
Abstract

Controlled amount of jitter injection into high speed serial bit
stream is required for SerDes jitter tolerance test. While jitter
injection by Direct Time Synthesis can be a much more cost
effective method than a combination of several instruments, it
is not widely used yet. Considering its high potential in high
volume production test cost reduction, we have studied the
basics of the jitter injection flexibility and accuracy of our
test system, and the high end ATE seems to be acceptably ac-
curate for high volume production test of multi-gigabit Ser-
Des. The results of our studies provide a foundation for
further exploitation of jitter injection using Direct Time Syn-
thesis method.

1 Introduction
In order to address the rapidly growing needs for testing high
speed serial data link devices and circuit blocks in large logic
ICs whether for telecom or datacom, several test methods
have been proposed in the past few years [1]-[6]. While ATE
has been the most cost-effective high-volume production test
solution for many kinds of ICs, there has been no complete
ATE solution yet for such high speed serial devices and cir-
cuit blocks mainly due to their extremely high data rate and
the jitter test requirement. Currently available ATE seemed to
be just suitable to test lower speed devices like SerDes for
OC-3 for which ATE’s analog test resources such as Sampler
and AWG can be utilized for jitter measurement and injec-
tion[5]. 

For jitter measurement at a much higher data rate in a few
Gbps range, various instruments such as BERT[1], oscillo-
scope[1][2] and TIA[6] have been proposed. On the other
hand, jitter injection method has been limited to the serial bit
stream retimed by a phase-modulated clock[1][2] combined
with a DDJ(data dependent jitter) injection filter[1][3] and a
random noise source[1], which is a straightforward imple-
mentation described in the compliance test methodology doc-
uments for some serial link protocol standards[7][8].
Although this jitter injection method is very accurate and,
therefore, currently the necessity for each protocol standard
compliance test, device characterization and/or design valida-
tion, it is not an economical test solution in high volume pro-
duction especially for high-density backplane SerDes
integrated with large CMOS[1].

There is, however, another method to implement controlled
amounts of jitter injection, namely DTS (Direct Time Synthe-
sis). This is a method to generate phase changes on serial bit
sequence through digital delay calculation rather than analog
delay modulation, and is highly flexible in generating jit-
ter[7]. As this is what an ATE usually does, no special HW-
used only for jitter injection will be needed, making it a very
cost effective solution if it works as intended. Nevertheless,
this method has not been exploited much, and the primary
reason seems to be twofold: 1)some ATE architectures allow
jitter injection only with very simple data pattern such as
1010, 2)ATE’s EPA (Edge Placement Accuracy) may be per-
ceived as being not good enough for accurate jitter injection.

Since flexible timing programming with a complex data pat-
tern can be easily achieved by the ATE with SPP (Sequencer
Per Pin) architecture[9], the issue 1) can be solved. On the
other hand, the high end ATE’s EPA is claimed +/-50ps[10],
which is 0.25UIpp for 2.5Gbps bit stream, and 0.3125UIpp
for 3.125Gbps bit stream. While this timing accuracy specifi-
cation may not seem good enough at a glance, actual data re-
ceiver, will tolerate much larger jitter. For example, a
XAUI(3.125Gbps) receiver shall tolerate the sum of DJ (de-
terministic jitter) and RJ (random jitter) of at least
0.55UIpp[8]. Another example is that an actual deserializer
will tolerate much larger PJ (periodic jitter, frequency sweep
component) than the standard’s jitter tolerance mask as in-
ferred from MAX3880 (2.488Gbps deserializer) data sheet,
which shows that the typical tolerable high frequency PJ is
more than 0.4UIpp[11]. Having considered these examples,
+/-50ps EPA may not be fatally inaccurate for jitter injection
in high volume production test if it means an acceptable level
of TJ (total jitter) even though it is not accurate enough for
protocol standard compliance test or device characterization.

The purpose of this article is to provide a foundation upon
which a cost-effective DTS-based jitter injection method for
SerDes production test is to be developed. We discuss three
different but closely related subjects. In section 2, having re-
viewed a typical clock and data recovery mechanism, the
meaning of PJ mask is studied. In section 3, it is explained
how PJ can be injected in a serial data stream using SPP-
based ATE. In section 4, we study the jitter injection accuracy
of our modern ATE, and discuss the relationship between
EPA and TJ. In the end in section 5, the limitations of this
method and additional work needed are discussed.
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2 Deserializer Jitter Tolerance
The most critical building block of a deserializer is the CDR
(clock and data recovery), and jitter tolerance test is docu-
mented in each protocol standard with jitter tolerance mask
[7][8]. While DJ+RJ mask could be intuitively understood
from setup time and hold time concept, PJ mask might not be
obvious. Since PJ injection is essential to test clock recovery
circuit, the meaning of PJ mask is studied in detail after a
brief review of how a typical CDR works and fails to work.

2.1 Clock and Data Recovery
2.1.1 Principle of Operation [12]
The block diagram of a typical CDR is shown in Fig.1. Since
timing information is embedded in serial bit stream, a CDR
recovers the timing information as a timing clock signal, and
the bit stream is re-timed by the recovered clock. When the
binary data stream is at rb Gbps and in NRZ (non return to ze-
ro) format, there is no rb GHz component in the data stream.
Therefore the first stage of a CDR is an edge detector, which
generates all the edge transition (both low to high and high to
low edge transitions) so that the output of the edge detector
has rb GHz component. The edge detector output is fed into a
PLL (Phase Locked Loop). The PLL is to lock to the rb GHz
component, and its output is a recovered clock timing.

2.1.2 Timing Jitter and Bit Error
The ideal relation between the data and the recovered clock at
the input of the re-timing flip flop is shown in Fig.2 case-1,
where the clock edge is placed in the center of the data bit. As
shown in the case-2, let’s assume that the data timing is shift-
ed by Jdata2, and the recovered clock timing is shifted by Jclk2
by some reason. If Jdata2 and Jclk2 are the same amount, the
setup time and the hold time are the same as the case-1, and
the data will be latched correctly. However, if the recovered
clock timing does not exactly follow the data timing shift as
shown in the case-3 (Jdata3 > Jclk3) for example, the data may
not be latched correctly violating required setup time.

Since the recovered clock timing does not precisely track in-
stantaneous data timing shift, the timing margin for the setup
time and the hold time varies from bit to bit as illustrated in
Fig.3. When the setup time or the hold time is violated, bit er-
ror occurs and the bit error rate is determined by the PDF
(probability density function) of the data timing relative to the
recovered clock timing. Therefore how error-freely a CDR
can work depends on the two major performance parameters
as follow.

• how well the recovered clock edge is positioned around
the center of data bits

• how well the recovered clock tracks incoming data tim-
ing shift, that is, data timing jitter

In order to guarantee the CDR performance, we have to test
these key parameters, and a jitter tolerance test is to be de-
signed for this purpose.

2.2 Jitter Tolerance Mask
What kinds of jitter and how much of them a CDR must tol-
erate are specified in each standard as the jitter tolerance
mask with the expectation of 10-12 or better bit error rate in
general. Jitter tolerance mask consists of various jitter com-
ponents such as DJ, RJ and PJ attempting to duplicate actual
jitter conditions. The jitter tolerance mask specifications for
Fibre Channel [7] and XAUI [8] are summarized in Table.1
as examples [1].

DJ and RJ masks are designed mainly to test how well the re-
covered clock is positioned around the center of data bits,
which is one of the two major CDR performance parameters
discussed in the subsection 2.1.2. On the other hand, PJ mask
is designed to test another major performance parameter, that
is, CDR’s jitter tracking capability. The tolerable PJ amounts
shown in Table.1 are only for high frequency PJ, and the
complete PJ specification is described in a more complicated
manner as discussed in the following subsection 2.2.1.

2.2.1 PJ Mask for Jitter Tracking Performance Test
Typical clock recovery circuit is based on a PLL as shown in
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Table.1 Examples of Jitter Tolerance Mask 

F C  [ 7 ] X A U I  [ 8 ]
D J 0 .3 8  U I 0 .3 7  U I
R J 0 .2 2  U I -
D J + R J - 0 .5 5  U I
P J 0 .1 0  U I 0 .1 0  U I
T J 0 .7 0  U I 0 .6 5  U I
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Fig.1, and a PLL is basically a high-Q band pass filter whose
center frequency is the clock frequency to be recovered
[12][13]. Since a PLL is a band pass filter, the phase noise
around the ideal clock signal is not completely filtered out.
This means that the recovered clock tracks low frequency jit-
ter in the input serial bit stream and the data will be success-
fully latched. The recovered clock, however, does not track
out-of-band high frequency jitter in the bit stream and bit er-
ror could occur. Therefore PLL’s band pass characteristic is
essential to a CDR’s performance, and PJ mask is designed to
test the PLL’s frequency response for this reason. For quanti-
tative discussion, it is convenient to model the timing jitter
with a phase modulated sinusoide. Let’s express the embed-
ded clock component, Clock(t), by (Eq.1) [14]. θ(t) is the
phase noise, and Tideal is the ideal data bit duration. For PJ
mask, sinusoidal jitter is used and is expressed by (Eq.2),
where fm is the injected PJ frequency.

Thus complete PJ mask specifies the relation between PJ am-
plitude and PJ frequency to be injected into the bit stream.
Some examples are shown in Fig.4 [7][8][15]. Note that there
are two distinctive segments in the PJ mask. As PLL does not
track out-of-band high frequency jitter, the use of small and
constant amplitude, high-frequency PJ injection can be intu-
itively understood. On the other hand, the meaning of the
lower frequency PJ profile may not be so obvious, where PJ
amplitude is inversely proportional to PJ frequency. Since it
provides us with a guideline for implementing PJ injection
using Direct Time Synthesis and with insight into the bit error
mechanism, we study the PJ profile characteristic at lower
frequencies in the following subsections 2.2.2 and 2.2.3.

2.2.2 Bit Error with Precise PJ Tracking
Even when a PLL precisely tracks the injected PJ, bit error
can occur. The data transition timing in a bit stream is illus-
trated in Fig.5 with the PJ images as both longitudinal wave
and transversal wave. Though it may sound counter-intuitive,
the data eye opening becomes small, and therefore bit error is
likely to occur when injected PJ amount becomes small,
where bit time becomes small as seen in Fig.5.

From (Eq.1) and (Eq.2) with the observation in Fig.5, the
minimum bit time Tmin is expressed by (Eq.3), and approxi-
mated by (Eq.4). In order to recover the data bit correctly, the
minimum bit time must be greater than a certain amount as
expressed by (Eq.5) even with ideally positioned strobe
clock. Otherwise the setup time or hold time is violated, and
bit error occurs. From (Eq.4) and (Eq.5), the requirement for
PJ peak-to-peak amplitude and PJ frequency for successful
data recovery is obtained as expressed by (Eq.6), which indi-
cates that injected tolerable PJ peak-to-peak amplitude is in-
versely proportional to PJ frequency for a given bit error rate.

2.2.3 When PLL does not Track Inband PJ
As discussed in [2] and illustrated in Fig.6, the PJ amplitude
of the recovered clock Joutpp(fm) is proportional to the PJ am-
plitude of the injected jitter into the bit stream Jinpp(fm) at a
given PJ frequency fm when the injected PJ amplitude is
smaller than a certain value JIcpp(fm). Beyond this critical
point, the linear relationship is broken between the injected
PJ amplitude and the recovered clock’s PJ amplitude, and it
is also shown in [2] that bit error rate suddenly increases with
injected PJ larger than this critical PJ amplitude.
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Fig.4 PJ Mask for Jitter Tolerance

f1 f2 f3 A1 A2
FC (1.0625Gbps) 42.5kHz 637kHz 5MHz 0.1UI 1.5UI
XAUI (3.125Gbps) 22.1kHz 1.875MHz 20MHz 0.1UI 8.5UI
OC-48 (2.488Gbps) 100kHz 1MHz 0.15UI 1.5UI

* OC-48 PJ mask extends to lower frequency below f1, but it is not shown here[15].
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Our question here is why bit error rate suddenly increases
when injected PJ amplitude becomes larger than a certain val-
ue, which varies depending on the PJ frequency that may
seem to be small enough for a PLL to track. This phenomenon
can be explained as follows.

From (Eq.1) and (Eq.2), the embedded clock component in a
PJ injected bit stream is expressed by (Eq.7), and further ex-
panded using Bessel function as expressed by (Eq.8) [13].

As the embedded clock is expressed by (Eq.8), the clock
spectrum is known from Bessel function Jn(n,β). In order to
study how the embedded clock’s spectrum varies depending
on the peak-to-peak PJ amplitude, the Bessel function values
for various modulation index β and various frequency com-
ponents n are calculated, and shown in Fig.7. 

Since the modulation index β is proportional to the peak-to-
peak PJ amplitude as defined by (Eq.9), Fig.7 actually shows
how the embedded clock spectrum at the input of PLL varies
depending on the injected PJ amplitude. It is noticeable that
the larger the injected PJ amplitude is, the wider the occupied
frequency bandwidth of the embedded clock. Since about
98% of the total energy is within the bandwidth of

2(β+1)fm=2(πJpp+1)fm, when πJpp is much larger than 1, the
occupied bandwidth of the embedded clock is approximated
by 2βfm=2πJppfm, which is denoted (Eq.10).

Note that a PLL responds not to the jitter frequency but to the
input signal frequency. At a given PJ frequency, when the PJ
amplitude is so small that the embedded clock’s occupied
bandwidth is smaller than the PLL’s cut off frequency, all the
frequency components of the embedded clock are transferred
from the input of the PLL to the output with a constant gain.
Therefore the injected PJ is fully restored in the recovered
clock, that is, the injected PJ is completely tracked by the
PLL, and the PJ would not cause bit error. On the other hand,
when the PJ amplitude is so large that the embedded clock’s
occupied bandwidth is larger than the PLL’s cut off frequen-
cy, the higher frequency components of the embedded clock
are more attenuated than the lower frequency components.
Thus the injected PJ is only partially restored in the recovered
clock, that is, the injected PJ is not completely tracked by the
PLL, which would cause bit error. Thus we understand why
bit error rate suddenly increases when injected PJ amplitude
becomes larger than a certain value and why injected tolera-
ble PJ amplitude is inversely proportional to PJ frequency for
a given bit error rate.

3 Principle of PJ Injection by SPP-based ATE
We discuss how PJ of various frequency and amplitude can
be injected into high-speed serial bit stream using Sequencer
Per Pin architecture ATE.

3.1 SPP Architecture ATE
A very simplified block diagram of SPP architecture ATE is
shown in Fig.8. Refer to [9] for more detail.

An event consists of event time and event type, and an event
can be specified at any time instance in a tester period, whose
minimum value is 5ns. An event timing information with the
event time and the tester period is called a time set. For exam-
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ple, to generate input data to a DUT, we specify what drive
signal (event type) occurs at what timing (event time). When
input event type is specified, it is good enough to say it’s a
drive event, and whether the event type value is 1 or 0 is de-
termined by the test vector. Thus we don’t need to consume
two events to specify data=1 and data=0 generated at the
same time. As shown in Fig.8, recent ITS9000 family ATEs
can define 64 different events per event sequencer, any event
specified in each sequencer can be flexibly combined and re-
peated, and a drive formatter multiplexes four event sequenc-
ers outputs. Since each event sequencer can generate event
sequence at up to 200Mbps (one event per 5ns), the maximum
data rate at a drive formatter output is 800Mbps. In order to
generate a serial bit stream at much higher data rate up to
3.2Gbps, a pin electronics driver IC multiplexes four drive
formatters outputs as illustrated in Fig.9. This is like using 16
event sequencers multiplexed together to generate a high
speed serial bit stream at one tester pin.

3.2 Periodic Jitter Injection
In order to describe the essence of the PJ injection by Direct
Time Synthesis using SPP-based ATE, we examine two ex-
amples. One is high frequency PJ injection and another is low
frequency PJ injection. The terms of high frequency PJ and
low frequency PJ in this section 3.2 are used only to distin-
guish the two different programming styles described in the
subsections 3.2.1 and 3.2.2 respectively. The two example
PJs are expressed by (Eq.11) and (Eq.12) respectively, and
they are shown in Fig.10.

The horizontal axis is normalized with ideal bit time Tideal in-
dicating the event numbers starting from 0. For the sake of
brevity, 8 events are assumed in one tester period (time set)
in this section 3.2 while the maximum of 16 events can be
placed in the minimum tester period of 5ns as discussed in
section 3.1,

3.2.1 High Frequency PJ Injection
The high frequency PJ example is shown in Fig.11 again.
Since the high frequency PJ period is only 8 bits long, we can
specify all the PJ injected event timings using one time set as
we have assumed 8 events per time set in this example.

The time set programming is shown in Fig.12. The event type
is a straightforward drive event denoted by "DF", and each
event timing denoted by "tn (n=0..7)" is to be calculated from
the ideal bit time and the injecting PJ. The tester period in this
time set is the PJ period. Once the time set is specified, the bit
sequence is the repetition of this time set as shown in Fig.13.

3.2.2 Low Frequency PJ Injection
The low frequency PJ example is shown in Fig.14 with two
other signals Japprox(t) and Jts_detla(t). Since the low frequency
PJ period is 64 bits long, it seems that we need to use 8 differ-
ent time sets at a glance. There are two new things to consider
in this example.

• If we are to precisely program all the timings with lower
frequency PJ, we may run out of time sets because we
can use only up to 64 different time sets. To overcome
this issue, we can approximate sinusoidal PJ by PWL
(piece wise linear) signal, which is denoted by Japprox(t)
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in Fig.14. The approximation error is shown in Fig.15.
Though the maximum error in Fig.15 may appear to be
large, it is because of this extreme example. Since real
world applications use much smaller PJ amplitude at this
PJ frequency, or use much lower PJ frequency with this
PJ amplitude, actual approximation error can be made
less than a half of the ATE’s fine delay resolution. Com-
bined with another consideration discussed below, the
required number of the time sets can be reduced by half.
Note that PJ may be approximated using the combination
of PWL and stair step jitter profile when PJ frequency is
very low, and refer to the section 7 Appendix for this
method.

• When different time sets need to be cascaded as in this
example, care must be taken when event time is specified
in each time set. The absolute event timing of an event in
each time set with respect to the timing of the first event
of the bit stream during one PJ cycle is known from the
ideal bit time and the PJ amplitude and frequency. How-
ever the event time being specified in each time set is not
the absolute event timing but the difference between the
absolute event timing and the jitter time amount that has
already passed until this new time set is to be used. This
time difference is added to the ideal event time as we did
for high frequency PJ programming when event time is
specified in each time set. The set of these time differenc-
es is denoted by Jts_detla(t) and shown in Fig.14.

Thus four different time sets are needed in this example, and
they are sequenced as shown in Fig.16 requiring 8 time sets
for one PJ cycle injection. The group of the 8 time sets is re-
peatedly used to generate long bit stream.

4 SPP-based Jitter Injection Accuracy
The most critical question for the jitter injection method dis-
cussed in the section 3 is whether or not this method can inject
jitter accurately enough for SerDes jitter tolerance test. When

PJ to be injected is properly approximated, PJ injection accu-
racy becomes the same as the ATE’s timing accuracy because
of the nature of Direct Time Synthesis. Therefore we study
the timing accuracy of the SPP-based ATE from the view
point of high speed serial communication device test.

4.1 EPA versus TJ
Timing accuracy of digital ATE is usually described by OTA
(overall timing accuracy) [17][18] and/or EPA (edge place-
ment accuracy) [18]. While OTA is used for the combined ac-
curacy of drive side and strobe side, EPA is used for either
drive side or strobe side accuracy, and drive side EPA is of
our interest in this article. EPA/OTA is often discussed con-
cerning yield loss and escape [17][19][20], and the coverage
of the random error in EPA/OTA is about six times of the
standard deviation σ (+/-3σ), which is either explicitly men-
tioned [10] or inferred from the data sample numbers (hun-
dreds to thousands) of the measurements used to estimate
EPA/OTA [18]. On the other hand in high speed serial com-
munication device test, TJ (total jitter) is used to describe data
timing uncertainty and/or degradation, and their primary con-
cern is BER (bit error rate) at the order of 10-12 [7][8]. In
short, if the PDF (probability density function) of an ATE’s
timing uncertainty were to be modeled by a Gaussian distri-
bution (standard deviation σ, mean 0), the EPA with +/-3σ
would mean about 10-3 BER while the BER of 10-12 would
mean about +/-7σ.

Shown in Fig.17 is an eye diagram of 3.2Gbps PRBS15 bit
stream generated by our ATE, which was measured by a sam-
pling oscilloscope at the pogo pin.

From the eye diagram in Fig.17, and the associated oscillo-
scope readings of the 14.9ps rms jitter (σmeas) and the 92.0ps
peak-to-peak jitter, this ATE’s EPA may be considered +/-
50ps. Since the measured peak-to-peak jitter (92.0ps) is very
close to the six times value (+/-3σmeas) of the measured rms
jitter (89.4ps =6*14.9ps), the jitter PDF seems to be close to
a Gaussian distribution. Our question here is if the 14 times
value (+/-7σmeas) of the measured rms value (208.6ps
=14*14.9ps) is a good estimate of the ATE driver output’s TJ.
In other word, does the 14σmeas include all but 10-12 of the jit-

Fig.14 PJ Approximation by PWL Jitter Profile and
Jitter Amount to be Injected at Each Bit Time in
Various Time Sets

Fig.15 Approximation Error by PWL Jitter Profile

..... .....
TS1 TS2 TS3 TS4 TS1TS2TS3TS4

Fig.16 Multiple Time Sets Sequence for Low Freq. PJ

Fig.17 Eye Diagram at 3.2Gbps with PRBS15
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ter population? In order to answer this question, we study the
drive side timing accuracy in the next section 4.2, which re-
sulted in the jitter performance shown in Fig.17.

4.2 Timing Accuracy Analysis of Modern ATE
In order to analyze our ATE’s timing accuracy from the view
point of high speed serial communication device test, we uti-
lize the jitter analysis methodologies which have been used
for high speed serial communication protocol standards
[7][8][21]. We use jitter and timing error interchangeably in
this section. Compared with the conventionally-used algebra-
ic sum of all the timing error components for EPA/OTA esti-
mations [10][18], the distinctive features of these jitter
analysis methodologies are the following.

• What matters is BER, and TJ can be correlated to BER
through its PDF. Therefore TJ value (peak-to-peak total
jitter) varies depending on the BER (10-3, 10-12, etc.) of
our interest.

• TJ consists of DJ and RJ. DJ is bounded while RJ is not
bounded. RJ’s PDF is to be approximated by Gaussian
distribution by definition.

• DJ and RJ are convolved, resulting in TJ. When DJ and
RJ consist of subcomponents, and there is no correlation
among the subcomponents, they are convolved, resulting
in the total DJ and the total RJ.

We start from identifying various jitter (timing error) sources.
The timing critical building blocks of the ATE are shown in
Fig.18 along with the jitter caused by each building block. As
discussed in the section 3.1, four event sequencers are multi-
plexed per pin, and four pin-timing-resources are multiplexed
to generate high speed serial data at up to 3.2Gbps.

There exists intrinsic noise in electronic systems such as ther-
mal noise, shot noise, flicker noise etc., and their PDFs are
Gaussian distributions [22]. The RJs due to these intrinsic
noises in Fig.18 are denoted by RJ-1 in the main frame and
RJ-2 in the pin electronics. The phase noise of the ATE’s
master clock is a part of RJ-1.The bounded timing error (DJ)
consists of data/pattern dependent error (DDJ-1, DDJ-2,
DDJ-3), fine-delay/timing-vernier non linearity (VINL),
round-off/time-quantization error (QERR), and calibration
error (CAL-1, CAL-2). There is no noticeable amount of PJ
observed in this ATE. These timing error components are
summarized in Fig.19.

Now that all the jitter (timing error) sources of the ATE are
identified, the next step is to estimate their amounts. The con-
volution of two PDFs is defined by (Eq.13) [13]. RJ-1 and RJ-
2 have their own Gaussian distributions, and they are con-
volved as expressed by (Eq.14) resulting in the total RJ. We
use the 5ps standard deviation for the total RJ in the following
discussion since 4ps to 5ps rms jitter was measured at a pogo
pin in our test system using 1010... signal and avoiding
VINL, QERR and CAL.

For DJ, we assume that the PDFs for DDJ, VINL, QERR and
CAL are to be approximated by uniform distributions as
shown in Fig.20. Since actual PDFs for these jitter (timing er-
ror) sources are much more complicated than uniform distri-
butions, we will have to improve our PDF models for more
accurate analysis in the future. Uniform distribution, howev-
er, would not under-estimate TJ considering that a random
variable tends to concentrate around its mean value such as
Gaussian distribution. The studies of DJ PDF being con-
volved in TJ in datacom application began only recently [21].
The impact on TJ estimation of three different DJ PDFs (tri-
angle, rectangular/uniform, double-delta) is found in [21].

As the fine delay resolution of the ATE is 10ps, the +/-5ps
PDF is used for both CAL and QERR. From the characteriza-
tion results of the timing-venire linearity error [23], the +/-
10ps PDF is used for VINL. The +/-30ps PDF is used for
DDJ, and it is worth discussing more in detail about DDJ. As
shown in Fig.19, DDJ consists of several subcomponents. ISI
(inter symbol interference) is the primary contributor [16],
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and jitter due to reflection (impedance discontinuity) [24] is
the secondary one. The physical locations of the DDJ sub-
components are distributed over the entire timing-critical sig-
nal paths as illustrated in Fig.18. Apart from ISI, since there
is almost no correlation among the DDJs at different locations
and among different subcomponents, their PDFs are to be
convolved, resulting in Gaussian like PDF. This means that
most of the jitter population is around zero and the probability
to have very large jitter is small. On the other hand, the ISIs
at different locations but in the same single signal path have
strong correlation among them (same data pattern propagates
through them), and therefore, ISI accumulation is more like
an algebraic sum than a geometric sum, which makes ISI the
primary DDJ contributor in our current generation ATE. Thus
the PDF of the total DDJ is a function of DDJ-1 through DDJ-
3 as expressed by (Eq.15), but not a simple convolution
among them. Then the PDF of the total DJ is obtained as the
convolution of the PDFs of DDJ, VINL, QERR and CAL as
expressed by (Eq.16).

The total DJ PDF pDJ(t) and the total RJ PDF pRJ(t) are
shown in Fig.21. As expected, the total DJ PDF is not a uni-
form distribution, which means that the worst case DJ does
not often happen.

By convolving the total DJ PDF and the total RJ PDF, we can
obtain the TJ PDF pTJ(t) as expressed by (Eq.17), and it is
shown in Fig.22 with pDJ(t). Since the positive side and the
negative side of pTJ(t) and pDJ(t) are symmetric, only the pos-
itive side of them is shown.

Since the difference between the two PDFs is very small as
noticed in Fig.22, it is very difficult to accurately estimate
pDJ(t) and pRJ(t) only from pTJ(t) measurements (solving in-
verse problem or inverse modeling), and therefore forward
modeling is useful and helpful as shown in this article in order
to analyze ATE’s timing accuracy in detail.

As briefly mentioned in the beginning of this subsection, TJ
value (peak-to-peak total jitter) varies depending on the BER
(10-3, 10-12, etc.) of our interest. TJ PDF pTJ(t) is related to
BER by (Eq.18) [7], and the physical meaning of (Eq.18) is
illustrated in Fig.23. Actual data bit timing has a distribution
around its ideal edge timing, whose PDF is expressed by
pTJ(t). If the bit stream is strobed at a certain timing with re-
spect to the ideal bit timing, bit error occurs when the data bit
arrives after strobe timing, and the probability of the bit error
occurrence is determined by the probability of the data bit ar-
rival time and the strobe timing as expressed by (Eq.18).

Using (Eq.18), BER for our pTJ(t) is calculated as a function
of strobe timing, and the positive half of the BER is plotted in
Fig.24 with its vertical axis in log scale.

The BER curve in Fig.24 can be interpreted as follows.

• When the bit stream is strobed 50ps after the ideal bit
timing, the BER will be the order of 10-3. This means that

pDJ t( ) pDDJ t( )∗ pVINL t( )∗ pQERR t( )∗ pCAL t( )=

pDDJ t( ) Function pDDJ1 t( ) pDDJ2 t( ) pDDJ3 t( ),,( )=

(Eq.16)

(Eq.15)

Fig.21 PDFs of DJ and RJ of an ATE
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about 99.9% of the jitter population is within +/-50ps.
Since 99.7% of the population is included within +/-3σ
of a Gaussian distribution (its standard deviation is σ),
the EPA of this ATE may be considered +/-50ps, and this
is what we are likely to observe in the eye diagram mea-
sured by an oscilloscope with hundreds to thousands of
samples.

• With the expectation of BER=10-3, the TJ of this bit
stream is 100ps (=2*50ps).

• With the expectation of BER=10-12, the TJ of this bit
stream is 150ps (=2*75ps).

Thus we have developed a methodology to understand the re-
lation between an ATE’s EPA and TJ for a given BER. Note
that the 60ps peak-to-peak DDJ is at 3.2Gbps, and DDJ at
lower data rate is smaller than this.

5 Further Work Areas and Limitations

Our work in this article provides only a foundation for further
exploitation of jitter injection by Direct Time Synthesis. A
couple of critical further work areas and limitations are point-
ed out below.

5.1 Extensive Measurements and Flexibility Study
The PJ injection method has been discussed mainly from the-
oretical and conceptual points of view in this article. We need
to carry out extensive measurements to further study and val-
idate the accuracy of injected PJ frequency and magnitude
over the entire frequency specification range such as the ones
shown in Fig.4 with small frequency step at various data
rates. Because of the limited number of the time sets, there are
some PJ frequencies that cannot be generated. Theoretical
work is needed to figure out all the PJ frequencies which can-
not be achieved, and an algorithm needs to be developed to
generate proper time sets for any achievable PJ frequency and
amplitude.

5.2 Jitter Calibration and Tester Guard-band
While the calibration for jitter injection, which may be best
performed by BERT(bit error rate tester) Scan[1][7][8], is re-
quired for our method too, the jitter injection by Direct Time
Synthesis using our current generation ATE is not accurate
enough for compliance test and/or design validation. Our in-
tention is to apply this method to high volume production test.
Though actual devices will have a certain amount of margin
by design for the jitter mask required in each protocol stan-
dard, some samples will not work as well as expected due to
manufacturing defect and/or process variation. Therefore an-
other kind of calibration will be required regarding how to set
a proper guard band for production test, where yield loss and
escape need to be considered.

5.3 Data Dependent Jitter Injection
Since Direct Time Synthesis method directly manipulates bit
timing, not only PJ but also DJ can be conveniently injected.
For example, since the DDJ due to the limited frequency
bandwidth of a data transmission medium can be predicted

when the loss characteristic of the medium is known [5][16],
the expected DDJ can be injected into the bit stream for jitter
tolerance test. There are two kinds of DDJ injection setups re-
sulting in two very different eye shapes [1]. One is the Fibre
channel recommended setup[7], which uses a limiting ampli-
fier after DDJ injection filter/cable to shape the waveform.
Another is the XAUI recommended setup[8], where the out-
put of DDJ injection filter/cable is directly fed to the DUT.
What can be achieved with Dynamic Time Synthesis is Fibre
channel-type eye shape. DDJ filter/cable needs to be placed
somewhere between the pin electronics driver and the DUT
for XAUI type DDJ injection.

5.4 Non-ideal DUT Signal Path
While we intend to inject controlled amount of jitter, addi-
tional DJ is inevitably induced by non-ideal signal path be-
tween ATE’s driver IC and DUT input, and between DUT
output and ATE’s comparator IC [24]. The additional DJ is
caused by multiple reflections among various impedance dis-
continuities, signal loss due to lossy transmission lines on
both ATE itself and device loadboard, DUT socket used for
production test, etc. In order to improve the timing accuracy
for high speed device test, we have to keep improving DUT
signal path quality from various points, and need to come up
a way to accurately estimate the inevitable DJ amount and
calibrate it out.

6 Conclusion

In order to understand the requirements for multi-gigabit Ser-
Des jitter tolerance test, we have discussed how a clock and
data recovery circuit works and fails to work, and studied the
meanings of PJ mask specified in high speed serial link pro-
tocol standards. 

As a cost effective high volume production test solution, we
have proposed a jitter injection method based on Direct Time
Synthesis using a Sequencer Per Pin architecture ATE. This
method can inject periodic jitter of various frequency and am-
plitude, and does not require any specialized ATE hardware
resource or any additional component on a DUT loadboard.

In order to assess ATE’s timing accuracy for jitter injection,
we have applied a new methodology to study the relationship
between traditionally used EPA and bit error rate dependent
TJ, with which +/-50ps EPA of our test system is translated
into 150ps TJ for BER=10-12.

7 Appendix: PJ Approximation by PWL and 
Stair Step Jitter Profile

As understood from the discussion in the subsection 4.2, the
jitter injection accuracy is basically the same as normal data
generation accuracy if the jitter to be injected is not approxi-
mated or the approximation error is smaller than half of the
fine timing delay resolution. We have discussed in the sub-
section 3.2.2 how to approximate low frequency PJ using
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PWL jitter profile. When PJ frequency is very low, we will
need to approximate the PJ using the combination of PWL
and stair step jitter profile, which is illustrated in Fig.25. In
this case, the PJ to be injected is approximated by PWL first.
Since the slope of each segment of the PWL jitter profile is
very small because of the very low jitter frequency, the quan-
tization error caused by approximating a PWL segment with
stair steps can be made smaller than a half of the fine delay
resolution, that is, less than +/-5ps in the ATE analyzed in the
subsection 4.2.

For example, the PJ mask for XAUI requires 8.5UIpp sinuso-
idal jitter injection at 22.1kHz[8]. The largest bit timing shift
due to the injected PJ during 64 bits duration is less than 4ps.
This means that the quantization error with stair step jitter
profile for 128 bits duration is less than +/-4ps.
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