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Abstract — A comprehensive study of the limitations of vf-TLP setup for transient measurements is exposed. A
new method, based on a numerical correction of measured data using a commercial Oryx vf-TLP system is
presented. It allows the measurement of ESD pulses up to 1000 V with a time resolution down to 60 ps.

I. Introduction

Design of efficient integrated ESD protections in high
voltage technology (HV) is still a real challenge to
fulfill the constraints of severe environments such as
automotive. Up to now no measurement tool is
available to accurately assess the transient behavior of
high voltage ESD protection devices. Very fast
transient behavior measurement setups have been
reported during the last few years [1,2]. However,
their maximum voltage limitation (~50 V for most
advanced solid-state pulse generators) does not allow
characterizing high voltage protection devices.

We have analyzed the limitations of a commercial
Oryx TLP system for transient measurement analysis
and have developed a new accurate method to extract
transient device behavior from this standard v{-TLP
test bench. Both aspects are brought up in this paper.

In section two, the v{=TLP system used is described.
Its operation and the limitations for transient analysis
are analyzed in section three. Finally, the new method
to obtain accurate transient information is presented
and validated on HV bipolar protection devices.

II. The very fast-TLP system in
TDR configuration

The commercial Oryx Celestron vf-TLP system is
capable of generating short pulses down to 1.25 ns
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duration, with rise-times shorter than 100 ps. As
described in figure 1, it is composed of a coaxial line
(TL1) charged by a high voltage source through a
high value resistor. With the TL1 used, a 5 ns pulse is
produced at each closing of the switch. It then
propagates through TL2, and reaches a voltage and a
current probe.
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Figure 1 : TDR v{-TLP set-up.

The measured signal is sampled by a TDS6604C
Tektronix real-time oscilloscope with an analog
bandwidth of 6 GHz. The pulse then flows through
TL3 to the device under test, where it is partially
reflected depending upon the DUT impedance. The
reflected pulse is also measured by the oscilloscope.

This system then gives an image of both the incident
and the reflected pulse at the DUT, separated by a
time delay. The DUT voltage and current can be
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calculated as a sum of these two components after
time alignment:

Vovr =V TV,

inc ref

IDUT :[[nc+]ref (1)

The superposition of the incident and reflected pulses,
occurring at the DUT, can be recreated using the
“merge box” included in the commercial Oryx v{-TLP
bench [3]. Its effect is to delay the incident pulse so
that the incident and reflected pulses reach the
oscilloscope at the same time.
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Figure 2: Operation of the "merge box"

This “merge box” is inserted in series in between the
voltage and current probes and the oscilloscope. As
represented in figure 2, a 6 dB power divider splits the
signal into two components. One of these components
is directly transmitted to the oscilloscope, while the
other is conducted to a fixed 15 ns delay line and a
line stretcher with a 630 ps range, allowing a precise
adjustment of the delay applied on the incident pulse.

The delay is generally tuned visually by measuring
the voltage on a short-circuit and the current on an
open circuit. The superposition of the delayed incident
pulse and the reflected pulse is adjusted to be equal to
Zero.

III. Operation and limits

The vf-TLP system described in the previous section
is perfect for quasi-static measurements. The quasi-
static voltage and current values are evaluated from an
averaging of the measurements recorded during the
last nanoseconds of the waveform. The averaging
window can be tuned by the user, in order to avoid
misalignment problems. A full “multi-point”
calibration of the bench can also be done before the
measurements, to partially correct the errors brought
by the attenuation through the cables.

However, there are two sources of errors, mismatch
issues between incident and reflected pulses and the
filtering of the signal by the measurement setup,
which become major concerns when making transient
measurements.

A. Evaluation of the alteration caused
by the set-up on the signal

The system itself filters the signal, which is the main
reason for the signal alteration. The cables, voltage
and current probes as well as the merge box induce
various signal attenuations.

1. Frequency dependant attenuation from the
coaxial cables and the merge box

The error from the non-ideality of the coaxial cables
has to be taken into account since significant lengths
of cable are used. Indeed, the incident pulse measured
on the scope undergoes attenuation from TL2, TL4
(fig.1) and the internal delay line and line stretcher
from the merge box (fig. 2), while the reflected pulse
is attenuated by TL2, TL3 twice, and TL4. In
comparison, the pulse, when arriving on the device
under test, is only attenuated by TL2 and TL3. TL2,
TL3 and TL4 are of the same cable type, (0.25 dB/m
attenuation at 1 GHz), while the delay line and the
line stretcher from the merge box have a weaker
attenuation coefficient (0.22 dB/m at 1 GHz).

Altogether, for example at 1GHz, the attenuation
brought by the cables from the generator to the scope
is approximately 0.85 dB for the incident pulse, 0.90
dB for the reflected pulse, while the attenuation on the
signal when it reaches the device is only 0.45 dB,
which means that the error is approximately 0.40 dB
and 0.45 dB respectively for the incident and reflected
pulses at this frequency. Moreover, the frequency
dependant attenuation and frequency dispersion of the
signal bring a quite important error in the
measurement of the DUT’s transient behavior.

2. Filtering from the voltage and current
probes

The non-ideal frequency response of the probes is
another source of error. Indeed, the voltage and
current probes are respectively a pick-off tee and a
current transformer, whose frequency transmission
characteristics are represented on fig. 3. The cutoff
frequency (2-3GHz) of the current probe is too low
and its attenuation too important at high frequencies
to use it as a precise transient characterization vf~=TLP
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tool. But the voltage probe is suitable for pulses with
frequency components less than 3 GHz. The voltage
probe (resistive pick-off tee) presents capacitive
coupling effects between its input and its output,
which explains its increasing transmission coefficient
with increasing frequencies.
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Figure 3: Frequency transmission coefficients of the voltage and
current probes. The current probe has a 2 GHz cutoff frequency.
The voltage probe has a 3 GHz cutoff frequency.

3. Results of the distortion by the cables, the
voltage probe and the merge box

The merge box has a strong impact on the signal. The
power dividers, the line stretcher and the delay line
bring important attenuation and distortion. When
added to the filtering from the probes and from the
coaxial cables, this distortion can change a square
pulse into a “RC load” type waveform, as can be seen
on fig. 4.

Figure 4 shows a comparison between a 5V pulse
measured directly at the end of TL3 (figure 1), before
reaching the DUT (Vipur), and another 5V pulse,
distorted by both the vf-TLP measurement box and
the merge box (Vipemes). The latter one has been
multiplied by a factor 120, as done in the Oryx
software, to correct the data from the +30 division of
the pick-off tee, and the two +2 divisions of the merge
box’s power splitters.

A good calibration of the setup can be done, based on
a point-by-point characterization, using both an open-
circuit and a short-circuit. In the case above, the
measured waveform has to be corrected by a
calibration parameter in order to reach a 5V value on
the plateau. This correction is suitable for quasi-static
measurements if the calibration and the measurement
are done using the same sampling window, but is not
sufficient for transient measurements, since, as we can
see, the difference between the measured signal and
the real one is time-dependant, and seems to stabilize
only after approximately 5 ns.
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Figure 4: incident waveforms measured as seen by the DUT
(Vinepur), and at the output of the merge box, as seen by the
oscilloscope (Vinemeas)- The distortion on the measured signal is
visible.

B. Delay adjustment issues

As developed previously, the adjustment of the merge
box voltage channel delay can be done by measuring
the voltage on a short-circuit. A micrometric screw
allows this adjustment with a resolution of 5 ps. One
can consider that the fit is done when the positive and
negative peaks caused by the mismatch of the incident
and reflected pulses are cancelled.

However, a certain range remains, where these peaks
are surrounded by noise, which makes them harder to
detect. Moreover, most of the time, a slowly
decreasing residual voltage, due to the non-zero spark
resistance in the switch pulse generator, can be
present long after the fall of the incident pulse, and
can reach up to 10% of the pulse’s amplitude. This
residual voltage is superimposed on the measurement
noise, and, altogether, this brings an important source
of error for the delay adjustment.

As an example, let us consider a 100V pulse with a 1
ns rise-time, a 1 V amplitude noise, and a 9 V residual
voltage Vg (Fig. 5). The uncertainty on the delay fit
can be approximated by:

_ Vi +noise

At =277 —100ps @)
dVv
%lt
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Figure 5: Schematic representation of the uncertainty in the
adjustment of the merge box delay, in a particular case.

IV. A new methodology for
measured data correction

The solution we developed to solve the problems cited
above is based on a mathematical post-processing of
the data measured with the oscilloscope. The accuracy
of the measurements is greatly enhanced, so that the
actual limitation for precise measurements is the 6
GHz analog bandwidth of the oscilloscope, which
corresponds to a 58 ps rise-time.

C. Principles of the method

The proposed method is somewhat similar to the one
applied on a TLP bench in [1]. However, the
separation of incident and reflected pulses in vf{-TLP
leads to a different treatment in the measurement data.
Moreover, the use of wafer RF probes simplifies the
problem, since no parasitic inductance has to be taken
into account.

The setup has been reduced to the voltage pick-off
tee, avoiding the problems of the merge box and the
current probe. The current probe is not necessary,
since the current can be calculated from the voltage
measurements, as shown below (equation 8).

The principle is as follows: the set-up can be
considered as a 3-port system, with the corresponding
transmission coefficients S21, S31, and S32 (fig.6).
The frequency losses due to the different parts of the
system and the propagation delays are fully
characterized in the frequency domain by the S-

parameter coefficients of the different wave paths (fig.
6).

Vmeas, 1 Vmeas, 2

Port 3

S31 S§32

Port 2

Vinc, DUT

V PROBE Vref, DUT

S21
Figure 6: Schematic representation of the S parameters measured.

We can use these coefficients to recalculate the real
voltage and current waveforms as seen by the DUT.
Indeed, in the frequency domain, since all the
transmission lines have a 50 Q characteristic
impedance (Z¢) in the frequency range used for the
calculation, the injected voltage Vg, the incident
(Vineput) and reflected (Vi put) pulses at the DUT
can be directly computed from the measured incident
(Vimeasn) and reflected (Vines2) pulses, using the
transmission coefficient S32, S21 and S31 (measured
with a Vector Network Analyzer) in the following
way:

Vmc,DUT ()= SZlVgen ()

V() =SLV )

With Viess1 and Vieo the incident and reflected
pulses measured on the scope (fig. 6).

3)

= Vppr (f) = i—V () )
Then, with
Vg our () = SLV ) (5)
we obtain:

Viour (f) = Vinc,DUT (f)+ Vref,DUT f)

Vo (N =27+ 0l ©

S3l S32
Then, with
Vi’7C (f)
Iinc,DUT (f) = %
(7)
Vre' (f)
]ref,DUT = _%
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Transformations from the time domain to the
frequency domain and from the frequency domain to
the time domain are being done respectively by means
of fast Fourier transformation and inverse fast Fourier
transformation algorithms.

The measured signal has first to be split into its two
“incident” and “reflected” components. These two
pulses have to be well separated for an accurate
extraction of the reflected pulse. To do so, one can
extend the “TL2” coaxial cable between the pick-off
tee and the DUT (fig.6). But the overlap of the
incident pulse on the reflected one can also be
corrected using additional calculations.

S-parameter measurements were performed using a
9kHz-4GHz ZVRE Rohde & Schwartz VNA for low
frequencies and a 40 MHz-40 GHz 37369c Anritsu
VNA for higher frequencies. Since the wafer RF
probes cannot be easily characterized in the frequency
domain, they were not included in the measurements,
but approximated by an ideal 80 ps delay, measured in
the time domain (vf-TLP).

The principle of the method is based on the hypothesis
according to which the S-parameter coefficients of the
system do not depend on the injected power, so that it
will react similarly to a 0.1 mW sinusoidal signal
(from a VNA) and to a 500 V v{-TLP pulse.

This hypothesis of the “power linearity” of the voltage
probes cannot be verified with a VNA, since none of
these tools is capable of injecting power as great as
those encountered during vf-TLP measurements.

But it is possible to inject vf-TLP pulses from the
input (port 1 from fig. 6), and to compare the spectra
of the pulses obtained at the 2 different outputs of the
system (port 2 and 3 from fig. 6). This was made for
four voltages between 10V and 180V. Fig. 7 shows a
comparison of the ratio Vpgua/Vpens for these different
voltages. The pulses obtained at these two ports were
measured simultaneously on two different channels of
the scope, and their spectra were obtained from fast
Fourier transformations.

This Vpep/Veons ratio seems to stay constant whatever
the injected power, which indicates that the voltage
probe’s behavior is linear for increasing powers.
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o 271|—VILP=tov
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Figure 7: Measurement of the linearity of the voltage probe for
different input voltages, from 10V to 180V. A 30 dB attenuator

with a 12 GHz pass band was inserted after port 2 to protect the
input of the oscilloscope.

D. Application on ESD protections
testing

The easiest way to test the accuracy of the new
method is to make a measurement on an open circuit
and to calculate the incident and reflected pulse
waveforms as seen by the open circuit (fig. 8 and 9)
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>
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o 2
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Figure 8: Comparison of the waveforms calculated for the incident
and reflected pulses on an open circuit.

These two waveforms being obtained from two
different paths according to equations 4 and 5, (S21
and S31 for the incident wave and S32 for the
reflected one), their good superposition (~1% error)
allows us to trust the accuracy of the method.

Authorized licensed use limited to: LAAS. Downloaded on January 11, 2010 at 03:29 from IEEE Xplore. Restrictions apply.



\Y 1 V;nc,DUT’ Vref,DUT

[ }

| ‘

S ] | 1
meas,1 Xi [ ‘ X—

t to

Figure 9: Calculation of the incident and reflected pulses on a
perfect open-circuit. In this case, the two pulses should be equal
and perfectly aligned in time.

The accuracy of the method for quasi-static
measurement has been tested too, both on a short-
circuit and on an open-circuit, between 1 V and 1000
V TLP (fig. 10). The results showed a less than 300
mQ resistance for the short-circuit, and a more than 7
kQ resistance for the open-circuit. Here, the main
limitation is the 8 bits coding of the vertical range of
the scope, which leads to a 4 V vertical resolution in
the case of a 1000 V TLP pulse.

a) Short-circuit
20 |
15

10

I(A)

b) Open-circuit

0.12

0.1 1
0.08
0.06 -
0.04 1

I(A)

0.02 1

O T T T T
0 200 400 600

v(v)

Figure 10: vf-TLP-type measurement results obtained by
averaging V(t) and I(t) plots at different TLP voltages, on a short-
circuit (a), and on an open-circuit (b).

Figure 11 shows a series of vf-TLP measurements at
250 V precharge voltage on a 40 V grounded NPN
bipolar protection in a Smart Power technology, with
different rise times. The observed increasing of the
overshoot with decreasing rise times corresponds to
the 2D TCAD simulation predictions.

Fig. 12 shows a comparison between corrected data
and data measured using the classical set-up,
including the merge box. We can observe the effects
of signal filtering on the aspect of the “Vcasured 175
“Vmeasured 2 aNd “V omected curves: the 240 V/ns dV/dt
slope of the measured data is increased by a factor
25% in the corrected data, and the holding voltage is
decreased by 15%. The error in the holding voltage of
the measured data can then be corrected for quasi-
static measurements, as explained in section II1.A.

A bad adjustment of the merge box’ delay can also
lead to important errors in the extraction of the
overshoot peak maximum voltage (15 % error in our
case).

a)
120 -
100 tr=175ps
——1tr=300ps
80 1 tr=1ns
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Figure 11: voltage (a) and current (b) waveforms obtained on a
NPN bipolar protection at 250 V, with rise-times between 175 ps
and 1 ns.
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Figure 13 shows a series of measurements on two
grounded NPN bipolar protections, DUT1 and DUT 2,
in a Smart Power technology. The two components
are identical except for their base doping, DUT 2
having a more heavily doped base than DUT1. This
leads to a different behavior, such as a different
breakdown voltage (17 V for DUT1 and 22 V for
DUT2) and a different on-state resistance (9 Q for
DUT1 and 7 Q for DUT2).

Transient vf-TLP measurements were done for
different current levels, and the peak maximum
voltage V.., was extracted for every current level.
The results are plotted on fig. 13, with the maximum
voltage V..x on the x-axis, and the quasi-static current
I on the y-axis. The quasi-static I-V curves were
plotted for comparison.

As we can see, DUT 1 presents a lower overshoot at
every current level than DUT 2, despite its bigger on-
state resistance. This could be explained by its lower
base doping, which leads to a greater diffusion
coefficient of the electrons through the base Djpgase,
and thus to a smaller transit time of the electrons
through the base 1.z, as can be seen in equation 9.

Wz
_ B
T,=—b— )
4DnBase
120 +
100 | Vcorrected
——Vmeasured 1
80 1 Vmeasured 2
EGO b
>
40 |
20 4
0 k=l

0 1 2 3 Hns) 4 5 6
Figure 12: Voltage measurements obtained on the same device,
with a 300 ps rise-time. The black curve represents the voltage
obtained with the described method. The two other curves
represent data measured using the conventional set-up, with a 150
ps delay difference in the merge box adjustment.
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Figure 13: Quasi-static and transient measurements on two NPN
devices with different base dopings.

V. Conclusion

In this paper, a simple post-processing method for the
measurement of high voltage transients was presented.
The limits of actual commercial vf-TLP systems were
first exposed, and the basis of the method was
explained. The validation on simple cases and on an
ESD protection device was shown.

One of the main advantages of this method is the
possibility of its realization with a standard
commercial vf-TLP bench. The actual limitations for
the precision of the results are the 6 GHz analog
bandwidth of the oscilloscope and its 8 bits coding of
the measured voltage, which only brings a 4 V
resolution in the case of a 500 V incident pulse
amplitude (1000 V TLP).
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