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Using interleaved ground planes to improve noise 
filtering from isolated power supplies
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Historically, automotive electronics have been powered off the same 12-V lead-acid battery used to start the 
vehicle. Even with surges as high as 42 V, which could occur if the generator were running and the battery cable 
was disconnected, voltages stay in the safety extra-low voltage (SELV) range below 60 VDC. Thus, it was not 
necessary to worry about the spacing of conducting printed circuit board (PCB) traces to avoid electrical shock 
hazards in automotive circuitry.

Because electric vehicle (EV) motors need higher voltages (400 V or 800 V) to operate, shock hazards are now 
a concern in automotive applications. The same stringent spacings that apply to the boundary between circuitry 
connected to the AC mains and SELV circuits powered off of utility power now apply to the boundary between 
the circuitry connected to the high-voltage batteries in EVs and the SELV circuits running off the 12-V system, 
such as infotainment and body electronics (mainly lighting).

Failing CISPR 25

Many of the bias supplies needed to drive high-power semiconductor switches in traction inverters operating 
off high-voltage EV batteries are powered off the low-voltage 12-V system. The problem is that these isolated 
power supplies pump a lot of common-mode noise back into the 12-V car battery lines, causing them to 
fail the automotive Comité International Spécial des Perturbations Radioélectriques (CISPR) 25 conducted 
emissions limits, which extend to 108 MHz. This noise is largely driven by the main switching waveform 
capacitively coupling between the primary and secondary windings of the bias supply’s isolation transformer. 
Bypass capacitors with high surge voltage ratings (Y-capacitors) between primary ground and secondary ground 
create a small loop to largely contain this common-mode noise, and common-mode filtering on the battery lines 
further reduce this noise to allow passing of CISPR 25 limits.

Spacing requirements for automotive circuitry

For reinforced spacing between high-voltage EV batteries and the low-voltage 12-V battery system used in most 
traditional automotive circuitry, a common target is 8 mm of spacing. This will cover 400 VRMS, pollution degree 
2 and material group III; or 800 VRMS, same pollution degree 2, but material group I. For more details regarding 
spacing requirements, see the International Electrotechnical Commission (IEC) 60664-1 standard, “Insulation 
coordination for equipment within low-voltage supply systems Part 1: Principles, requirements and tests”.

Meeting creepage and clearance requirements in multi-layer PCBs

IEC’s stringent spacing requirements are driven by a high-voltage breakdown on surfaces exposed to 
contaminated air (creepage) and a breakdown or arcing of the air itself (clearance). Within components that 
bridge the primary-secondary barrier such as transformers or integrated circuits (ICs) - and likewise the inner 
layers of multilayer PCBs where there is no air or moisture exposure - spacing requirements are much less, 
as long as the barrier can withstand a several-kilovolt high-potential test. A common test level for ICs used in 
reinforced barrier applications is 5 kV, which allows PCBs with four or more layers to have interleaved primary 
and secondary grounds on the inner layers. There are spacing requirements within inner layers, but they are 
significantly reduced from the requirements for air-exposed layers. For some applications, a 1-mm spacing 
would be sufficient for 800-V battery systems.
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Demo with an isolated DC/DC converter

We built two boards to demonstrate emissions performance versus CISPR 25 Class 5 limits of our UCC12051-
Q1 isolated DC/DC converter. This converter was designed for 5-V input and 5-V output loaded at 100 mA with 
a typical battery-line electromagnetic interference filter. One board (not released) had 8-mm spacing between 
the primary and secondary on all four layers, and one board (the Isolated 5-V Bias Supply for Automotive 
CISPR 25, Class 5 Emissions, Reference Design) allowed the interleaving of primary and secondary grounds 
in the two inner layers, with spacing between primary and secondary grounds at 1 mm. The additional effective 
capacitance from primary ground to secondary ground was an estimated 11 pF. The isolated converter inside 
the UCC12051-Q1 switched at 8 MHz to ensure that its first frequency of CISPR 25 concern would be its fourth 
harmonic at 32 MHz.

Figure 1 is snippet from the isolated 5-V reference design schematic showing an IC isolated converter 
with capacitors from primary ground to secondary ground to contain high-frequency noise generated by the 
converter’s isolation transformer. The unreleased board is the same as the isolated 5-V reference design, except 
for the lack of PCB layer interleaving.

Figure 1. Primary and secondary interface of the DC/DC converter in the isolated 5-V reference design 
showing added bypass capacitors C100 and C101 and interleaving inner-layer capacitance. Source: 

Texas Instruments

Given the need for redundancy for safety and the need to maintain overall spacing from primary to secondary, 
we placed two Y-capacitors (C100 and C101) in series to bridge the primary and secondary grounds. Hence, the 
effective capacitance is one-half the value of each capacitor. Some cases will need three capacitors in series 
(330-pF capacitors) to maintain the necessary spacing.
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In Figure 2, the image on the left is the not released board with 8-mm spacing for all layers; the image on the 
right is the isolated 5-V reference design with the top and bottom layers having 8-mm spacing and the inner 
layers having only 1-mm spacing, allowing them to have overlapping primary and secondary ground planes.

Figure 2. 8-mm spacing on all layers (left) versus 8-mm spacing on only the top and bottom layers 
(right): top layer is red; layer 2 is dark green; layer 3 is light blue; layer 4 is tan; overlap of layers 2 and 3 

are light green; no copper on any layer is black. Source: Texas Instruments

Radiated emissions versus CISPR 25

With the isolated 5-V reference design, we expected that this interleaving, with its added 11 pF of capacitance 
between primary and secondary grounds, would only help radiated emissions above 200 MHz. And indeed, the 
interleaving layers allowed radiated emissions to pass CISPR 25 Class 5 for all frequencies above 200 MHz, 
even without bypass capacitors C100 and C101 (Figure 3). Without the interleaving layers, we needed additional 
Y-capacitors between primary and secondary grounds to pass in the same frequency range. See the test report 
for the emissions test setups.

Figure 3. Radiated emissions versus CISPR 25 Class 5 above 200 MHz without any additional Y 
capacitors. This specific scan is not in the isolated 5-V reference design test report. The board passed 

limits with greater than 10 dB of margin. Source: Texas Instruments
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The surprise was that filtering (C101 and C102) for the 30- to 108-MHz range, with its stringent conducted 
emissions limits, was significantly enhanced. With 110 pF of effective additional capacitance between primary 
ground and secondary ground, the interleaving improved the conducted noise reduction throughout the entire 
30- to 108-MHz range by about 4 to 8 dB. Over this frequency range, the interleaving converted a failure by 4 dB 
to a pass with 4 dB of margin.

Conducted emissions versus CISPR 25

Figure 4 and Figure 5 show the conducted emissions scans of these two boards, with the only difference being 
the inner-layer interleaving. Both scans were on the same line impedance stabilization network (LISN), with the 
same common-mode battery line filtering and the same loading of 100 mA off the 5-V output.

Figure 4. Isolated 5-V reference design (with interleaving layers) conducted emissions versus CISPR 25 
Class 5, 30 to 108 MHz: passed with 4.5 dB of margin, with the worst case being a “CISPR average” 

detection at 82 MHz. Source: Texas Instruments

Figure 5. Unreleased board (no interleaving layers) conducted emissions versus CISPR 25 Class 5, 30 
to 108 MHz: failed by 3.8 dB of margin, with the worst case being a CISPR average detection at 32 MHz. 

Source: Texas Instruments
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The interleaving layers with the estimated 11 pF of capacitance contributed far more to the filtering than adding 
11 pF to the effective 110 pF of capacitance of the Y-capacitors, which would improve filtering by about 1 dB. 
The inner-layer ground planes reduce the effective inductance of the bridging Y-capacitors and allow them to 
better shunt these high-frequency harmonics.

This filtering improvement adds to the benefits of close-in ground planes, improving the performance of capacitor 
filtering whether the goal is to limit output noise, control emissions in non-isolated applications, or reduce 
stresses and failures on semiconductors.

Related Content
• Power Tips #117: Measure your LLC resonant tank before testing at full operating conditions
• Power tips #116: How to reduce THD of a PFC
• Power Tips #115: How GaN switch integration enables low THD and high efficiency in PFC
• Stop EMI from spreading in an EV design
• A new EMI threat?

Additional resources
• Use the PCB creepage calculator for reinforced isolation double results.
• Check out more from Texas Instruments:

– “How to Meet the Higher Isolation Creepage & Clearance Needs in Automotive Applications.”
– “Power Tips: The Ground Plane – A Critical Element in Noise Management of Switching Regulators.”
– “Power-Conversion Techniques for Complying with Automotive Emissions Requirements.”
– “Reduce Buck-Converter EMI and Voltage Stress by Minimizing Inductive Parasitics.”

Relevant standards
• IEC 60664-1 Insulation Coordination for Equipment Within Low-Voltage Supply Systems – Part 1: Principles, 

Requirements and Tests
• IEC 61800-5-1 Adjustable Speed Electrical Power Drive Systems – Part 5-1: Safety Requirements – 

Electrical, Thermal and Energy
• Institute for Interconnecting and Packaging Electronic Circuits (IPC) 2221B Generic Standard on Printed 

Board Design
• CISPR 25 Ed. 5.0 b 2021 Vehicles, Boats and Internal Combustion Engines – Radio Disturbance 

Characteristics – Limits and Methods of Measurement for the Protection of On-Board Receivers

Previously published on EDN.com.

www.ti.com

SSZTCV5 – FEBRUARY 2024
Submit Document Feedback

Using interleaved ground planes to improve noise filtering from isolated power 
supplies

5

Copyright © 2024 Texas Instruments Incorporated

https://www.edn.com/power-tips-117-measure-your-llc-resonant-tank-before-testing-at-full-operating-conditions/
https://www.edn.com/power-tips-116-how-to-reduce-thd-of-a-pfc/
https://www.edn.com/power-tips-115-how-gan-switch-integration-enables-low-thd-and-high-efficiency-in-pfc/
https://www.edn.com/stop-emi-from-spreading-in-an-ev-design/
https://www.edn.com/a-new-emi-threat/
https://pcbdesign.smps.us/creepage.html
https://www.ti.com/lit/an/slla469/slla469.pdf
https://e2e.ti.com/blogs_/b/powerhouse/posts/power-tips-the-ground-plane-a-critical-element-in-noise-management-of-switching-regulators
https://www.ti.com/seclit/ml/slup389/slup389.pdf
https://www.ti.com/lit/an/slyt682/slyt682.pdf
https://webstore.iec.ch/publication/59671
https://webstore.iec.ch/publication/59671
https://webstore.iec.ch/publication/62103
https://webstore.iec.ch/publication/62103
https://www.ipc.org/TOC/IPC-2221B.pdf
https://www.ipc.org/TOC/IPC-2221B.pdf
https://webstore.iec.ch/publication/64645
https://webstore.iec.ch/publication/64645
https://EDN.com
https://www.ti.com
https://www.ti.com/lit/pdf/SSZTCV5
https://www.ti.com/feedbackform/techdocfeedback?litnum=SSZTCV5&partnum=


IMPORTANT NOTICE AND DISCLAIMER
TI PROVIDES TECHNICAL AND RELIABILITY DATA (INCLUDING DATA SHEETS), DESIGN RESOURCES (INCLUDING REFERENCE 
DESIGNS), APPLICATION OR OTHER DESIGN ADVICE, WEB TOOLS, SAFETY INFORMATION, AND OTHER RESOURCES “AS IS” 
AND WITH ALL FAULTS, AND DISCLAIMS ALL WARRANTIES, EXPRESS AND IMPLIED, INCLUDING WITHOUT LIMITATION ANY 
IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE OR NON-INFRINGEMENT OF THIRD 
PARTY INTELLECTUAL PROPERTY RIGHTS.
These resources are intended for skilled developers designing with TI products. You are solely responsible for (1) selecting the appropriate 
TI products for your application, (2) designing, validating and testing your application, and (3) ensuring your application meets applicable 
standards, and any other safety, security, regulatory or other requirements.
These resources are subject to change without notice. TI grants you permission to use these resources only for development of an 
application that uses the TI products described in the resource. Other reproduction and display of these resources is prohibited. No license 
is granted to any other TI intellectual property right or to any third party intellectual property right. TI disclaims responsibility for, and you 
will fully indemnify TI and its representatives against, any claims, damages, costs, losses, and liabilities arising out of your use of these 
resources.
TI’s products are provided subject to TI’s Terms of Sale or other applicable terms available either on ti.com or provided in conjunction with 
such TI products. TI’s provision of these resources does not expand or otherwise alter TI’s applicable warranties or warranty disclaimers for 
TI products.
TI objects to and rejects any additional or different terms you may have proposed. IMPORTANT NOTICE

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2024, Texas Instruments Incorporated

https://www.ti.com/legal/terms-conditions/terms-of-sale.html
https://www.ti.com

