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Multi-Link Operation (MLO) “Ihe 6 GHz band is currently populated by, among
others, microwave services that are used to support
utilities, public safety, and wireless backhaul. Unlicensed
devices will share this spectrum with incumbent

licensed services under rules crafted to protect those
licensed services and enable both unlicensed and licensed
* Low latency operations to thrive throughout the band...”

MLO allows sending/receiving packets concurrently
on multiple channels which can be either in the same
band or different bands. It is designed to provide:

* High spectrum efficiency

* Load balancing On June 17, 2021, the European Commission:

* High reliability

) ) “...adopted a Decision harmonising the use of the
Bandwidth Reduction 6 GHz band for wireless networks across the EU,
With the adaptive connections possible with Wi-Fi 7, which will support a growing number of devices, online
it is possible to reduce the bandwidth of the current applications and innovative services that require larger
operating channel. This could be for either avoiding bandwidth and faster speeds. ..
interference in part of the
channel, or a way to optimize Contention Based Protocol | |[Automated Frequency Coordination

the use of the network when

Staudard Power Access
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as preamble puncturing.

P1 Client and subordinate devices under control of low-power indoor access point.
P2 Client devices under control of standard access point.

Preamble PunCtUI’inE P3 Standard Power Access Point and Fixed Client devices managed by the AFC.
. . . . L. Figure 1 - Part 15 Subpart E Equipment Classes

While optional for Wi-Fi 6, it is
mandatory for Wi-Fi 7 certified Figure 1: Current FCC Subpart E equipment classes with test requirements
devices. This allows the devices
to notch out, or puncture, part Contention Based Protocol |, | Automated Frequency Coordination
of the original channel to avoid Access Low-power Indoor Access i Standard Power Access P3| AFC
. . ces Point 61D i Point 65D
interference and keep transmitting Points l o ] | I —T |

. |
on the current channel. While the Pl Pl Pl ! P2 P2 P2 P3
overall data rate may reduce, it Clients Subordinate indoor Client | |1 | Standara Fixed Client

. . 6PP HXD : Client 6FX 6FC
prevents the devices from having |
|
to vacate the whole channel and |
move to another channel. ol
6 GHZ BAND - WIDE OPEN Very Ljw fower
SPACES... WITH RULES... e
On April 23, 2020, the U.S. vie Veylowtover | gy _{ Ve Low Powr
Federal Communications
Commission (FCC)’ . P1 Client, subordinate, and VLP devices under the control of low-power indoor access
points.
« P2 Client and VLP devices under the control of standard access points.
« *  P3 Standard Power Access Point and Fixed Client devices managed by the AFC.
e adapted the rules that make P4 VLP devices communicating with other VLP devices are not controlled by cither a
the ],200 MHz ofspgctrum in the standard or a low-power indoor access point.

Figure 1 - Part 15 Subpart E Equipment Classes

6 GHz band (5.925 — 7.125 GHz)

available for unlicensed use. .. Figure 2: Draft FCC Subpart E equipment classes, including VLP devices, with test requirements



“...The harmonisation decision will make 480 MHz

of additional spectrum available in the 6 GHz band.

1t will almost double the amount of available spectrum,
adding to the 538.5 MHz available in the 2.4 GHz and
the 5 GHz bands. ..

“...Member States shall make this frequency band available
[for the implementation of Wi-Fi by 1 December 2021...”

So, while devices will be able to use the new spectrum
for free, there are still regulations with which to
comply to avoid interfering with those who have paid
to use the spectrum.

Applicable Regulations
ECC
The FCC is responsible for setting the rules and

specifications for devices that use the spectrum in the
U.S. Those specifications are found in the Code of
Federal Regulations (CFR). The following sections
contain the rules and specifications for the different
frequency bands in the U.S.:

1. Part 15 Subpart C Intentional Radiators - 15.247
Operation with the bands 902-928 MHz, 2400-
2483.5 MHz, and 5725-5850 MHz — for the
2.4 GHz band; and

2. Part 15 Subpart E Unlicensed National Information
Infrastructure (U-NII) Devices - 15.407 General
technical requirements — for the 5 and 6 GHz bands.

The test requirements, or guidance documents, are
part of the FCC’s Knowledge DataBase (KDB) and
describe how to make the required measurements or
refer to other standards for complete measurement
procedures, typically ANSI 63.10. The following KDB
documents apply for the 2.4, 5, and 6 GHz bands:

1. KDB 558074 D01 Meas Guidance v05r02 —
Measurement Guidance for the 2.4 GHz band;

2. KDB 905462 D02 UNII DFS Compliance
Procedures New Rules v02 — Dynamic Frequency
Selection for the 5 GHz band;

3. KDB 789033 D02 General UNII Test Procedures
New Rules v02r01 — Measurement Guidance for

the 5 GHz band;

4. KDB 987594 D02 U-NII 6 GHz EMC Measurement
v02r01 — Measurement Guidance for the 6 GHz
band; and

5. KDB 987594 D05 AFC DUT Test Harness
Testing v01r01

The FCC regulates the use of the 6 GHz band for
unlicensed devices through the use of equipment
classes and has different specifications and rules for
each class. Figures 1 and 2 show the current and just
released draft equipment classes for use in the 6 GHz
Band (found in KDB 987594 D01 U-NII 6GHz
General Requirements v02r02.)

The devices on the left side are part of the low

power indoor (LPI) devices and are managed by

a contention-based protocol (CBP). This protocol
requires devices to monitor the operating channel,
and, if an incumbent signal is detected anywhere in
the channel, it must stop transmitting in that channel
until the incumbent stops transmitting.

The devices on the right side were recently authorized
for use by the FCC (August 2023). These devices must
be associated with a standard power (SP) access point
(AP) and are managed by an automated frequency
coordination (AFC) system. These devices are typically
designed for outdoor use, and thus must ensure they
are not transmitting on frequencies that are known to
be used by incumbents in the immediate area.

Figure 2 shows the recently released draft (April 2024)

equipment classes that now includes very low power
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your productivity with the 8500 Series.
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(VLP) devices. These devices may be connected to
an access point or operate in a peer-peer association
(think augmented reality (AR), etc.). Note that VLP
devices that are in a peer-peer association are not
required to be managed by an AFC system, unless
they are also connected to an SP AP.

EU

'The European Commission determines the directives
for radio devices (known as the Radio Equipment
Directive, or RED). Article 3(2) of the RED states that:

“2. Radio equipment shall be so constructed that it both
effectively uses and supports the efficient use of radio

spectrum in order to avoid harmful interference.”

The specifications to meet those requirements are
defined by the European Telecommunications
Standards Institute (ETSI). The following ETSI
documents are applicable for the 2.4, 5, and 6 GHz
bands in the EU:

1. EN 300 328 V2.2.2 — covers the harmonized
standards for the 2.4 GHz band;

2. EN 301 893 V2.1.1 — covers the harmonized
standards for the 5 GHz band, including DFS; and

3. EN 303 687 V1.0.0 — covers the harmonized
standards for the 6 GHz band.

The EU manages the use of the 6 GHz through the
harmonized standard EN 303 687. Developed by ETSI,
this standard manages the interaction of the unlicensed
and incumbent signals through the following methods:

1. Restricted equipment classes —
Similar to the FCC approach,
ETSI only allows two types
of equipment classes for use

in the 6 GHz band:

a. Low power indoor

(LPI): Similar concept

Changes

160 MHz Channel Bandwidth

2. No channels above 6425 MHz — Rather than worry
about interference in the upper half of the spectrum,
the use of unlicensed devices is not allowed.

3. Adaptivity interference testing — This method has
been in use for many years, and for all frequency
bands. ETSI has a more restrictive approach to
devices managing incumbents and is similar to
CBP in that devices must stop transmitting while
incumbents are transmitting.

4. Punctured channel masks — For those devices
employing channel or preamble puncturing,
there are very well-defined emission masks
for the punctured sub-channels as part of the
harmonized standard.

REGULATORY TESTING IMPACT
Wi-Fi 6E

Table 3 lists the regulatory testing impact of the
changes introduced with the Wi-Fi 6E standards.

160 MHz Bandwidth

1. Adding a new bandwidth will require additional
transmitter tests for both the FCC and ETSI.
These tests are required for each operating mode of
a device, which includes the channel bandwidth,
and for each frequency band with the new

bandwidth.

2. 'The additional bandwidth will add DFS tests for
the FCC. The FCC requires that several of the
tests be conducted for each channel bandwidth
(KDB 905462). For ETSI, the focus is on testing,
potentially, the lowest and highest bandwidth, so
this is not adding any additional testing.

Regulatory Test Impact FCC  ETSI

Additional Transmitter Tests Y Y

as the FCC, limited
power and for indoor
use only; and

b. Very low power (VLP):

Right now, this is for
narrowband-restricted

devices. Currently, no
AFC system is in use in

Additional DFS Tests N

All of 6 GHz Band? N

New Receiver Test Y N
Open up 6 GHz Band for use - —

Device Classifications YY Y

Automated Frequency Coordination (AFC) Y N

Additional DFS Tests Y N
Channel Puncturing

Tx Masks for Punctured Channel Y/N Y
New Modulation Format Additional Tests? Y Y

the EU.

Table 3: Regulatory testing impacts for Wi-Fi 6E
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6 GHz Band

1. As mentioned earlier, the FCC opened up the whole
6 GHz band, allowing for 60-20 MHz channels and
seven (7) 160 MHz channels. More channels mean
more testing, as tests are typically on the low, mid,
and high channels of the band. For the EU, there
are only three (3) 160 MHz channels available.

2. The FCC added a new receiver test for LPI devices,
contention-based protocol. Any device that is
associated with an LPI AP must employ a CBP
system. ETSI has always had a receiver-based
detection system, so this does not add any new
receiver tests.

3. As discussed above, both the FCC and ETSI
manage the 6 GHz band by defined classes of
equipment. Each device will have specific maximum
output power limits and interference management
techniques.

4. 'The FCC has added the AFC requirement for
standard power devices, those that would typically
be used outside. This relies on a requirement for the
AP to request frequency and power limits based on
its geolocation. All devices connected to that AP
must also adhere to the frequency and power limits
dictated by the AP. ETSI currently does not employ
an AFC system.

Preamble (Channel) Puncturing

1. If the feature is employed in Wi-Fi 6E, it can be
used in the 5 GHz band to avoid interference with
detected radar signals (DFS Requirement). This will
require additional tests for the punctured channel. It
is unclear if ETSI requires additional tests for DFS
for punctured channels in the 5 GHz band.

2. No new Tx masks are required for the FCC for
the 6 GHz band. There are Tx mask requirements
for the 5 GHz band. ETSI currently has Tx masks
specified for punctured channels in both the 5 and
6 GHz bands.

New Modulation Format

It is currently unclear if this will add new testing,
but both the FCC and ETSI require that the devices
be tested under the worst-case conditions. It is also
unclear if the higher-density QAM modulation will
represent a worst-case condition, but it will have to
be investigated as part of pre-compliance testing to
determine its impact.

RAYMONDEMC
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for all your testing needs.
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Wi-Fi 7
Table 4 lists the regulatory testing impact of the
changes introduced with the Wi-Fi 7 standards.

320/240 MHz Bandwidth

1. Similar to the requirement for Wi-Fi 6E, adding a
new bandwidth will require additional testing for
the FCC for all operating modes for transmitter
tests. ETSI does not currently support bandwidths
greater than 160 MHz.

2. 'The possibility of using a 240 MHz bandwidth in
the 5 GHz bandwidth will add additional DFS
testing for the FCC
only. ETSI currently

Multi-Link Operations (MLO)

'This feature allows a Wi-Fi 7 device to transmit on
more than one channel or frequency band at one time.
'This change may or should require additional testing.
The FCC states that it is recommended to verify that
a device, when transmitting in different bands, does
not exceed the spurious emission requirements, or if
transmitting in the same band, that the total power
spectral density (PSD) does not exceed the limits.

I have seen several test reports where the test lab
indicates that they have looked at the MLO operation
and saw nothing of concern. It is unclear if there is a
similar requirement from ETSI on this topic as well.

does not support Changes Regulatory Test Impact FCC ETSI

bandwidths wider than

160 MHz TX Tests Y N
3. Similar to the 320/240 MHz Bandwidth Additional DFS Tests Y N

requirement for Additional Receiver Tests Y N

Wi-Fi 6E, the FCC Additional DFS Tests Y ?

added CBP tests for

LPI devices in the Adds Preamble Puncturing Additional AFC Tests Y N

6 GHz band. ETSI Tx Masks for Punctured Channel N Y

already has receiver Adds Multi-Link Operation (MLO) | Additional Spurious Emission/PSD Tests ? ?

tests, so there are

no additional tests Adds New Modulation Format Additional Tests? Y Y

required.

Preamble Puncturing

1. Similar to the requirement for Wi-Fi 6E, the use
of preamble, or channel, puncturing in the 5 GHz
band will require additional DFS tests for the
FCC only. ETSI supports preamble puncturing,
but it is unclear if additional tests would be
required to satisfy DFS requirements.

2. The FCC will have new tests for the AFC
functionality for punctured channels for devices
that are either an SP AP or connected through
an SP AP. ETSI currently does not support an
AFC system.

3. The FCC does require a spectral emission
mask for the 6 GHz band but does not require
different masks due to preamble puncturing. It
does, however, require a Tx emissions mask for
punctured channels in the 5 GHz band. ETSI
has already defined spectral emission masks for

punctured channels in the 5 and 6 GHz bands.

Table 4: Wi-Fi 7 regulatory testing impacts for Wi-Fi 7

New Modulation Format

It is currently unclear whether this will add new
testing, but both the FCC and ETSI require that the
devices be tested under the worst-case conditions. It is
also unclear if the higher-density QAM modulation
will represent a worst-case condition, but it will have
to be investigated as part of pre-compliance testing to
determine its impact.

REGULATORY MEASUREMENT CHALLENGES
FCC
Contention Based Protocol (CBP)

CBP was implemented as part of the requirements

for LPI devices that are operating in the 6 GHz
bands. The overall requirement is that, if there is an
incumbent signal detected by a device at a level of

-62 dBm or lower anywhere in the channel, the device
must stop transmitting completely in that channel
until the incumbent is no longer detected.




For Wi-Fi 7, it is possible for paired devices to use

bandwidth reduction, that is, reduce the bandwidth of

the operating channel to avoid the incumbent signal.
If your devices support that, you would be required
to perform the CBP test in this scenario. This will
require a tuned measurement on the sub-channel
where the incumbent was detected.

The FCC has not provided any guidance for
addressing this issue, so we advise consulting with
an FCC-authorized Telecommunications Service
Body (T'CB) for final review and approval. However,
a suggested measurement procedure would likely
include the following steps:

1. Set the center frequency of the spectrum analyzer
to the center of the sub-channel where the
incumbent was detected.

2. Set frequency span to zero span.

3. Ensure that the resolution bandwidth (RBW)
is not too wide to detect the signal from the
remaining channel.

4. Use the existing CBP measurement procedure for

90% detection probability.

1t is important to note that preamble puncturing cannot be
used to circumvent CBP requirements.

Preamble Puncturing — Emission Masks

6 GHz Band

At the October 2023 TCB Workshop, the FCC
summarized the results of discussions between
industry and the FCC on the subject of emission mask
requirements for punctured channels in the 6 GHz
band. After lengthy discussions and review, the FCC
stated (and included in KDB 987594) that if channel
puncturing is used in the 6 GHz Band:

start with trust.
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Figure 3: Example of FCC punctured channel emission mask result generated from testing software’

1. For standard power devices, the emission mask of a
channel that has employed channel puncturing and
the emission mask requirements are the same as
those for the whole operating channel. The device,
however, must comply with all AFC requirements;
that is, the power level within the punctured
sub-channel must be at or below the power that
the AFC systems would permit across the whole
sub-channel.

2. For low power indoor devices, channel puncturing is
not permitted, as CBP must be used if incumbents
are detected anywhere inside the operating channel.

Figure 3 shows an example of using industry-available
testing software to make such a measurement.

Note that the emissions mask is the mask for the
whole 160 MHz channel, and no changes for the

punctured sub-channel.

5 GHz Band

'The 5 GHz band represents a different challenge

for emission masks for the 5 GHz band. Currently,
there are no in-band emission mask requirements
for the 5 GHz band. But the FCC made a change
to address when channel puncturing is used to avoid

an incumbent/radar signal in the 5 GHz band.
From KDB 789033 D02:

“When a 20 MHz portion is punctured the remaining
emissions do not bleed into the notched channel,

i.e., 26 dB or 99% bandwidth is contained outside of
the notched band.”

Currently, there is no defined measurement procedure
for this. So, once again, we recommend consulting
with a TCB for review and approval. However, from
the wording, it appears that the following could be a
reasonable engineering best guess for a procedure:

1. Measure emissions or 99% bandwidth of both sides
of puncture;

2. Verify that the bandwidth upper frequency of
left sub-channel is not greater than the center

frequency of sub-channel — 10 MHz; and

3. Verify that the bandwidth lower frequency of the
right sub-channel is not greater than the center
frequency of sub-channel + 10 MHz.

Figure 4 shows an example of this type of
measurement procedure where the fifth-20 MHz
sub-channel of a 160 MHz channel was punctured,
and just the lower remaining channels are shown.

Data
OBW % (MHz2)

Alert

Marker

MHz dBm Memo

Freq Bounde
er Freq of P
Test Result:

Figure 4. Example of a 5 GHz punctured
channel FCC emission mask measurement?
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Preamble Puncturing — DFS Requirements The test harness is only available through the Wi-Fi
Alliance. It does have the ability to incorporate
RF test equipment but is limited to whatever drivers
have been developed by test equipment vendors.

Another other requirement added by the FCC for
channel puncturing and DFS Testing is:

“For purposes of DFS testing, verify channel closing Many companies (including mine) have yet to develop
and move times are met when one and two 20 MHx drivers for incorporation into the test harness and are
channels are punctured.” reviewing the requirements for integrating its drivers
into the test harness. But keep in mind that a test

In this scenario, you will be required to test for report generated by the test harness is required in

puncturing in at least 2-20 MHz sub-channels with order to be accepted by the FCC.

an injected radar signal. Currently, it only requires a

measurement of the channel close and moving time ETSI

and be within the specifications of the existing DFS Preamble Puncturing — Emission Masks

test. This will require a tuned measurement on the
punctured sub-channels instead of monitoring the
whole operating channel.

ETSI has much more stringent emission mask
requirements for any 6 GHz channel that employs
preamble puncturing to notch out part of the channel.
Figure 6 shows an example (taken from Annex D of

EN 303 687) of the mask where the third 20 MHz
channel of an 80 MHz channel is punctured.

Once again, there is no current measurement guidance
on how to do this, so the following is a reasonable
engineering best guess for a procedure:

1. Set the center frequency of the
spectrum analyzer to center of
channel (“sub-channel”) where
radar was detected;

2. Set frequency span to zero span;

3. Ensure RBW is not too wide
to detect signal from remaining
transmission; and

4. Use the existing channel move and
close time measurement procedure.

Figure 5 shows an example of what Measure Channel Move/Close Time

that punctured signal might look like.

AFC — 6 GHz LPI Figure 5: DFS channel move and close time FCC requirements for punctured 5 GHz channel
In KDB 987594, the FCC indicates
that the Wi-Fi Alliance (WFA) N2 N2 BOMHzChannel(N) N2 N2
AFC Test Harness is to be used to o8 Fetrence

. . = Reference leve|
verify the requirements for SP APs 7
and devices controlled by an SP AP. tlafsf4
The test harness emulates an AFC s —_— s 2308

. . -2808
system to request information from —T ; =
the equipment under test (EUT) and L N ; . ) N
return the requested frequency/channel wo oo oo A 00 ovs e
and power (PSD) limits. RF test - 6025 5045 60856085 6105 Frequency (liHz)
6066 6084

equipment is required to monitor the oors
frequency and power of the EUT Figure E.3: Example 3

to then verify it does not exceed the
defined limits. Figure 6: ETSI punctured channel emission mask - 6 GHz
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Figure 7 shows an
example of using
testing software to
make a measurement
on a punctured channel
where two-20 MHz
channels are punctured,
and the applicable
emission mask taken

from EN 303 687.

SUMMARY

Here is a summary
of the additional
requirements

applicable to the

implementation of Figure 7: ETSI punctured channel emission mask measurement®

Wi-Fi 6E and Wi-Fi 7:

FCC 3. ETSI currently does not support bandwidths

1. No preamble puncture allowed for indoor devices greater than 160 MHz. The next version of
using the 6 GHz band to avoid CBP; however, EN 303 687 addresses this but is not expected to
bandwidth reduction is allowed. be formalized anytime soon.

2. Preamble puncturing is allowed in the 5 GHz band 4. Finally, it is possible to submit measurement
to avoid interfering with local radars. procedures and results to Notified Bodies for

3. Unknown emission mask requirements for the approval of the Ca.pabilities described above.
punctured channel in the 5 GHz band, other than SCVCY‘?I Cf)mmer'aal products have been approved
comparing the 26 dB or 99% bandwidth to the for Wi-Fi 7 use in the EU.

punctured sub-channel.
With each new wireless standard, the regulatory

requirements tend to get a bit more complicated, as do
the measurement requirements. Because of this, many

4. Outdoor devices under the control of a standard
power AP must also meet the requirements of an

AFC system. larger device manufacturers have taken to performing
exhaustive pre-compliance testing before sending
ETSI the device to the test lab for final testing. This can
1. Itis unclear if there are additional requirements result in increasing time to market as multiple trips
or if preamble puncturing is allowed for DFS to the test lab can be quite time-consuming. It is
capabilities in the 5 GHz band. It is possible also an excellent way to quickly verify if changes to
to use a Notified Body to review and approve firmware/hardware cause an unexpected change in
measurement techniques. the regulatory testing results. @

2. Preamble puncturing is available in the 6 GHz
band and uses procedures in EN 303 687. ENDNOTES

1. Test results were generated using Keysight
XA5002A FCC Regulatory Testing Software

2. Test results were generated using Keysight
XA5002A FCC Regulatory Testing Software

3. Test results were generated using Keysight
XA5001A ETSI Regulatory Testing Software
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CROSSTALK BETWEEN PCB TRACES -
TIME AND FREQUENCY DOMAIN MEASUREMENTS

Part 2: Impact of a Guard Trace

By Bogdan Adamczyk, Mathew Yerian-French, and Ryan Aldridge

his is the second article of a two-article series Dr. Bogdan Adamezyk is professor and director of

devoted to the topic of crosstalk between the EMC Center at Grand Valley State University

PCB traces. In the first article [1], we varied the (http://www.gvsu.edu/emccenter) where he performs

circuit topolo (the distance between traces and EMC educational research and regularly teaches

pology EM/EMC courses and EMC certificate courses for

the distance to the ground plane) and investigated industry. He is an INARTE-certified EMC Master
its impact on crosstalk, both in time and frequency Design Engineer. He is the author of two textbooks, “Foundations

d . In thi el . . he i of Electromagnetic Compatibility with Practical Applications”
: ’ iley, an rinciples of Electromagnetic Compatibility:
omains. In this article, we investigate the impact (Wiley, 2017) and “Principl £ El icC ibili

of a guard trace on crosstalk reduction. This topic Laboratory Exercises and Lectures” (Wiley, 2024). He has been
was previously discussed in [2]’ where we used writing “EMC Concepts Explained” monthly since January 2017.

. . He can be reached at adamczyb@gvsu.edu.
an earlier-generation PCB and concentrated on oEe

signal integrity or the time domain measurements. Mathew Yerian-French is an electrical engineer
This article presents measurements taken with the Speﬂ?fggi'\;?\ﬂhg CBjesSIEninagldegtlzgglcﬁzgiisehr?ngé
latest-generation PCB, both in time and fquUCHC}’ from Grand Valley State University. He focuses on
domains. Frequency domain measurements are taken preventing EMC issues through design reviews and
ith field . H-field b early EMC pre-compliance testing and diagnostics.
with a near-field scanner using an /7-field probe. Mat participates in the industrial collaboration with GVSU at the EMC
Center. He can be reached at mathew.french@e3compliance.com.
Ryan Aldridge is the Operations Manager for
30 mils Grand Valley State University’s Innovation Design
- Center. He works closely with Prof. Adamczyk,
Generator Guard trace Receptor developing EMC educational material, and assists
him with GVSU’s EMC Center. He attended Grand
52 mils Valley State University for his bachelor’s and master’s
degrees in electrical and computer engineering.
Ground plane
Rs Generato
A, — PCB TOPOLOGY WITH A GUARD TRACE
( Maicicditata . In this study, the PCB traces were 30 mils from each
Vs (* ‘ Récepior =& other and 52 mils from the ground plane. The traces
T ‘*l- ' L}_ %< were separated by a guard trace selectively connected
Vig == - . . .
e Ry Reg = Vie to ground at either or both ends or left floating. This
g g
1 T E | arrangement is depicted in Figure 1.
Ground plane
Figure 1: PCB topology and guard trace connections Figure 2 shows the details of PCB topology.
Generator Receptor
Cape _t sem
:‘:—::::Mu Line 4 e Far—end Receptor Line " e |
:7? 2]-‘?‘;;{:": victim line separated by 30 mils FL2 =
Switch @ NE Guard trace Switch @ FE

Figure 2: PCB topology
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TIME DOMAIN MEASUREMENT SETUP AND
RESULTS

The setup for time domain crosstalk measurements is
shown in Figure 3.

Figures 4 and 5 show the generator signal, V, as
well as the resulting near-end voltage, 7, ., and
far-end voltage, V., induced in the receptor circuit.
The source signal is an open-circuit voltage 0-5 V.,
1 MHz trapezoidal pulse train having 100 ns rise
time, 200 ns fall time, and a 50% duty cycle.
Figure 4 shows the results with no shield, while

Tek fu [ =T 1Trig'd

= j=——} L=
[\ ™ ™\ ™\ Ve
—-5mV
— — — —
@ soov [2]) ; Iltom 2.5085/s o5 ] & Sep 2023
S.00mN_ AN (Thad 100k polnts 320V 10:53:56

Figure 4: Crosstalk induced voltages with no shield
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.W—\W Vee
+— —49mV

— — —
E_' .00V [ ] lm\:e, 25065/
[ 5.00mv AN i+ 100k points

B

Figure 5 shows the results with the shield floating
(not connected to ground). It is apparent that a
floating shield has virtually no effect on the crosstalk-
induced voltages.

Figure 6 shows the results when the shield is grounded
at the near end while the far end is open.

Figure 7 shows the results when the shield is grounded
at the far end while the near end is open.

'The results show that grounding the shield only at one
end decreases the near-end voltage while increasing
(in the absolute sense) the far-end voltage. How can this
happen? We will answer this question shortly.

Figure 8 shows the results when the shield is grounded
at both ends. Grounding the shield at both ends
reduces both the near-end and far-end induced
voltages. Table 1 summarizes the results.

As noted earlier, when the shield was grounded
at either end, the near-end voltage decreased while
the far-end voltage increased. To explain this
phenomenon, we need to look at the formulas
governing these voltages [3].

N caqpyll§ SHGG 1§ SR AN DG b

e e
.WW Vre
— —62mV
500V [ 2] 400n: 2.5065/% a r 7 Sep 2023
S.00mV Ay [T 100k points 1NV 11:03:06

.MM
:—n-lm;—JLq ﬂ—n-l »—JLL s

Figure 5: Crosstalk induced voltages with shield floating
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Figure 7: Induced voltages with shield grounded at far end, near end open
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Note that both terms in the expression for the near-
vyp(t) = Rng I RngRFE Ry [dvs@®) (1) end voltage are positive. When the shield is grounded
NE Rng+Rpg °R Rg+R;, ' Rng+Rpp CR Rg+R.| dt . . . .

; : = - at one end, inductive coupling does not change, while
Inductive Coupling Capacitive Coupling | . . .
the capacitive coupling is reduced. Thus, the sum of
the inductive and capacitive coupling is reduced.
vpe(t) = |- Rrg 1 RNERFE Ry | dvs(t) )
FE RNE+RFE CR Rs+Ry, ' RNg+Rpe OF Rs+Ry| dt At the far end, the expression for inductive coupling
Inductive Coupling  Capacitive Coupling | is negative, while the expression for the capacitive
coupling is positive. When the shield is grounded at
b aaamene R v one end, inductive coupling does not change (from
m M the ungrounded case), while the capacitive coupling
Y Vae , ;
o w Shield Connection Ve [mV] V. [mv]
floating 6.3 -4.9
WW\ Vre NE grounded, FE open 4.8 -6.2
W FE grounded, NE open 4.8 6.2
grounded at both ends &5 -3.4
[ b= — e e

Figure 8: Induced voltages with shield grounded at both ends

Table 1: Summary of the time domain results
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is reduced. On a microstrip PCB,

the inductive coupling usually
dominates the capacitive coupling [4].
Effectively, the sum of the inductive
and capacitive couplings (crosstalk)
at the far end may increase (in the
absolute sense) when the shield is
grounded only at one end.

FREQUENCY DOMAIN
MEASUREMENT SETUP

'The setup for the near-field H-probe

measurements is shown in Figure 9.

Figure 9: Experimental setup for frequency domain measurements

Shield Max H field:
Configuration:
'The source signal had the same
parameters as in the time domain fore 7.5 dBuv
setup, except for the rise and fall
. . Floating 5.85dBpV
times, which were set to 10 ns. The
H-field probe in the near-field scanner 4
grounded 577 dBuv
took measurements at 9 MHz and & FE open '
49 MHz.
NE open 5.06 dBuV

& FE grounded

Figure 10 shows the measurement — e :
shows the results at 49 MHz. Table 2

summarizes these measurements. Figure 10: H-field measurement results at 9 MHz

The results show that the shield

Shield Max H field:
has a small to no effect on the ol S
measurement, regardless of its
termination. S FSn et
Floating 0.4 dBuV
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