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A new Jitter Mitigation feature in the latest generation laser voltage probing (LVP) tool effectively
removes PLL jitter from LVP waveforms [Ng Yin S, Lo W, Wilsher K. Next generation laser voltage probing.
In: Proceeding, international symposium on testing and failure analysis; 2008. p. 249]. It facilitates the
probing of phase-locked loop (PLL) driven circuitry inside of integrated circuits (ICs). In particular, it
allows the detection of small amounts of excess jitter that would normally be masked by the much larger
jitter of the PLL. To demonstrate the practical application of this Jitter Mitigation feature, we report on the
jitter analysis of a PLL-generated clock signal as it propagates, through buffers and logic circuitry, to an
external I/O pad of an IC. The IC was a 0.9 V, 65 nm technology graphics processing unit (GPU). The anal-
ysis was to determine where excess jitter was introduced into the clock path when the GPU was electri-
cally stressed. Details of the jitter analysis, including Jitter Mitigation methodology, probing setup, and

results of the timing measurements, will be presented in this paper.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Excess jitter was found on one of the clock outputs of a GPU
when it was electrically stressed. Electrical characterization of
the GPU revealed that the other clock outputs generated by the
same PLL did not exhibit excess jitter. This indicated that the ex-
cess jitter was not generated in the PLL itself, but was injected
somewhere along the clock signal path. Period jitter measurements
made electrically at the external I/O pin showed that jitter in-
creased from 37 ps (full width at half maximum, FWHM) in idle
mode, to 54 ps when the chip was fully stressed. Assuming random
jitter sources, the excess jitter is calculated to be:

(54 ps)® — (37 ps)* = 39 ps (FWHM).

An LVP analysis was undertaken to identify the location along
the internal clock path where this extra 39 ps of jitter was intro-
duced. The latest generation LVP tool was selected because of its
new Jitter Mitigation feature, its high intrinsic bandwidth (up to
20 GHz) and its low-voltage probing capabilities (Vgq < 0.5 V).

In traditional LVP, the signal of interest is acquired in reference
to a separate electrical trigger signal that is provided to the probing
tool [2]. This trigger is usually generated by an automated test
equipment (ATE) tester, or is derived from the crystal oscillator
of a system applications board (hereafter, both will be referred to
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as the device under test stimulus). The stimulus also provides
the reference clock signal to the device under test (DUT). The trig-
ger signal is therefore synchronous with, and coherent to, the
DUT’s reference clock.

On-chip PLLs are typically used to derive higher frequency core-
clock signals from the provided reference clock. Since PLLs invari-
ably introduces jitter between its reference and output clock sig-
nals, waveforms acquired using a traditional LVP tool on circuits
driven by a PLL will have the PLL’s jitter embedded in the acquisi-
tion. Because PLL jitter is usually the dominant form of jitter in a
chip, it can mask the jitter from other sources.

Jitter Mitigation provides a solution to this problem by enabling
the LVP system to be triggered by an edge of another clock refer-
ence. This new clock effectively becomes the timing reference
and all jitter measurements are made relative to that clock. For
example, if a direct output from the PLL is available, the PLL clock
can become the timing reference for LVP measurements.

In this paper we took a slightly different approach. As a direct
output of the PLL was not available, the output of the clock tree
that was exhibiting the excess jitter was used as the timing refer-
ence, requiring us to work backwards towards the jitter source. De-
tails are presented in the following sections.

2. Period jitter

Period jitter (Fig. 1) is defined as the maximum change in a
clock’s output transition from its average, and is typically quoted
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Fig. 1. Definition of period jitter: the deviation of the period from the average
period.

as a peak-to-peak value for deterministic jitter to indicate the max-
imum change in the clock period. Root mean square (RMS) values
are typically used if the jitter source is random. Random jitter fol-
lows a normal distribution and is not bounded by a simple peak-to-
peak value.

Period jitter is measured electrically using an oscilloscope by
triggering on one clock edge and setting the time-base parameters
to display the next corresponding edge. Traces are accumulated
using a long persistence value of the oscilloscope and a histogram
is generated of the crossing point of the edge. Jitter parameters,
including peak-to-peak and RMS values, are given by the histo-
gram statistics generated by the oscilloscope (see Fig. 2).

3. Measuring jitter with LVP

There are several key differences between measuring period jit-
ter on an oscilloscope, and measuring jitter using Jitter Mitigation
on an LVP tool.

First, the oscilloscope is capable of being triggered by the signal
being measured itself while the LVP tool requires a separate elec-
trical signal to generate the trigger. This difference means that
LVP waveforms are sensitive to jitter introduced on the electrical
trigger signal path as well as to jitter introduced on the signal path
of interest. To separate the two contributions, the jitter on the trig-
ger signal path itself can be first characterized by LVP probing. This
limitation did not impact our analysis because the signal path of
interest was driving an I/O pad, which we were able to trigger on.

Second, the particular clock edge that the oscilloscope triggers
on is random, so that all possible clock periods can be (eventually)
captured. The LVP tool, on the other hand, requires a fixed trigger
period (i.e., loop length), and, therefore, may not sample all possi-
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Fig. 2. Histogram measurements of a rising edge of the GPU clock signal to
characterize period jitter on the device’s external output. RMS (i.e., standard
deviation) value of jitter is 15.7 ps. Converting to FWHM (by multiplying by 2.35 for
a normal distribution) gives 37 ps jitter.
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Fig. 3. Diagram illustrating how jitter convolves with signal rise-time in LVP
waveforms due to averaging: (A) shows a jittery edge that is sampled by the LVP
tool over multiple repetitions of the signal and (B) shows the resultant LVP
waveform in which each point is generated by averaging the individual measure-
ments. LVP measured rise-time is degraded by the jitter.

ble clock periods. Thus, the LVP jitter measurement may not give
the true extent of jitter in the signal. This limitation did not impact
our analysis because our approach did not require measuring the
true extent of jitter, only the relative jitter difference between
two modes of chip operation.

Finally, a single LVP measurement has signal-to-noise ratio
(SNR) < 1 (which is why the LVP tool can not be directly triggered
by the signal being measured) so single-shot LVP waveform cap-
tures are not possible. To achieve a useful SNR in the final LVP
waveform, many individual measurements must be averaged to-
gether. Unfortunately, averaging prevents jitter from being directly
detected in the LVP waveforms: jitter is convolved with the mea-
sured rise/fall time of the node being probed and can only be de-
tected through its effect on waveform rise/fall times (see Figs. 3
and 6).

Several factors influence the measured rise/fall time of the LVP
waveforms: (1) The intrinsic rise or fall time of the node, tsyicch; (2)
the step response time of the LVP tool, t;,, (=0.35/BW, where BW is
the tool bandwidth); and (3) jitter, including PLL jitter and any ex-
cess jitter caused by signal cross-talk, etc.: Jp;; and Jexcess-

All of these components convolve together to give the rise/fall
time of the acquired LVP waveform. Assuming Gaussian response
for all components (random jitter, Gaussian frequency response
of the LVP system, and Gaussian-integral edge profile!), the rise/fall
time, tgyr, of the acquired waveform is given by adding all of the con-
tributions in quadrature:

tr;r = \/(tLVP)Z + (tSwitch)Z + UPLL)Z + UExcess)z (1)

where Jp;; and Jeycess are FWHM measurements of the corresponding
jitter distribution, and all rise/fall time measurements are 20-80%
values.? Since all of these factors convolve together to affect the
measured rise/fall time, detecting a small amount of excess jitter re-
quires reducing the contributions from all other factors as much as

1 That is, the edge is assumed to be modeled using an error function, erf(x). In
practice, edges are fitted to a hyperbolic tangent function, tanh(x), using the LVP tool.
Assumption of an erf(x) fit is justified here since the differences are minor in the
context of this discussion.

2 More properly, the rise-times should be measured from 24% to 76% points to
match the FWHM measurements of the other factors. However, 20-80% rise/fall time
measurements are more common, and the error in using 20-80% values is <10%,
which is not significant in the context of the discussion.
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possible; hence the importance of having a high-bandwidth LVP tool
(to minimize t;yp) and Jitter Mitigation (to eliminate Jpy;).

The following simple estimates, based on the application of Eq.
(1), demonstrate the importance of eliminating the contributions
of PLL jitter for detecting small amounts of excess jitter. Assuming
tvp =20 ps (17.5 GHz), tswitch =40 ps, and Jp;; =100 ps, and using
JExcess = 39 ps (obtained from the electrical measurements):

(A) For the case of no Jitter Mitigation:

tr(idle) = \/ (20)* + (40)* + (100)* + (0)> = 110 ps (2)
and
tr(stress) = \/ (20)* + (40)* 4 (100)* + (39)* = 116 ps 3)

for idle and stressed conditions, respectively. This represents a 3.5%
change in measured rise/fall time, which is extremely difficult to
reliably discern with LVP.

(B) With Jitter Mitigation:

tryr(idle) = \/ (20)> + (40)* + (0)* + (0)* = 45 ps (4)
and
tryr(stress) = \/ (20)* + (40)* + (0)* + (39)> = 59 ps (5)

for idle and stressed conditions, respectively. This gives a 28% differ-
ence in measured rise/fall time. This magnitude difference is much
more reliably discerned which, again, demonstrates the importance
of eliminating the effects of PLL jitter for our analysis.

4. Jitter Mitigation

Details of the Jitter Mitigation features implemented in the lat-
est LVP tool have been previously reported [1]. Here we only pro-
vide an overview. Jitter Mitigation requires both an electrical clock
timing reference of interest (for example, the output of the internal
PLL) and the normal trigger signal that is generated or derived from
the DUT stimulus. The Jitter Mitigation circuitry of the LVP tool
uses the normal trigger signal to ‘qualify’ or select a single edge
of clock timing reference. (we refer to selected clock edge as the
“qualified clock edge,” or QCE).

Fig. 4 is a timing diagram showing how the QCE is selected
using the Jitter Mitigation electronics, and how it is used to reduce
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Fig. 4. Timing diagram illustrating Jitter Mitigation operation. All timing is shown
relative to the QCE (arrow). The normal trigger (top) is used to select, or qualify, an
edge (arrow) of the core-clock from the PLL for use as the timing reference for the
measurements. Jitter in the signal of interest in the core-clock domain is removed
from the measurements if it is coherent with the jitter of the QCE.

jitter. For clarity, signals are shown from the vantage of the QCE
(that is, the QCE is assumed to be fixed in time while everything
else jitters relative to it). The on-chip PLL introduces jitter between
the normal trigger (top) which is generated by the DUT stimulus,
and the core-clock from the PLL (bottom). Any signal of interest
(middle) in the core-clock domain has jitter that is synchronized
with the jitter in the PLL clock and any following logic. The Jitter
Mitigation electronics uses the normal trigger signal to qualify an
edge of the core-clock (arrow) to use as the time reference for
the measurement, instead of using the normal trigger itself. Jitter
in the signal of interest that is synchronized with the jitter of the
QCE is, therefore, removed from the measurement.

Fig. 5 illustrates how Jitter Mitigation can be applied to help
localize subtle sources of jitter by eliminating PLL jitter. Fig. 5A is
a block diagram of the clock path from its source at the input
pad, through the PLL and logic cloud, to its output pad. The PLL
and the logic cloud both inject jitter into the clock signal. Fig. 5B
shows how, from the vantage point of the stable reference clock
signal at the input pad, the excess jitter injected by the logic cloud
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Fig. 5. (A) Block diagram of clock signal path from input to output. Jitter is injected
into the signal by the PLL, as well as by the activity in the logic cloud. (B) Falling
edge of clock signal at different points in the clock signal path, from the prospective
of an observer in the clock domain of the stimulus. (i), (ii), and (iii) represent a
falling edge at the corresponding points in the signal path in (A). From this vantage,
jitter in the falling edge increases from (i) to (iii). The excess jitter introduced by the
logic cloud is small relative to the total jitter, which is dominated by the PLL. (C)
Falling edge of clock signals from the prospective of an observer in the output clock
domain. From this vantage, jitter increases from (iii) to (i). The small amount of
excess jitter injected by the logic cloud now represents a relatively large change in
total jitter, which is easier to detect.
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Fig. 6. Example of LVP waveforms taken without Jitter Mitigation (top) and with
Jitter Mitigation (bottom). Rise times, measured between the 20% and 80% points of
each waveform, are 95ps and 39 ps, respectively. These waveforms clearly
demonstrate the effectiveness of Jitter Mitigation for reducing jitter in the
measurements.
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is masked by the much greater PLL jitter. Fig. 5C shows how this
excess jitter is more easily detected when taking the vantage point
of the output clock signal. Jitter Mitigation provided us with a
means to realize the situation illustrated in Fig. 5C.

Fig. 6 shows an example of LVP waveforms acquired using the
normal trigger (i.e., without Jitter Mitigation) versus using the
QCE (i.e., with Jitter Mitigation) as the timing reference. Without
Jitter Mitigation, the measured rise-time is 95 ps, while it is
39 ps with Jitter Mitigation. Absent other sources of jitter, the
PLL jitter can be estimated using Eq. (1):

(A) For the LVP measured fall time without jitter mitigation:

tir =/ (t0n)” + (Esuicn)” + Upu)” = 95 s 6)
(B) For the LVP measured fall time with jitter mitigation:
(twp)* + (Eswicen)” = 39 ps (7)

solving these for the PLL jitter gives Jp;; = 87 ps, close to our 100 ps
estimate above.

trr =

5. Approach to analysis

The focus of this analysis was to localize the source(s) of excess
jitter being introduced into the PLL’s core-clock signal path when
the GPU was electrically stressed. One possible approach was to ac-
quire LVP waveforms at each point of interest along the clock path,
and then attempt to extract the excess jitter using Eq. (1). How-
ever, this approach requires information about the intrinsic
switching time of the node being probed.

Since the excess jitter was not present when the GPU was in idle
mode, an alternate approach could be taken: waveforms at the
nodes of interest were measured in stress and in idle modes, and
their rise-times compared. Nodes along the whole clock signal path
between PLL and 1/O pad were probed. A sudden change in rise/fall
time difference between stress and idle modes indicated a location
where excess jitter was introduced. This second approach allowed
the analysis to proceed even with limited circuit design and simu-
lation information.

The core-clock signal used for Jitter Mitigation was accessed at
the I/O pad where the preliminary electrical jitter analysis was per-
formed. This resulted in a setup similar to the one depicted in
Fig. 5C. As illustrated in Fig. 5C, using this setup, jitter was ex-
pected to increase as probing progressed backwards towards the
PLL from the I/O pad.

6. Results

Table 1 lists the rise-time measurements and differences on
each node as the PLL core-clock propagates from the PLL to the

Table 1

Summary of LVP rise/fall time measurement results in both idle and full-stress
operating modes. Rise/fall time values were averaged over five or more separate
measurements.

Node Rise-time idle (ps)  Rise-time stressed (ps)  Rise-time difference (ps)

1 43.0 60.4 174
2 Not probed Not probed -

3 334 44.0 10.6
4 Not probed Not probed -

5 Not probed Not probed -

6 434 57.4 14.0
7 71.6 74.8 32
8 46.4 473 0.9
9 74.3 76.4 2.1
10 52.3 55.3 3.0
PAD 56.4 60.4 4.0

__
_—
(a) node 7
Do ot -
-'."///
(b) node 6

Fig. 7. Acquired and fitted LVP waveforms under idle mode (black curve) and full-
stressed mode (blue curve). The rise-time difference between the two modes is
negligible for node 7 (a) but significant in node 6 (b). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

I/O PAD. The measurements show a sudden increase in the rise-
time differences between nodes 7 and 6. Prior to node 7 (in the
direction from PAD to PLL), the rise-time differences were less than
5 ps, which is statistically insignificant, based on the repeatability
of the LVP measurements. After the sudden increase between

25MHz
xtal PLL

Fig. 8. Schematic block diagram of three signal paths with clocks generated from
the same PLL. Path 3 showed excess jitter under load. LVP probing identified an
abrupt jitter increase along path 3. Nodes 1-10 in Table 1 are along the red-inked
path. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Table 2
Buffer type and number of fan-outs for each node in the jittery path. Nodes 1, 3, 6, and
10 are of the same buffer type, but drive different numbers of fan-outs.

Node Buffer type Number of fan-out
1 A 2
2 B 1
3 A 4
4 C 3
5 D 1
6 A 14
7 E 1
8 E 3
9 F 1

10 A 1

x-y coordinates of nodes on the probed chain
1080
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1060:
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1040:

to 8

1020
1420 1440 1460 1480 1500 1520 1540 1560 1580 1600 1620 1640
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Fig. 9. Physical location (X-Y coordinates) of the buffers (nodes) along the jittery
path.

nodes 7 and 6, the rise-time differences were greater than 10 ps.
This localized the source of the excess jitter to node 6.

Fig. 7 shows the LVP waveforms for nodes 7 and 6. Two pairs of
waveforms are presented in each plot: the upper pair are the ac-
quired LVP waveforms, in idle (black) and stress (blue) modes,
while the lower pair are the corresponding curve fits (fitted to
the hyperbolic tangent function) to the waveforms. To ensure
repeatability of the LVP waveforms, multiple acquisitions were

performed and rise/fall time values for each node were averaged
over five or more separate measurements.

7. Root cause analysis

LVP probing identified an abrupt jitter increase from node 6 to
node 7 in the clock signal path of the GPU (Fig. 8). Consultation
with design engineering revealed that the clock buffer at node 6
drives a larger fan-out that might be atypical for its size (Table 2,
type A buffer). Furthermore, analyzing the physical locations of
the buffers along the clock signal path indicated that the distance
between nodes 6 and 7 is substantially longer than the distance be-
tween two consecutive nodes preceding node 6 (Fig. 9).

The excess jitter observed in this region could be due to the
combination of the large number of fan-outs (loading node 6 too
heavily) and the long distance between nodes 6 and 7 (increasing
the chance for signal cross-talk). Design modification(s) to elimi-
nate the excess jitter introduced at this sensitive region are cur-
rently being investigated for the next generation GPU.

8. Conclusions

With the development of Jitter Mitigation technology for LVP
tools, jitter analysis for PLL driven circuits is not only now possible
but also practical.

While characterization of absolute period jitter was possible, it
was more practical in this case to compare the difference in jitter
between two operating modes.

The LVP tool was utilized for this analysis as it has the required
bandwidth to fulfill the need to measure tens of pico-second rise/
fall times. Its superior low Vg4 probing capabilities enabled high
measurement throughput.

The design issues uncovered may seem obvious after the mea-
surements were completed, but the fact that they slipped through
the extensive design and simulation process shows both the com-
plexity of IC design and the values of the failure analysis laboratory
and their electrical diagnostics capabilities.
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