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1.  Introduction
With every new generation of data interfaces data rates increase accordingly. High-speed
interfaces like USB3.x can be found in almost all end application areas, like in computing and
consumer applications. Due to electrification and introduction of enhanced safety and multimedia
functionality there is a growing usage of high-speed data communication in automotive products.
Higher data rates require lower parasitic capacitances for the inputs of system chips which also
implies higher sensitivity of these inputs to surge and ESD (ElectroStatic Discharge) events.
Additionally, sensitivity of digital interfaces has increased due to ongoing further miniaturization of
semiconductor structures.

For a design of robust systems withstanding incoming ESD strikes, it has become mandatory
to add external ESD protection devices in a design. ESD protection diodes should be placed as
close as possible to the entry point of an ESD strike. If the protection device is located close to
the connector of an external interface, over-voltage pulses get shorted to ground directly at the
connector. Less current can flow into the entire PCB and into the system chip or lead to malfunction
by an unexpected current path on the board. Finally, the anyhow available line inductance will
reduce the peak clamping voltage, while the line resistance will slightly limit the current flowing into
the protected system if most of it is located between ESD protection device and protected system
in the PCB layout.

To solve this problem, high performance ESD protection devices have to be selected which
combine a very low capacitance for maintaining the signal integrity of the digital signals, together
with a very good clamping capability that clips the residual voltage of a surge event into the allowed
range of the interface to be protected.

ESD protection diodes with different topologies are offered on the market. This document explains
these options and the related advantages or potential drawbacks.

2.  Topologies of ESD protection devices
The simplest solution for clamping of ESD and surge events is to connect a Zener diode between
ground and the signal to be protected as depicted in Fig. 1.

Signal 1

ZD1

aaa-036017

Fig. 1. ESD and surge protection using a Zener diode

For negative voltages the Zener diode operates in forward conduction and incoming surge voltages
get clamped. Fig. 2 shows the I-V characteristic of a Zener diode. Like for an ordinary pn-diode the
IF-VF curve is quite steep in the first quadrant of the diagram, once VF is bigger than about 0.7 V.
Signal 1 works in a positive voltage operating range. The Zener diode works in reverse mode, in
the blocking area below VRWM. For VRWM leakage current, called IRM, is very small, this means in a
league of typically a few nA only. VBR is the reverse voltage at which a defined current of normally
1 mA flows through the diode. From this point onwards, dynamic resistance becomes small, and
the steepness of the I-V curve is high. The clamping voltage is quite stable even if high current is
applied. It would be ideal to have a perpendicular curve above the breakdown voltage.
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Fig. 2. I-V characteristic of a Zener diode based unidirectional ESD-protection diode

If two Zener diodes are put in series with opposite polarity as depicted in Fig. 3, a so-called bi-
directional ESD protection diode is created with a symmetrical I-V curve assuming that the single
Zener diodes have the same characteristics.

Signal 2

ZD1

ZD2
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Fig. 3. ESD and Surge Protection using 2 Zener diode in series with common anode

In Fig. 4 an example of an I-V curve of a bi-directional Zener diode is depicted. Often bi-directional
ESD protection is applied into application where the signal to be protected uses positive voltage
only. Reason for this is that customers do not need to take care of mounting direction for assembly.
Another motivation is to avoid harmonic distortions if signal undershoots get clipped. For the
manufacturer of ESD protection devices, bi-directional products have the advantage that it is easier
to achieve a very low diode capacitance Cd. If two capacitors are put in series, overall capacitance
gets smaller. Cd is half as big only if the capacitors are identical.
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Fig. 4. I-V characteristic of a Zener diode based bi-directional ESD-protection diode

ESD protection with Zener diode structure does not provide a sufficiently low clamping voltage for
higher surge current IPP. Clamping voltage roughly follows the equation:

Rdyn should be as small as possible in the area where an ESD device is supposed to clamp
incoming surge events. Rdyn is normally a positive value for high current exposure, so there is an
increase for the clamping voltage with higher current flowing through the ESD diode. To achieve a
lower clamping voltage, modern ESD protection devices have a snap-back characteristic. These
devices show a very low leakage current below the stated operating voltage VRWM. If the voltage
is increased further current becomes higher. At a specific voltage called Vt1, the component turns
on and voltage across the device drops down significantly. With further increase of current the
clamping voltage goes up with a preferably steep I-V curve, so a low dynamic resistance. If current
through the diode is reduced, the device snaps back into a high-ohmic state if a specific hold
current or hold voltage is fallen below. In Fig. 5 a typical I-V characteristic of a deep snapback
ESD protection diode is depicted. At about 7.7 V the device turns on and jumps down to about
1.3 V. If current becomes smaller than the hold current Ihold of about 22 mA the device goes
back to off-state. Vhold is about 2.4 V. Like a thyristor such ESD protection shows a hysteresis
in the I-V curve, so turn-on happens at a higher voltage and current compared to the turn-off.
The depicted device in Fig. 5 has a symmetrical I-V characteristic, the positive polarity region is
shown here only. For the clamping voltage the equation below can be applied above the snapback
voltage:
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Fig. 5. I-V characteristic of a deep snapback ESD protection device

The snapback characteristic can also be seen in a TLP (Transmission Line Pulse) curve. In Fig. 6
the TLP curve of the same component as depicted in Fig. 5. The hold current cannot be derived
from a TLP curve but from the test results of an I-V curve tracer or a similar test approach. In a
TLP curve test, pairs of voltage and current from several TLP pulse shots with increasing voltage
are noted down as a special I-V curve. A TLP curve shows the snapback voltage accurately but
neither an exact hold voltage nor the hold current. For a device with a quite high trigger voltage,
TLP current at the snapback can be quite high, much higher than the hold current with:

aaa-036523

0 1 2 3 4 5 6 7 8
-10

10

30

50

70

90

Voltage (V)

CurrentCurrent
(A)(A)

Fig. 6. TLP curve of a deep snapback ESD protection device

3.  Load line analysis approach
For deep snapback devices the application has to be reviewed if there is a risk that the ESD
protection device remains in on-state after a surge event is gone. This would be a so-called
latch-up condition where a circuit does not get back into the normal operation mode after a trigger
event has happened.

Deep snapback devices are not applicable for DC supply lines. DC supplies can easily provide
hold currents of typical deep snapback ESD diodes. After a deep snapback ESD diode has been
triggered, a DC-supply would drive the maximum output current through the ESD diode, and it is
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very likely that the protection device will be damaged by an EOS (Electrical Overstress) failure
because the maximum allowed junction temperature will be exceeded.

For data interfaces the situation needs to be evaluated in more detail. The current drive capability
of the driver stages is limited to lower currents compared to the above discussed supply voltage
scenario. Maximum current is the result of the open-loop source voltage and the driver output
resistance which is often predefined by the standard termination of a discussed interface.

With a load line analysis latch-up scenarios can be evaluated with a graphical approach. In Fig. 7
the load line of an output is depicted in red for a voltage source or a driver stage with a voltage of
VBUS and an output resistance of RS. Maximum output current is present if the output is shorted.

. If no current must be provided the open loop voltage VBUS is present at the
driver output.

I

VOP VBUS V 

ISHORT

IOP
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Fig. 7. Load line principle, output load line in red, Zener diode characteristic in blue

The load line is a linear curve (red line) starting from ISHORT and VOUT = 0 V, with

 going down to the point with IOUT = 0 A and VOUT = VBUS.
An I-V characteristic of a Zener diode is overlaid in blue. For the circuit shown in Fig. 8 which is a
Zener diode with the assumed blue non-linear I-V curve connected to the voltage source VBUS and
the output resistance RS, the intersecting of the two curves is the operating point, which fulfills the
equation:

There is one operating point or intersection possible only. A latch-up is impossible with an ESD
protection like a Zener diode. Leakage current in the working voltage area is very low and the
breakdown voltage is not exceeded in normal operation (VBR > VBUS).

VBUS

RS

VOP

ZD1
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Fig. 8. Voltage source with series resistor RS and Zener diode ZD1 as load

In Fig. 9 the I-V curve of a snapback ESD protection device is overlaid with the linear load line of a
voltage source and a series output resistor as depicted in Fig. 8. There are now two intersections
between the two curves or in other words two possible stable operating points. In normal operation
an interface stays below the trigger voltage like the operating point OP1. If an ESD strike is applied
the operating point OP2 can be obtained. The voltage VOP2 is very low because of the deep
snapback voltage in on-state of the ESD protection. If the interface driver keeps on working with
the red load line set-up the interface is stuck in a latch-up condition. The signal line cannot change
the single-ended state anymore.
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Fig. 9. Load line of a voltage source with series resistor RS and an overlaid I-V curve of a
snapback ESD protection

The scenario depicted in Fig. 10 has no risk of latch-up. After a surge event the hold current
of the snapback ESD diode cannot be provided, the interface can recover normal operation.
To safeguard this there are several options. An ESD diode with a suitable hold current can be
selected. Another solution is to make the load line flat enough to avoid multiple intersections. This
can be achieved with a smaller ISHORT addressed with a higher resistance in the output of the driver
stage or a smaller single-ended high state drive voltage. The latter mentioned options are more
of a theoretical nature because standard high-speed interfaces have fixed electrical definitions in
terms of termination and voltage levels.
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VVBUSVOP1
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Fig. 10. Snapback device combined with a latch-up free load line situation

DC-supplies have usually a very low RS which means that the output keeps an almost constant
voltage with no dependency on the output current in the ideal case. For VOP1 bigger than VHOLD a
latch-up will happen and the ESD protection device will be damaged with an EOS (Electrical Over
Stress) very likely. For a safe operation the relation VHOLD > VDC must be obeyed.
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Fig. 11. Snapback device combined with a latch-up free load line situation

AN90038 All information provided in this document is subject to legal disclaimers. © Nexperia B.V. 2023. All rights reserved

Application note Rev. 2 — 11 May 2023 7 / 25



Nexperia AN90038
ESD protection for high-speed interfaces without latch-up

An example for an AC signal protected with a bi-directional snapback ESD protection is shown in
Fig. 12. The ESD protection device turns off again after a polarity change and normal operation
can continue in the voltage area below the trigger thresholds within the stated VRWM range where
leakage current is extremely low.

I

V

aaa-036026

AC+

AC-

Fig. 12. Bidirectional snapback device applied to an AC signal line. Recovery from on-
state to high-ohmic off-state after a negative ESD event (dotted red line) followed
by a signal polarity change

For high-speed data signals the drivers do not output a constant logical state. Modern interfaces
are coded such that the digital 0 and 1 states appear for an identical number of clock cycles. This
has the big advantage that the signal is DC-free and can be coupled via capacitors.

According to the load line approach a snapback ESD diode should turn off with the next single
ended low state for an ideal component. In Fig. 13 it is assumed that the low state voltage is 0 V.

I

IMax1

VVHVL
aaa-036027

Fig. 13. Example of High to low state change of a single-ended data line
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4.  Turn on and turn off behavior at a high frequent signal line
For deep snapback devices the application has to be reviewed if there is a risk that the ESD
protection stays in on-state or a latch-up condition.

The behavior of snapback ESD devices after an ESD strike is more complex than expected from
using the load line approach. This fact is not a problem in any target application. Normally ESD
strikes cannot enter an established connection. This would require to apply ESD events to an open
cable connector or a device with a removed cover. A snapback ESD diode gets turned on into
a highly saturated on-state from a high voltage ESD event in a very short time. Then it requires
a longer time for recovery into an off state because it takes significant time to carry the turn-on
charge away. Turn off time is significantly longer than turn on time. The turn off time is in the league
of several microseconds. Therefore, it takes several clock cycles for data signals above 1 MHz to
switch off. In Fig. 14 a snapback ESD diode was triggered with a 4 kV ESD strike from an ESD
generator. The device is connected to 3.3 V with 10 kΩ. The scope trace shows the signal starting
with 3.3 V. Then an ESD event turns on the snapback ESD protection. The ESD event is clamped
down and the signal stays close to ground level in on-state.

Fig. 14. Turn off delay of about 6 µs after a 4 kV ESD trigger event

It takes 6 µs until a 50 % high level is reached again. So, there is a significant turn off delay.

If a snapback ESD diode is connected to a function generator which outputs a rectangular signal
with a frequency equal or higher than 5 MHz at a duty cycle of 50 %, the signal level can be
increased until the protection device turns on once the trigger level is reached or exceeded. The
simple test set-up is shown in Fig. 15. Snapback ESD protection components are designed such
that they turn on extremely fast. A low clamping voltage is required almost instantaneously to
protect against incoming surge events effectively. If the generator is adjusted to 12.8 V output
voltage, the snapback device is turned on and stays in on-state because it gets a rather high
average hold current. The part does not turn on and off with every clock cycle. The pulses applied
are clamped down to about 1.4 V as shown in Fig. 16. This snapback voltage could also be seen in
Fig. 5 and Fig. 6 in Section 2 for the example device already. The voltage at the DUT is about 7.5 V
before the device snaps back. The pulse trigger current is:
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Fig. 15. Test set-up with rectangular signal applied to a DUT

The green trace shows a reference signal which is not clamped. The red trace is the clamped signal at the ESD
protection diode.

Fig. 16. Turn on of snapback ESD protection in 5 MHz signal

If the generator voltage is decreased step by step, the protection device turns off at an adjusted
generator voltage of about 9.2 V to keep the snapback device in on-state. The clamping voltage
jumps up from the snapback voltage to about 7.1 V, which is roughly the bottom right corner
of the hysteresis curve shown in Fig. 5. The pulse current can be calculated with the formula:

.

This scenario, where the device has just turned off is depicted in Fig. 17.

With the turn-off and the jump back to a higher clamping voltage, 7.1 V for the device discussed
here, the trough-put current goes down and the generator voltage needs to be increased like
for the turn-on experiment to get back into a snapback again. So a significant hysteresis can be
observed in the experiment performed. The operating point seen after the snapback is released
would not be reached in a real high-speed interface normally because of the about 7.1 V drive
voltage. So the ESD diode would go back into the full high-ohmic state directly which means the
interface would return into the VRWM voltage range after an ESD strike.
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Fig. 17. Turn off

With further reduction of the generator voltage, finally almost no current flows, as to be expected
from an I-V curve like depicted in Fig. 5. From a generator voltage of 7 V and further down this
high-ohmic state is reached. The diode voltage is identical with the adjusted generator voltage.
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5 MHz test signal with 50 % duty cycle and 50 Ω output resistance of the signal
generator.

Fig. 18. I-V-Hysteresis Curve of a Treos ESD protection device

The takeaway for the experiment performed is that the risk of a latch up can be significantly
reduced for deep snapback devices if a high-speed digital data signal is applied. From about
5 MHz upwards snapback protection devices can be kept in a constant on-state if the pulse
amplitude is high enough. This means that the devices do not turn off after each high state of a
data signal. For keeping a latch-up active, the high state pulses need a higher hold current than
the I-V curves would let expect. The hold current needed per pulse was in the league of the trigger
current. The described test has been performed with applying ground level as low state of the
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signal. The effect of a relaxed latch-up risk gets fully effective if there is no bias voltage overlay.
This means USB legacy mode signals means USB LS and FS modes or open drain bus signals
can profit a lot from the finding.

5.  Latch-up considerations for major data interfaces

5.1.  USB Interfaces
For USB interfaces the USB2.0 data lines D+/D- work in half-duplex mode. This means the
direction of data may change sequentially on one differential pair. For USB3.x and USB4 there
are separate signal pairs for data flow directions allowing a full-duplex operation of the interface.
The D+/D- lines for USB2.0 and the super-speed data lines RX+/RX- and TX-/TX+ have a different
realization in hardware and need to be discussed separately with respect to a risk of latch-up in
combination with SCR-based ESD protection devices.

5.1.1.  USB2.0 data lines
In Fig. 19 a block diagram of an USB2.0 transceiver is shown. There are two driver stages
connected to the data lines. The LS/FS driver supports the legacy Low-speed (LS) and Fast-speed
(FS) modes of USB1.1.
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Notes:
The RPU pull-up resistor and the circuitry required to enable and disable it, are only
required in upstream facing transceivers.
The RPD pull-down resistors to ground are only required in downstream facing
transceivers.

Fig. 19. USB2.0 Transceiver block diagram with LS/FS and HS Drivers

The detection of data speed capability of a device connected to a host is performed such that a
1.5 kΩ pull-up resistor Rpu is connected to the D- line for LS mode as shown in Fig. 20 but to the
D+ line for FS mode as depicted in Fig. 21. An USB2.0 capable device must have a pull-up resistor
at the D+ line. The bitrate is 1.5 Mbit/s for the Low-speed and 12 Mbit/s for Fast-speed Mode.
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Fig. 20. Low-speed system, Rpu placement at D- line
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Z0 = 90  ± 15%

Fig. 21. Full-speed system, Rpu placement at D+ line

A USB2.0 host tries with a so-called chirp sequence if the connected device can communicate in
High-Speed (HS) Mode. In Fig. 22 the procedure is shown in detail. The host starts a reset with
the LS/FS drivers terminating both series resistors Rs to ground. HS drivers work with 17.78 mA
current sources for generating a high state on a signal line. After the host’s grounding of both signal
lines, a connected device which is capable of USB2.0, sends a K-state with its HS-driver for at
least 1 ms. The high level is 800 mV. The hub then answers with K_J chirps. After this the device
disconnects the pull-up resistors and connects the Rs series resistor to GND. The level of the
single ended signals is decreased to 400 mV nominal with the final USB2.0 termination scheme.

Idle

Reset K

Reset concludes
with both hub and device
in high speed mode

0.8 V

Host initiates
a reset

High speed
devices emits

K “chirp”

High speed capable
hub responds with 

K-J chirp pairs

After at least 3 K-J
chirps device enters

high speed mode
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Fig. 22. USB2.0 “Chirp” sequence
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For the calculation of the maximum latch-up current supplied from an LS/FS driver, a simplified
schematics is shown in Fig. 23. The 15 kΩ pull-down resistors are present at downstream facing
transceivers only on both signal lines of the D+/D- lane. Whereas the pull-up resistors are placed at
one signal line only as explained above. These pull-down and pull-up resistors can be neglected for
the latch-up current calculation because the series resistor Rs is much smaller with a value range
from 28 Ω to 44 Ω for a device without USB2.0 capability. The nominal high state voltage at the
driver is 3.3 V. The maximum allowed voltage is 3.6 V. For the latch up risk assessment the worst-
case scenario must be considered with 3.6 V drive and the smallest allowed series resistance of
28 Ω. For a system which is capable of USB2.0 the series resistors need to fulfill the requirement
for Rs of 45 Ω ±10 %. The worst-case is 40.5 Ω accordingly.

The maximum current through a snapback ESD protection device in on-state to be considered in
an LS/FS system is:

For a USB2.0 capable device, the formula to be applied is:

The USB LS/FS modes profit from the finding discussed in Section 4 that deep snapback devices
require a higher hold current for data signals with more than about 10 MBit/s compared to hold
currents derived from a DC based I-V curve measurement. This fact relaxes the latch-up risk
significantly.

3.3 V

Rpu

R

Rpd

data line

ESD protection
diode

Single LS/FS driver
GND/3.3 V 

aaa-036036

Fig. 23. LS and FS driver schematics with termination and ESD protection diode. Rpd is
present at downstream facing transceivers, Rpu at upstream facing transceivers

In Fig. 24 a simplified schematic diagram for a connected USB2.0 system in HS mode is depicted.

The driver stage is a switched current source with 17.78 mA nominal high state current. Host and
USB device are connected via an USB cable. The parasitic components of the cable are neglected.
On both sides there is a 45 Ω termination to ground provided via the LS/FS drivers (see Fig. 19).

Receiver data line
USB cable

R R

Single HS switched
current source

0/17.78 mA

aaa-036037

Fig. 24. HS driver schematic diagram with 45 Ω termination at host and device side and a
switches current source as driver output stage

The nominal single-ended high state voltage is then VOH = 17.78 mA x 22.5 Ω = 400 mV

As worst case for the latch-up risk the maximum driver current combined with the maximum
resistance must be considered. The USB2.0 specification allows a 10% tolerance. Rs(max) is 49.5 Ω
and the maximum current is 19.56 mA, means that the maximum high state voltage about 500 mV.
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In Fig. 25 this equivalent worst-case scenario with a converted current source to a voltage source
is depicted.

R

ESD 
protection

VOH
Single-ended

aaa-036038

Fig. 25. Equivalent HS driver with converted voltage source for latch-up evaluation

Based on the above discussed facts it can be concluded that a latch-up in LS and FS mode could
happen in a connected condition with a shielded USB cable only, because the LS/FS drivers get
active after connecting and after the location of Rpu has been sensed. It is very unlikely that an
ESD strike can enter the system after connection is established. This means the risk for a latch-up
issue for D+/D- data lines is very small in general.

For the residual surge risk at a connected link in a USB1.1 system, a hold voltage above 3.6 V
is safe or if hold current is above the maximum possible high-state current for the ESD diode
according to Formula 1. If we assume a Vsnapback of 2 V as an example, Ihold should be bigger than
39.5 mA.

For a USB2.0 system the low maximum drive voltage eliminates the risk of a latch-up if the
snapback voltage is higher than 0.5 V. This is the case for all known ESD devices in the market.
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5.1.2.  USB3.2 and USB4 data lines
With the super-speed USB interface, signals are transmitted via at least one pair of separate RX
and TX lanes. This allows full-duplex operation which means that sending and receiving data at the
same time is supported. The USB Type-C connector is becoming the mainstream connector type
and replaces the older connectors like Type-A, mini and micro connectors more and more. The
Type-C connector provides two TX signal pairs as well as two RX pairs. In Table 1 the evolutionary
increase of the data rate can be seen with the introduction of new modes. The mode names have
been changed to a common nomenclature and now indicate more clearly which lane speed is
applied and how many lanes are used.

Table 1. Overview of USB super-speed modes
Mode Name Old name Number of lanes Lane Speed

(Gbit/s)
Nominal
interface

speed (Gbit/s)
USB3.2 Gen 1x1 USB3.0 or

USB3.1 Gen 1
1 5 5

USB3.2 Gen 1x2 2 5 10
USB3.2 Gen 2x1 USB3.1 Gen 2 1 10 10
USB3.2 Gen 2x2 2 10 20
USB4 Gen 2x1 1 10 10
USB4 Gen 2x2 2 10 20
USB4 Gen 3x1 1 20 20
USB4 Gen 3x2 2 20 40
USB4 Gen 4x1 1 40 40
USB4 Gen 4x2 2 40 80

There is USB3.2 Generation 1 (Gen 1) and Generation 2 (Gen 2). Gen 1 supports 5 Gbit/s whereas
Gen 2 offers 10 Gbit/s. The number of lanes is added behind the x in the mode name. With 2 lanes
the overall data rate of the interface gets doubled nominally. With USB4 even higher data rate is
introduced. In the naming Gen 3 is associated with 20 Gbit/s lane speed and Gen 4 with 40 Gbit/s.
The maximum nominal interface data rate in combination of Gen 4 and 2 lanes is 80 Gbit/s.

In Fig. 26 the topology of USB super-speed lines RX and TX is depicted.

From USB3.2 Gen 2 x1 (old name USB3.1 Gen2) onwards the receiver inputs are AC-coupled with
330 nF capacitors. The signal lines in the cable have no bias voltage provided from the SoC inputs.
In case of short circuits to VBUS at the connectors or in the cables, the DC voltage cannot become
present constantly at the RX input pins but stress the input for a limited time while the coupling
capacitor is charged.

With the ESD protection placed as depicted in Fig. 26 there is no risk of latch up at all because
no DC bias is possible due to the coupling capacitors if there are no short-circuits to VBUS as a
severe fault condition. The placement of the ESD protection at the connectors has the additional
advantage that the capacitors are protected against ESD strikes. This can be important for small
package capacitors which can be sensitive to very high current from ESD events. The charge from
surge events increases the voltage of the capacitors which can exceed the specified limit if multiple
strikes are applied.
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Fig. 26. Interface topology for USB super-speed signals RX and TX

If ESD protection is placed directly at the TX Phy-Output the possible voltages and currents have
to be evaluated for this scenario. In the USB3.2 revision 1.1 specification document waveforms
for single-ended and differential signal on the TX-lines are depicted as shown in Fig. 27. For the
maximum possible single-ended voltage the maximum differential voltage as well as the maximum
common mode or bias voltage must be considered. VTX-DIFF-PP(max) is 1.2 V. VCM(max) is 2.2 V.

As maximum single-ended voltage  has to expected as worst case. The

nominal termination is 45 Ω. The termination ranges from 36 Ω to 60 Ω. For latch-up considerations
the minimum resistance of 36 Ω defines the worst-case scenario.

Time (UI)

V

voltage at Txp

0 1 2 3 4 5 6 7

voltage at Txn

differential voltage
Txp - Txn
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Fig. 27. Single-ended and differential voltage waveforms for TX lines
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Maximum latch-up current at the SoC TX pin can then be: 

Placing the protection behind the coupling capacitors is not inherent safe against a potential latch-
up.

As stated above placing the ESD protection at the cable connectors is completely safe regarding
latch-up if two capacitors per data signal is present like shown in Fig. 27. If there is no coupling
capacitor at the super-speed inputs at the Phy in a legacy implementation of USB 3 there is one
more scenario to be discussed.

Rs(nom)
45 Ω

RI(nom)
45 Ω

100 nF Rss cable

ESD protection
diodes

RDC termination
>10 k

SoC input

aaa-036041

Fig. 28. Equivalent circuit diagram for Super-Speed signal path from TX to RX input
without capacitive coupling at RX SoC pin

Fig. 28 shows the equivalent circuit diagram. Via Rs the data signal is driven. ESD protection is
assumed at the transmitter as well as at the receiver side. The receiver input has a DC termination
of more than 10 kΩ. Therefore, no significant and constant latch-up current can flow. The
discussed scenario has no latch-up risk.

In conclusion of the above discussion of different protection scenarios, USB3 and USB4 is safe
against latch-up risk, only a protection of the TX-pins at the SoC behind the coupling capacitors
requires some attention.
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5.2.  HDMI Interface
HDMI (High-Definition Multimedia Interface) is the major digital interface in the market for
audio/video connections. Later generations include Ethernet and 3D features. CEC (Consumer
Electronics control) allow that connected devices can control each other, for example that a TV
starts a connected media player once the related input has been chosen. HDMI also supports a
copy protection called HDCP which protects content against non-authorized copying. Resolution
has been increased continuously in terms of quantization as well as in supported color spaces.
This has led to an increase of data rate like for the USB interface as discussed in the prior chapter.

7680 x 4320 progressive with 60 Hz frame rate is the highest resolution for HDMI 2.1 with
48Gbit/s total data rate. The additional clock signal channel was removed, and this lane is used as
additional data channel. Table 2 gives an overview for the different versions of HDMI.

Table 2. Overview of HDMI standards
HDMI version 1.0 1.1 1.2 1.3 1.4 2.0 2.1
Maximum pixel clock
rate (MHz)

165 165 165 340 340 600 no extra
clock

channel
Maximum TMDS
bit rate per lane
including 8b/10b
coding overhead
(Gbit/s)

1.65 1.65 1.65 3.4 3.4 6 12

Maximum total
TMDS throughput
including 8b/10b
coding overhead
(Gbit/s)

4.95 4.95 4.95 10.2 10.2 18 48

Maximum audio
throughput bit rate
(Mbit/s)

36.86 36.86 36.86 36.86 36.86 49.152 49.152

Maximum video
resolution over 24
bit/pixel single link

1920*1200
p/60 Hz

1920*1200
p/60 Hz

1920*1200
p/60 Hz

2560*1600
p/60 Hz

4096*2160
p/30 Hz

4096*2160
p/60 Hz

7680*4320
p/60 Hz

Maximum color
depth (bit/pixel)

24 24 24 48 48 48 48

5.2.1.  HDMI TMDS lines
The signal lanes of HDMI are called TMDS the abbreviation for Transition-Minimized Differential
Signaling. A current source driving 10 mA is connected alternatively to the TMDS+ or TMDS-
line. At the receiver side 50 Ω pull-up resistors are connected to 3.3 V. The nominal differential
termination is 100 Ω.

AN90038 All information provided in this document is subject to legal disclaimers. © Nexperia B.V. 2023. All rights reserved

Application note Rev. 2 — 11 May 2023 20 / 25



Nexperia AN90038
ESD protection for high-speed interfaces without latch-up

aaa-025736

TMDS+

R3
50 Ω

R4
50 Ω

V2
3.3 V

+ sink

- sink
TMDS-

R2
26 kΩ

R1
26 kΩ

V1
3.3 V

I1 
10 mA

Q1
NPN

Q2
NPN

In1_not

HDMI-transmitter

In1

Fig. 29. Structure of TMDS signal path from transmitter to receiver

DVI interfaces have the same structure and the conclusion in this chapter are valid for DVI as
well. For the evaluation of a latch-up risk the minimum resistance of the receiver termination must
be considered. The nominal 50 Ω may deviate by ±10 %. The pull-up resistors have a minimum
resistance of 45 Ω. The supply for the pull-up resistor can be 10 % higher than nominal which is a
worst-case condition.

Latch-up current can be calculated then with the equation:

An HDMI interface requires some attention with respect to possible latch-up conditions. Many
HDMI input circuits are designed with active silicon circuits for the 50 Ω pull-up resistors. HDMI
interfaces have to be safe for short-circuits on the TMDS lines according to HDMI standard
requirements. To avoid overheating of active pull-up resistors, the pull-up voltage is shortly
removed whenever a short is detected at the TMDS lines. This mechanism releases a latch-
up condition. Please note that Transmission Minimized Differential Signal (TMDS) lines begin
data transfer after connection is established. The risk of ESD strikes is much higher during the
connecting process of a cable, and very unlikely to happen at a cable with fully established
connection. In practice, no known field returns are caused by latch-up failures with HDMI
interfaces. If the formula for the maximum possible latch-up current is taken into consideration
using an ESD diode with a higher Ihold any small residual risk for a hang-up is avoided.

5.2.2.  Display Port (DP)
Display port is very popular in computing applications as digital interface between a computer and
a monitor. DP connections are offered as option together with HDMI interfaces. Like for HDMI,
data rate is increasing with newer standards. DP2.0 can support up to 77.73 Gbit/s on 4 parallel
data pairs. As video standard this is 7680 * 420 pixels with 60 Hz frame repetition rate and 12-bit
resolution. Fig. 30 shows the topology of a single data lane. At the TX- and RX-side the single
lines are terminated with nominal 50 Ω against bias voltage supplies (Vbias-TX and Vbias-RX). The
transmitter side is AC-coupled, whereas the receiver input pins are DC-connected to the DP-cable.
The bias voltage can range from 0 V up to 2 V.
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Fig. 30. Structure of Display Port data lane (4 times present per data link)

Fig. 31 shows an equivalent circuit for a single line of a DP interface. ESD protection is placed at
the connectors of the DP-source as well as the DP-receiver. Without a connection, the RX side has
no risk of a latch-up because of the AC-coupling via capacitors. With a connected cable however or
the receiver side stand-alone has to be evaluated regarding a latch-up risk.

With ESD diodes that have a hold voltage above 2 V, the Display Port is safe against latch-up risk.

Vbias-TX Vbias-RX

50 50 

TX-source

RX-sink

Rcable
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Fig. 31. Equivalent circuit of a single data line of Display Port
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6.  Conclusions
Modern high-speed interfaces require high performance ESD protection. A low clamping voltage
must be achieved for incoming surge pulses. Dependent on the data rate of the target interface the
capacitance of the protection diodes must be very small in a league 0.1 pF to 0.45 pF to avoid a
big impact on signal integrity and the signal eye diagram. Snapback topology ESD protection has
become the first-choice solution for sensitive interfaces. In the application note it was shown that
the risk of latch-up can be managed well. For many scenarios like a USB4 super-speed lane there
is no latch-up risk because of capacitive coupling and the absence of a DC path to provide a hold
current. In the other cases the selection of a suitable snapback voltage, hold voltage and current
can eliminate the risk of latch-up. Very often there is a potential latch-up risk for an established
data connection only. In normal handling of an interface, risk of a surge or ESD event is present
when the connection gets established with connecting a cable where the interface pin does not
have a bias voltage yet to keep a snapback device in snapback mode. For higher signal frequency
the effective hold current from the interface is not the same as for in a DC experiment due to an
averaging effect. This reduces risk of latch-up compared to a simple calculation of maximum
single ended signal voltage. Consequently, snapback devices can be recommended as the most
effective ESD protection solution for modern generation high-speed interfaces which can be found
in retimers, redrivers, CPUs or PCI bridges for interface extensions.
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8.  Legal information

Definitions
Draft — The document is a draft version only. The content is still under
internal review and subject to formal approval, which may result in
modifications or additions. Nexperia does not give any representations or
warranties as to the accuracy or completeness of information included herein
and shall have no liability for the consequences of use of such information.

Disclaimers
Limited warranty and liability — Information in this document is believed
to be accurate and reliable. However, Nexperia does not give any
representations or warranties, expressed or implied, as to the accuracy
or completeness of such information and shall have no liability for the
consequences of use of such information. Nexperia takes no responsibility
for the content in this document if provided by an information source outside
of Nexperia.

In no event shall Nexperia be liable for any indirect, incidental, punitive,
special or consequential damages (including - without limitation - lost
profits, lost savings, business interruption, costs related to the removal
or replacement of any products or rework charges) whether or not such
damages are based on tort (including negligence), warranty, breach of
contract or any other legal theory.

Notwithstanding any damages that customer might incur for any reason
whatsoever, Nexperia’s aggregate and cumulative liability towards customer
for the products described herein shall be limited in accordance with the
Terms and conditions of commercial sale of Nexperia.

Right to make changes — Nexperia reserves the right to make changes
to information published in this document, including without limitation
specifications and product descriptions, at any time and without notice. This
document supersedes and replaces all information supplied prior to the
publication hereof.

Suitability for use — Nexperia products are not designed, authorized or
warranted to be suitable for use in life support, life-critical or safety-critical
systems or equipment, nor in applications where failure or malfunction
of an Nexperia product can reasonably be expected to result in personal
injury, death or severe property or environmental damage. Nexperia and its
suppliers accept no liability for inclusion and/or use of Nexperia products in
such equipment or applications and therefore such inclusion and/or use is at
the customer’s own risk.

Applications — Applications that are described herein for any of these
products are for illustrative purposes only. Nexperia makes no representation
or warranty that such applications will be suitable for the specified use
without further testing or modification.

Customers are responsible for the design and operation of their applications
and products using Nexperia products, and Nexperia accepts no liability for
any assistance with applications or customer product design. It is customer’s
sole responsibility to determine whether the Nexperia product is suitable
and fit for the customer’s applications and products planned, as well as
for the planned application and use of customer’s third party customer(s).
Customers should provide appropriate design and operating safeguards to
minimize the risks associated with their applications and products.

Nexperia does not accept any liability related to any default, damage, costs
or problem which is based on any weakness or default in the customer’s
applications or products, or the application or use by customer’s third party
customer(s). Customer is responsible for doing all necessary testing for the
customer’s applications and products using Nexperia products in order to
avoid a default of the applications and the products or of the application or
use by customer’s third party customer(s). Nexperia does not accept any
liability in this respect.

Export control — This document as well as the item(s) described herein
may be subject to export control regulations. Export might require a prior
authorization from competent authorities.

Translations — A non-English (translated) version of a document is for
reference only. The English version shall prevail in case of any discrepancy
between the translated and English versions.

Trademarks
Notice: All referenced brands, product names, service names and
trademarks are the property of their respective owners.
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