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the injected current with
smaller magnitude and
shorter pulse (UF-TLP)
has damaged the victim

GOX due to larger
peak voltage.

Investigation of the same
ESD protection circuits
with UF-TLP shows
better correlation, even
though the UF-TLP
underestimates the CDM
robustness consistently
by 0.5-1 A fail current,
see Figure 5. This indicates that the rise time of the
CDM pulse is slightly slower. In terms of the design
robustness the worst-case assessment by UF-TLP is
appropriate. With UF-TLP, the test structures have a
range of fail currents because of the statistical nature

of GOX breakdown.

Calibration of Schematic with TLP

To accurately model the circuits under a CDM

event, we incorporated the parasitics of interconnect.
Resistance of the primary ESD paths including
branch-point resistance and resistance to the victim,
were extracted using a PathFinder-based extraction
tool [5]. The inductance of metallization was estimated
using 0.3pH/um rule on measured length of highest
metallization from primary diodes to supply/ground

Vdd

-

Diode Parasitics
Metalization Parasitics §

Figure 6: Modified NoCap schematic

Figure 5: Comparison of CDM and UF-TLP measurement results

bump [8]. Interconnect
parasitics are shown as

blue instances in Figure 6.
Diode models were also
improved for fast and large
currents during CDM
discharge by involving
intrinsic resistance and
forward recovery inductance
of the diode. These were
extracted from diode’s
UF-TLP measurements and
are shown as red instances
in Figure 6. Intrinsic
resistance is extracted

from the ratio of quasi-static voltage to quasi-static
current after diode turns-on during UF- TLP. Forward
recovery inductance is extracted from the ratio of
initial voltage overshoot to the rate of change of
current (di/dt) during UF-TLP. These guidelines were
used for modifying schematics, as shown in Figure 6,
for all eleven ESD protection circuits.

Transient simulation was performed to check validity
of interconnect parasitics and enhanced diode
modelling. Rectangular current pulse, with 20ps
risetime, was used as stimulus between RX pad and
ground of the circuit “NoCap.” Shown in Figure 7,
UF- TLP simulation and measurement results of
“NoCap” are compared on a TLP IV plot which

produced some surprising results. In this quasi-static

Figure 7: Simulated plateau voltage at bump/pad
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region, the simulated voltage response fits well to the
measured voltage response for different input currents.
'This validates resistive modelling and shows that

the resistance extraction tool produced accurate path
resistance values.

In Figure 8, a good match is shown between the
simulated RX peak voltage and the measured pad
peak voltage noted from voltage pulse corresponding

cly H V
o1 (1 i
2
P 5
z
= 0 ® Simulated Peak Voltage at UF-TLP Fail
f ¥ Measured Peak Voltage at UF-TLP Fail
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Figure 8: Peak voltages at UF-TLP failure currents
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Figure 10: Voltage pulses during CDM simulation

to the UF-TLP current pulse at failure of the

circuit. The vertical spread of blue inverted triangles
corresponds to slight variation in failure currents due
to statistical nature of GOX breakdown between
samples. Simulation was performed with the measured
failure currents and peak voltage plotted as red circle.
The match between simulation and measurements
provides confidence in the quality for the retrofit of
the inductance values. Please note that due to topology
of the presented circuits, significant amount of CDM
current flows through the primary ESD stage so the
peak voltage is dominated by its parasitics. This also
indicates negligible contribution of the power clamp
ESD path to the peak voltage at the pad.
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Figure 11: Comparison of CDM simulation and measurement results
(a) simulated peak voltage across GOX (b) and prediction error in
CDM simulation (c)
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A novel CDM simulation approach involving current-force fransient simulation

with 20ps rise time component in the
predict CDM failure.

CDM current pulse has been shown to

CDM SIMULATION SETUP

The fast rise time component in the CDM pulse
originates from the initial spark discharge of the
pogo pin stray capacitance and only contributes a
part of the full peak current of the CDM pulse in the
initial phase of the waveform, this has been proved
by measurement and simulation in [2]. Distribution
of the first 70% of the full CDM peak with 20ps rise
time and the last 30% peak with a rise time of 100ps
is chosen for the CDM simulation in this study as
according to the CC-TLP study in [2], it predicts the
failure of LNA circuit correctly.

The VSS network is relatively large, in terms of area,
compared to the VDD network in our test structures.
Considering the ratio, we assumed distribution of
CDM relevant change of 10% on the VDD network
and 90% of the charge on the VSS network. The
CDM charge sources are simulated as current sources
where the current source between pad and VSS rail
contributes 90% of the current and the second current
source between pad and supply rail adds 10% to the
CDM current at the pad. The current waveform, shown
in Figure 9, is used as current force into RX
during transient analysis of circuit, as shown in
Figure 6,in SPICE simulation. The maximum
voltage across GOX of the victim from the
voltage pulse in Figure 10, is compared it to the
oxide breakdown voltage as the failure criteria.

CDM SIMULATION RESULTS
For CDM simulation, different Ipeak

current pulses, having same characteristics
as shown in Figure 9, were generated and
distributed between the VSS and the VDD
net. Experimentally assessed P/NMOS
GOX breakdown voltages, were used as

a fitting-parameter (GOX breakdown
uncertainty) to predict the breakdown current
of the different LNA variants. The stronger
victims with higher breakdown voltages,
PMOS in CDM-negative and NMOS in
CDM-positive, were disregarded during

evaluation. The voltage failure criterion is indicated

by the dashed line in Figure 11b and corresponds to
NMOS (inversion) in CDM-negative and PMOS
(accumulation) in CDM-positive. For measured CDM
currents, the legend is common between Figure 11a
and Figure 11b. CDM simulation was performed with
the recorded CDM-Pass and CDM-Fail peak currents
which are shown in Figure 11a. For each case, the peak
voltage across GOX is plotted in Figure 11b. These
values have been normalized by the corresponding
MOS GOX breakdown voltage. Figure 11b clearly
shows that the method evaluates and differentiates
between CDM-Pass and CDM-Fail based on GOX
breakdown. The criterion is chosen to minimize the
error in predicted pass-current of all investigated
structures, shown in Figure 11a. Shown in Figure 11c,
is the CDM prediction inaccuracy for each test-
structure which has been calculated using the data

from Figure 11a. The term Measured LastPass refers to
the highest measured peak discharge current during
CDM stress where the structure survived or did not
show any degradation in the post-stress DC evaluation.
CDM prediction average inaccuracy is ~10% for the
negative and ~15% for the positive.
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SUMMARY

A novel CDM simulation approach involving current-force BSOLUTE EMC
transient simulation with 20ps rise time component in thf': 'CDM Trust Matters!
current pulse has been shown to predict CDM failure. Initial 5

20ps rise time provides a much better prediction of the CDM wBP e GjU®
failu'rc? leve.l du.e t(;1 GO})I( b)i‘eak.dolwn of MSSI?‘I;;T device .in th; Exclusive Partne e

receiving circuit than the classical approach with assumption o

a 100ps risetime pulse. The importance of interconnect parasitics GD H A E F E LY

and diode modelling during CDM simulations has also been Current and voltage — our passion

highlighted. The methodology has been proven for a set of
11 ESD protection circuits, different topologies with gate-at-pad MAG 1000

designs, in a state-of-art technology. @ D
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SMITH CHART AND VOLTAGE STANDING

WAVE RATIO

By Bogdan Adamczyk

his article explains how to use a Smith Chart

to determine the voltage standing wave ratio
(VSWR). The concept of the standing waves and
VSWR was described in detail in [1], while the
Smith Chart construction and its use for determining
the input impedance to the transmission line was
discussed in [2,3,4].

Let’s briefly review these concepts to provide the
background needed for determining the VSWR
graphically using a Smith Chart. Consider the
transmission line circuit shown in Figure 1. A
sinusoidal voltage source ¥ with its source impedance
2 drives a lossless transm1ss1on line with characteristic
1mpedance Z,, terminated in an arbitrary load 2

Zs i)
4 .J'-. I - - -
MR Zc +
s P(d) 12,
mn [d) |
d=1L d=d «— d=0

Figure 1: Transmission line circuit

In this model, the load is located at & = 0, and the source
is located at 4 = L. The magnitudes of the voltage and
current at a distance 4 away from the load are [1]

|?(d)| = |p+

[1 + f'ie-ﬂfd]l (1a)

[fe| = |p—| [~ Foemse]| (1b)

where |V*| denotes the amplitude of the forward
propagating voltage wave, f is the phase constant,
related to the wavelength, A, by

27
=% @)
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and ', the load reflection coeflicient given by

_ ZL_ZC'
ﬂ' - 2L+ZC' (3)

A sample plot of the voltage and current magnitudes is
shown in Figure 2.
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Figure 2: Magnitudes of the voltage and current for an arbitrary load

Except for the case of a matched load, the magnitudes
of the voltage and current vary along the line. This

variation is quantitatively described by the voltage
standing wave ratio (VSWR) defined as

[Pnas]

|len|

VSWR = S = (4)
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When the load is short-circuited or open-circuited,

|V .|=0,and
w Z; =0

5= 5
{oo 7, = ©)

When the load is matched, we have

S=1, 2}‘:25' (6)

In general,

1<S<w (7)

VSWR can also be expressed in terms of the
magnitude of the load reflection coeflicient as

1+|ﬁ_|

5=

®)

Let’s return to the load reflection coefficient. Being a
complex quantity, it can be expressed either in polar or
rectangular form as

F=rel =r+jI ©9)

If we create a complex plane with a horizontal axis
I’ and a vertical axis I',, then the load reflection
coeflicient will correspond to a unique point on that
plane, as shown in Figure 3.

I;

F=1,0°<8 < 360°
unit circle

N

_ any other load

f=1=10
_ open circuit load

ri'

~
&

f=-1=1,180 4
short circuit load S f=0=020

matched load

Figure 3: Load reflection coefficient and the complex I plane

'The magnitude of the load reflection coefficient is
plotted as a directed line segment from the center of
the plane. The angle is measured counterclockwise
from the right-hand side of the horizontal I axis.

For passive loads, the magnitude of the load reflection
coeflicient is always

0<r<i1 (10)

Figure 4 shows a Smith Chart with the circle (not a
unit circle) centered at the origin of the complex plane.

Figure 4: Smith Chart and the magnitude of the load reflection
coefficient

All points on this circle have the same value of
|F, | = I Thus, this is a constant I circle. Now, recall
Eq. (8), repeated here

— 14T

s=10 (11)

or, equivalently,

-
F=5 (12)

Since I is constant, all points on this circle will have
the same value of S. Thus, this is also a constant

VSWR circle. To determine the value of S, we
proceed as follows [5].
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