-m Cable with a magnetic ring

No Output Cable

Note: Applying a magnetic ring (ZCAT-3035) helps to increase the output impedance.

Frequency (Hz)

Impedance (Ω)

Measured output impedance from 1MHz to 1GHz



Experiment Verification: EMI with a Magnetic Ring

Note: Applying a magnetic ring (ZCAT-3035) helps to change the output impedance, which 

helps to reduce the spikes. And the CE meets the standard in this case.

CE, Fsw = 2.1MHz, Original CE, Fsw = 2.1MHz, with magnetic ring



Impedance of Output Cable with Different Length

2-m Cable

1.2-m Cable

No Output Cable

Frequency (Hz)

Impedance (Ω)

Note: With the 1.2-m cable, the resonance frequency moves to 53MHz, which can be predicted with the above 

mentioned model. The second resonance is beyond 108MHz, therefore it doesn’t show up in the spectrum.



Change the Cable Length to Reduce EMI

CE, Fsw = 2.2MHz, 2m cable CE, Fsw = 2.2MHz, 1.2m cable

Note: With the 1.2-m cable, the resonance frequency changes to 53MHz, which can be predicted with the above 

mentioned model. The second resonance is beyond 108MHz, therefore it doesn’t show up in the spectrum.



Shielding Technique in HF Noise Reduction

Apply a shielding, grounded to the GND.

Shielding the board helps to reduce the near field 

couplings from the board to the output cable.



Shielding Model for Capacitive Coupling

𝑉𝑆𝑊𝐴 + 𝑉𝑆𝑊𝐵

2

𝑍𝐿𝐼𝑆𝑁,𝐶𝑀

+
−

2𝐶𝑠𝑤𝑝

𝐿𝑜𝑢𝑡
2

2𝐶𝑜𝑢𝑡

+

−

𝑉𝐶𝑀

𝑉𝑆𝑊𝐴 + 𝑉𝑆𝑊𝐵

2

𝑍𝐿𝐼𝑆𝑁,𝐶𝑀

+
−

2𝐶𝑠𝑤𝑝2

𝐿𝑜𝑢𝑡
2

2𝐶𝑜𝑢𝑡

+

−

𝑉𝐶𝑀

𝐶𝐶𝑜𝑢

𝑍𝑃 𝑍𝑃

𝐶𝐶𝑜𝑢1 𝐶𝐶𝑜𝑢2

Note: With a grounded shielding, the previous 𝐶𝐶𝑜𝑢 turns into 𝐶𝐶𝑜𝑢1 and 𝐶𝐶𝑜𝑢2. The noise flowing through 

𝐶𝐶𝑜𝑢1 does not contribute the CM noise, while 𝐶𝐶𝑜𝑢1 can be seen as parallel to 𝐶𝑜𝑢𝑡, which helps to reduce 

the CM noise. The analysis of 𝐶𝑠𝑤𝑝 is similar.

2𝐶𝑆𝑤𝑝1



Shielding Model for Inductive Coupling

Note: Ideally, the inductive coupling is eliminated with a complete shielding, and there is no induced CM EMI noise.

𝑍𝐿𝐼𝑆𝑁,𝐶𝑀

𝐿𝑜𝑢𝑡
2

+

−

𝑉𝐶𝑀
𝐿𝑃

𝐼𝑆𝑊𝐴 + 𝐼𝑆𝑊𝐵

𝐿𝑙𝑜𝑜𝑝

2𝐶𝑜𝑢𝑡

𝑀𝑙𝑝

𝑀𝑙𝑜

Induced Eddy Current in the shielding

𝑀𝑠𝑝

𝑀𝑠𝑜

𝐼𝐼𝑛𝑑

𝐼𝐼𝑛𝑑 ≈ − 𝐼𝑆𝑊𝐴 + 𝐼𝑆𝑊𝐵

𝑀𝑙𝑝 ≈ 𝑀𝑠𝑝

𝑀𝑙𝑜 ≈ 𝑀𝑠𝑜

Assumptions:

𝑍𝐿𝐼𝑆𝑁,𝐶𝑀

𝐿𝑜𝑢𝑡
2

+

−

𝑉𝐶𝑀,𝐼𝑛𝑑

𝐿𝑃

𝐼𝑆𝑊𝐴 + 𝐼𝑆𝑊𝐵

𝐿𝑙𝑜𝑜𝑝

2𝐶𝑜𝑢𝑡

𝑠𝐼𝑜𝑀𝑙𝑜 + 𝑠𝐼𝑝𝑀𝑙𝑝 + 𝑠𝐼𝐼𝑛𝑑𝑀𝑙𝑠

𝐼𝑜

𝑠 𝐼𝑆𝑊𝐴 + 𝐼𝑆𝑊𝐵 𝑀𝑙𝑜

+𝑠𝐼𝐼𝑛𝑑𝑀𝑠𝑜 ≈ 0

𝑠 𝐼𝑆𝑊𝐴 + 𝐼𝑆𝑊𝐵 𝑀𝑙𝑝 + 𝑠𝐼𝐼𝑛𝑑𝑀𝑠𝑝 ≈ 0

𝐼𝑝

𝑀𝑙𝑠

𝐼𝐼𝑛𝑑 𝑠𝐼𝑜𝑀𝑠𝑜 + 𝑠𝐼𝑝𝑀𝑠𝑝 + 𝑠 𝐼𝑆𝑊𝐴 + 𝐼𝑆𝑊𝐵 𝑀𝑙𝑠

≈ 𝑠 𝐼𝑆𝑊𝐴 + 𝐼𝑆𝑊𝐵 𝑀𝑙𝑠

𝑀𝑙𝑠 ≈ 𝐿𝐿𝑜𝑜𝑝 ≈ 𝐿𝐼𝑛𝑑

𝐿𝐼𝑛𝑑
(1) Shielding is well-coupled

(2) Shielding’s resistance 

can be ignored (HF)



Experiment Verification on Shielding

Note: Applying a shielding also helps to reduce the CE noise, especially at high frequency (76-108MHz).

The EMI noise meets CISPR-25 with >6dB margin.

CE, Fsw = 2.2MHz, No Shielding CE, Fsw = 2.2MHz, with Shielding



Another Case: MPQ7200

Buck-Boost Topology

𝑃1

𝐿

𝑃3𝑃2

𝑃4

𝐼𝐶𝑀 𝐼𝐶𝑀

𝑍𝐺𝑁𝐷1 𝑍𝐺𝑁𝐷2
𝐺𝑁𝐷𝑖𝑛 𝐿𝐸𝐷 +

+ -

𝑉𝑆𝑊 𝐼𝐷

CP2N

+− 𝑉𝑃3𝑃1

𝑍𝐺𝑁𝐷 is important in noise analysis.



CE EMI with and without 2-m Output Cable

No output cable 2m output cable

Note: With 2-m output cable, the spike occurs at ~30MHz and 90MHz, identical to the previous results.

Spikes at ~30MHz and 90MHz



Verify Shielding on MPQ7200

2m output cable, no shielding

Note: With an additional shielding, the EMI noise at 90MHz reduces by 10dB.

2m output cable, with shielding



• 1. When measuring the conducted EMI with a long output cable, a CM EMI noise with 
undesired spikes occurs.

• 2. A CM noise model with near field coupling is proposed to analyze the noise.

• 3. The impedance of the output cable can be modelled with transmission line theory. The 
spikes occurs at frequencies where the corresponding ¼𝜆 or ¾𝜆 equals to the cable length.

• 4. Shielding and filtering helps to reduce the EMI noise. Changing the cable length also 
helps to improve the EMI by moving the spike to bands with higher limit.

• 5. The noise mechanism and reduction methods are applicable to general topologies.

Conclusion
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