
Precision Jitter Transmitter 
DesignCon 2005 
White Paper  

 

 
 



Precision Jitter Transmitter 

Copyright 2005, Agilent Technologies   2 

DesignCon - February 2, 2005 
Precision Jitter Transmitter 

 
 

Jim Stimple, Agilent Technologies, Inc. 
Ransom Stephens, Agilent Technologies, Inc. 

 
 
 
 
 
 
 
Abstract 
Jitter is increasingly analyzed by separating a signal’s timing noise into its random and deterministic 
components, yet there is no reference standard for measurement verification. We introduce a precisely 
calibrated jitter source capable of applying a wide variety of jitter signals – Gaussian random jitter, 
periodic jitter (including, but not limited to, sinusoidal jitter), inter-symbol interference, and duty cycle 
distortion – in different combinations at adjustable amplitudes. In most cases the calibration of the jitter 
sources is traceable to accepted standards with uncertainties close to 1%. We describe the system, the 
calibration techniques, and give examples of its utility.
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Introduction 

The biggest problem in the analysis of jitter by separating a signal’s timing noise into its sub-
components is the variation of measurements performed by different jitter test-sets on a given signal. 
Since the variation can span several hundred percent, it is important to understand which measurement is 
correct and why some measurements fail. To understand the strengths of different test techniques, learn 
how to compare very different techniques, and to learn how to specify a jitter analyzer’s accuracy and 
sensitivity, we built a transmitter capable of injecting arbitrary combinations of accurately calibrated 
levels of different types of jitter. We required that the applied jitter signals be consistent with the 
standard industry-wide conventions that all jitter analysis test equipment assume; for example, the 
random jitter signal was required to faithfully follow a Gaussian distribution over at least fourteen 
standard deviations. 

A precision jitter transmitter is also useful for identifying problems in passive elements – 
backplanes, cables, connectors, applications, etc – and receivers by observing their response to known 
levels of different types of jitter. 

The standard SONET/SDH techniques provide applied sinusoidal jitter at precisely defined levels 
but we are aware of no transmitter capable of transmitting precise levels of Gaussian random jitter (RJ), 
inter-symbol interference (ISI), and duty-cycle distortion (DCD), as well as periodic jitter (PJ). The 
design of a precision jitter transmitter is nontrivial: first, it is difficult to apply RJ that faithfully follows 
a Gaussian distribution over the range necessary to prove total jitter (TJ) at bit error ratios (BERs) of   
10-12 or lower; and second, the calibration effort increases exponentially with the desired number of data 
patterns, data rates, DCD, and ISI levels. 
 
Design Requirements 

The primary design requirement was that the transmitter be calibrated, to the extent possible, with 
techniques that are traceable to reference standards. 

The fundamental design philosophy was to provide a transmitter whose applied jitter signals were 
true to standard industry-wide assumptions: that RJ follows a Gaussian distribution, sources of 
deterministic jitter (DJ) result in bounded distributions, and that jitter is a stationary phenomenon. 

We designed the transmitter to apply a wide range of different levels and combinations of RJ, PJ, 
ISI, and DCD that result in a large set of TJ values. The applied jitter levels are referred to in different 
ways depending on whether or not they result in bounded or unbounded distributions. Gaussian RJ is 
determined by its rms width, σ; and the sources of deterministic jitter (DJ), PJ, ISI, and DCD, are 
determined by the peak-to-peak spread of their distributions, indicated by DJ(p-p), PJ(p-p), ISI(p-p), and 
DCD(p-p). To provide a useful sub-space in a reasonable calibration effort, the precision jitter 
transmitter can apply user settable levels of RJ and both sinusoidal and triangular PJ. The calibration 
effort intensifies as more levels of ISI and DCD are introduced because each combination must be 
calibrated separately.  

While the calibration techniques described here can be applied at any data rate and for any repeating 
data pattern, we limited our efforts – again, to keep the calibration effort tenable – to a single data rate, 
2.5 Gb/s, a single data pattern, a standard pseudo-random binary sequence of length 27 – 1 (PRBS7), a 
single pair of NRZ logic levels, and a single ended transmission line. 

The precision of the applied jitter levels is limited by the intrinsic baseline jitter of the pattern 
generator; that is, the jitter of the transmitter in the absence of an applied jitter. 

Total jitter is defined with respect to a given BER that is usually quite small, BER, We refer to it as 
TJ(BER) and chose to calibrate the transmitter at TJ(10-12). Since the industry defines RJ to follow a 
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Gaussian distribution, we required that the cumulative distribution function resulting from applied RJ 
faithfully reproduce a complementary error function to BER ≤ 10-12. 

We chose levels of jitter that reflect what is common in the field. Low levels correspond to levels a 
network element would generate and still easily pass most standards’ compliance test and high levels 
correspond to either barely passing or not quite passing. In most applications the dominant contributors 
to TJ(BER) are RJ and ISI. RJ is typically in the range σ ~ 2-5 ps, corresponding to TJ(10−12) ~ 28-70 
ps. ISI can vary widely; a typical 30-45 inch backplane trace at 2.5 Gb/s results in ISI(p-p) ~ 70-140 ps. 
For PJ it is more difficult to offer a typical value because of its source dependence. If the oscillators on a 
board are well shielded, then the PJ level is zero, otherwise the PJ level can be substantial. We chose 
PJ(p-p) levels in the range 7 - 28 ps for both sinusoidal and triangle-wave jitter. 
 
Precision Jitter Transmitter Design 

The transmitter is based on a phase modulated precision clock source driving a high bandwidth 
pattern generator. Random and periodic jitter are applied to the clock signal, DCD is applied by 
adjusting the crossing point level, and ISI is applied by transmitting the signal from the pattern generator 
through different lengths of printed circuit board. A few other components are included in the 
transmission path for impedance matching and to modify the rise/fall time of the signal. A schematic of 
the transmitter is given in Figure 1 and its components are described in the following sub-sections. 
 
The Vector Signal Generators and RJ/PJ sources 

Two VSGs, Agilent E8267Cs, are combined to provide a clock signal that drives the pattern 
generator. Each VSG has a pair of programmable Arbitrary Waveform Generators (AWGs) that 
independently drive I and Q to phase modulate the clock signal. The I/Q modulation bandwidths are 160 
MHz, but the programmed waveforms are sampled at 100 MS/s giving a Nyquist limit of 50 MHz. An 
anti-aliasing filter limits the programmable I/Q bandwidth to 40 MHz. Two VSGs are required to 
provide enough memory to generate an RJ signal that faithfully reproduces a Gaussian BER profile 
down to BER < 10-12. 

Random and Periodic Jitter (RJ and PJ) are generated using Agilent’s Signal Studio Jitter Injection 
software [1]. The phase modulation terms are defined mathematically and used to drive internal arbitrary 
waveform generators (AWG) in the VSGs. The PJ waveforms must be generated so that their length is 
an integer multiple of complete cycles of the repeating waveform. For RJ, long random sequences are 
generated by a MatLab [2] Gaussian random number generator. Separate sequences are applied to each 
of the two VSGs. The sequences consist of approximately one million points each but with slightly 
different lengths. To assure that there is no correlation between the waveforms, different initial seeds are 
used for each random sequence. The I/Q modulation of one VSG drives that of the other to mix the 
complete RJ signal. The modulation is filtered with a raised cosine filter at 40 MHz to prevent incidental 
amplitude noise. The filtered Gaussian width, σ, is calculated from the filtered waveform and the 
numbers are scaled to restore the desired signal level. It is the limited AWG memory that necessitates 
the combination of two VSGs to provide a faithful RJ signal. Both VSGs generate RJ signals, but only 
one is needed for the PJ signal. 

The modulated clock signal drives the pattern generator so that the data generated includes RJ and 
PJ. The unmodulated clock output can be used to trigger a BERT error detector or a sampling 
oscilloscope for analyzing the modulated signal. 
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The Pattern Generator, DCD Source, and Transmission Path 
The Agilent N4901B 500 Mb/s to 13.5 Gb/s SerialBERT is used for pattern generation. The signal 

output has a transition time less than 25 ps and an adjustable crossing point. DCD was applied by 
adjusting the crossing point level. 

 

 
Figure 1: Schematic of the transmitter. 

The data signal transmission path, those elements (independent of the PCB trace, ISI source) 
between the pattern generator and the jitter test-set or component being stressed, consist of a 6 dB 
attenuator, a 150 ps rise-time converter and a 7.5 GHz, four-pole, low-pass Bessel filter. The 6 dB 
attenuator was included to reduce signal reflections back to the pattern generator and the combination of 
the 150 ps rise-time converter and low pass filter were included to slow down the abrupt 25 ps rise/fall 
time of the pattern generator output and better represent a typical 2.5 Gb/s signal. 
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The logic voltage levels were set at the pattern generator so that the desired levels are achieved at 
the output of the transmission path; the ‘1’ level was set to 600 mV and ‘0’ level to –620 mV giving 
+280 mV and –280 mV respectively at the end of the transmission path. Similarly, the crossing point 
was adjusted to 45% to insure that the baseline signal had zero DCD.  
 
Calibration of Applied Jitter Signals 

The independent jitter signals are calibrated separately and combined into the desired combinations. 
The key to calibration is distinguishing those jitter signals that are independent from those that interfere 
with each other. RJ is independent of all sources of DJ; PJ is independent of the other sources; and DCD 
and ISI are independent of the other sources, but not independent of each other. Thus the independent 
sources that must be calibrated are RJ, PJ, and all combinations of DCD∗ ISI. Additionally, the baseline 
of the transmitter itself – that is, the transmitted signal in the absence of any applied jitter signal – must 
also be calibrated. 

Given the calibration constants for each jitter source, the level of jitter for any configuration of RJ, 
PJ, ISI, and DCD, as well as their uncertainties, can be calculated. Since the RJ levels from each source 
and their uncertainties are independent, the total RJ of a given signal is the root-square-sum (rss) of the 
components, 

22
2

2
1 nTotal σσσσ +++= L .     (1) 

Since the peak-to-peak value of the convolution of two independent bounded distributions is given 
by the sum of the individual peak-to-peak values, the peak-to-peak value of a combination of 
independent DJ sources is simply the sum of the bounded peak-to-peak values, 

DJTotal(p-p) = DJ1(p-p) + DJ2(p-p) + . . . + DJN(p-p).    (2) 
The uncertainties in the calibrated values must also be combined to give the net uncertainty of the 

applied signal. If it is not known whether a given uncertainty is independent of another, then they must 
be combined with the worst-case assumption that they are 100% correlated; in which case they are 
added together. While the DJ signals are independent, their uncertainties may not be. The DJ 
uncertainties tell us not just, for example, how far off the calibrated baseline signal might be, but how 
much of the baseline signal might be manifest as ISI or DCD. 

For each independent jitter source, RJ, PJ, ISI, DCD, and the combinations of ISI∗ DCD, there are, 
in principle four calibration constants: RJ (σ), the uncertainty in RJ (δσ), DJ(p-p) and the uncertainty 
δDJ(p-p). The calibrations are summarized in Table 1. 

 

Baseline σbase = 0.685 ps,   δσbase = 0.270 ps,   DJbase(p-p) = 3.7 ps,   δ DJbase(p-p) = 1.0 ps 

RJ ( )22 270.0+= appliedσσ ,    δσ = 0.270 ps + 1.5%×σapplied 

PJ δ PJ(p-p) = 1%×PJ(p-p) 

DCD δ DCD(p-p) = 0.8 ps + 0.5%×DCD(p-p)    for “low”* levels of DCD 

δ DCD(p-p) = 0.2 ps + 0.5%×DCD(p-p)    for “high”* levels of DCD 

ISI ISI(p-p) = ISIapplied(p-p) + 3.7,    δ ISI(p-p) = 1.0 ps + 2%×ISI(p-p) 

ISI∗ DCD δ (ISI*DCD) = 0.8 ps + 2 %×(ISI*DCD) 
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Table 1: Calibration summary. *The meaning of “low” and “high” levels of DCD are given in the text. 

 
Calibration of the Transmitter Baseline Random Jitter 

The transmitter baseline jitter is the jitter of the precision transmitter in the absence of an applied 
jitter signal. The baseline configuration is given, in Figure 1, by the case where no phase modulation is 
applied to the VSG clock signal driving the pattern generator, the DCD level is tuned to zero, and the 
transmission path includes the filters and transition time converter but no backplane. Extensive use of an 
equivalent time sampling oscilloscope, the Agilent 86100 Digital Communications Analyzer (DCA) 
with a wide-bandwidth electrical receiver (e.g., 86117A) and precision time-base (Agilent 86107A) is 
necessary for baseline calibration – since the advanced jitter analysis capabilities of the DCA-J are one 
of the subjects to study with the precision jitter transmitter, absolutely no use of its jitter analysis ability 
were used in calibration; the entire calibration process was performed prior to making any observations 
with jitter test-sets. 

Data is accumulated on the DCA with the time and voltage scales tuned for maximum resolution of 
the crossing point under three different configurations: the unmodulated clock signal is split so that 
identical full data-rate clock signals serve as both the trigger signal and the data signal. Since the jitter 
distribution recorded by the DCA is the relative jitter between the trigger signal and the data signal, the 
split-clock configuration has zero signal jitter. Thus the jitter observed on the DCA must be the intrinsic 
jitter, or noise floor, of the DCA and precision time-base. We measured a noise floor of 0.270 ps. 

 

 
Figure 2: Examples of data accumulated for analyzing the baseline jitter, (a) an alternating, 101010, 

pattern; and (b) the baseline PRBS7 pattern. 

In Figure 2a the unmodulated clock signal is used to trigger the DCA on an alternating (e.g., 
101010) pattern including the transmission path. A Gaussian distribution was fit to the alternating 
pattern crossing-point histogram, yielding a width of σ = 0.736 ps. Since the distribution is consistent 
with a Gaussian, we conclude that the jitter on the alternating pattern has negligible DJ. Since the DCA 
intrinsic jitter is independent of the jitter on the alternating pattern, it can be subtracted from the RJ 
baseline in the usual way [3], σ T

2 = σ split-clock
2 + σ PG

2. The precision jitter transmitter baseline RJ, 
independent of the DCA intrinsic RJ, is σ = 0.685 ps. The intrinsic noise also indicates the fluctuations 
that would be experienced if we could repeat the measurement on many different systems; that is, the 
intrinsic noise indicates the systematic uncertainty of our technique. Since Gaussian RJ is fundamentally 



Precision Jitter Transmitter 

Copyright 2005, Agilent Technologies   8 

a thermal phenomenon, we assume that the generation of a pattern with more structure than the 
alternating pattern does not introduce any additional RJ, therefore, 

σbase = 0.685 ± 0.270 ps.      (3)  
 
Calibration of the Transmitter Baseline Deterministic Jitter 

The baseline DJ of the pattern generator is composed of the convolution of the ISI contributed by 
the transmission path and the ISI of the pattern generator. The baseline ISI can be calculated from the 
combination of its frequency response – which is obtained by measuring its S-parameters – and the 
averaged waveform of the PRBS7 pattern. First the S-parameters of the transmission path (cables 
connectors, filters, pad) are measured on a 20 GHz vector network analyzer; then a PRBS7 pattern 
waveform is captured on a DCA. The impulse response of the pattern generator, which can differ in 
generating a pattern as opposed to a single step, is calculated by taking the Fourier transform of the 
pattern waveform and dividing it by the Fourier transform of an ideal PRBS7 pattern. The product of the 
spectral behavior of the transmission path and pattern generator impulse response is transformed to the 
time domain with an inverse Fourier transform to obtain the system impulse response which is 
convolved with an ideal PRBS7 pattern to get the ISI distribution. Calculating ISI(p-p) from the ISI 
distribution is straightforward and yields a baseline ISI(p-p) = 4.7 ps. The uncertainty of the calculation 
is less than 2% and as we’ll see, is negligible for the baseline DJ(p-p) calibration. 

The baseline RJ was convolved with the calculated ISI to give a prediction for the baseline jitter 
distribution on a PRBS7 signal, Figure 2b. The calculated and measured baseline eye-diagrams are 
presented in Figure 3 and show remarkable consistency. The crossing point histograms, or jitter 
distributions, are shown in Figure 4; while qualitatively similar, they are not quite statistically 
consistent. To compare the calculated baseline ISI(p-p) with the DJ observed in the baseline data we 
used a method that builds on the dual-Dirac model [4]. First, the dual-Dirac technique is applied to the 
baseline jitter distribution shown in Figure 2b and Figure 4. To properly implement the dual-Dirac 
model, the jitter distribution is integrated to yield the Cumulative Distribution Function (CDF) and the 
complementary error function is fit to the tails below a BER threshold, in this case 10-3 – since the DJ is 
very low on the baseline, 10-3 is an adequate threshold, but all that matters here is that the 
complimentary error function give a good fit. Second, the dual-Dirac model is applied – in precisely the 
same way – to a set of distributions calculated by convolving the ISI of the transmission path with 
Gaussian distributions having different values of σ. Third, the ratio DJ(δδ)/σfit, derived from the dual-
Dirac model applied to the calculated distributions is plotted against the ratio of the transmission path 
ISI and convolved RJ widths, DJ(ISI)/σ. The DJ(δδ)/σfit ratio from the baseline data is then translated 
from the dual-Dirac assumption to the transmission path ISI assumption to yield DJ(ISI)/ σ which is 
then multiplied by the measured RJ of Eq. (3) to get our best estimate for the baseline DJ(p-p), 3.7 ps. 

Since the ISI of the transmission path can interfere with the ISI of the pattern generator, the 
transmission path ISI is not necessarily a lower limit for the baseline ISI. But it does give an 
independent estimate of DJ(p-p). Thus, the systematic uncertainty in DJ(p-p) is given by the difference 
of the calculated transmission path ISI and the best estimate for DJ(p-p), thus 

DJbase(p-p) = 3.7 ± 1.0 ps.      (4) 
 
Calibration of Periodic Jitter 

Periodic jitter is any type of regularly repeating jitter signal. It is not generally correlated to the 
repetition rate of the data pattern and so falls in the category of uncorrelated jitter. We calibrated two 
types of PJ. Sinusoidal jitter introduces a phase term, 

ϕ(t) = APJ sin(2πfPJ t) 
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where APJ is the amplitude of the jitter signal in UI, or seconds, and fPJ is the frequency of the applied 
jitter. Applying PJ through I/Q modulation of the VSG clock signal is trivial for sinusoidal jitter, a fixed 
amplitude and frequency. For triangular jitter it is slightly more challenging, the Fourier series 
representation of the triangle wave provides the amplitudes, frequencies and phase offsets up to the 
bandwidth of the modulator – here about 40 MHz. 
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Figure 3: Comparison of the measured baseline eye diagram, (a), with the eye diagram calculated from 
the frequency response of the transmission path, time-averaged impulse response of the pattern 

generator on a PRBS7 and the observed baseline RJ. 

 
 

 
Figure 4: The calculated (solid) and measured (crosses) jitter distributions of the baseline transmitter. 

Our sinusoidal periodic jitter signal was set at 15 MHz and its amplitude was calibrated with a slight 
variation of the standard Bessel null technique used in SONET/SDH applications[5]. First, an alternating 
pattern was transmitted from the pattern generator at 2.5 Gb/s (i.e., a 1.25 GHz square wave) and the 
output was observed on a spectrum analyzer. Phase modulation theory predicts a null at the carrier 
frequency for a modulation amplitude of 0.765488 UIp-p.  Since the serial data specifications’ jitter 
budgets are much smaller than this, we checked the calibration at an amplitude of 0.765488/7.5 = 
0.102065 UI. At this amplitude, the theory predicts a null at the 15th harmonic, 18.75 GHz.  The 
programmed modulation level required to obtain 20*log(J1/J0) > 33 dB was recorded for the 15 MHz 
modulation frequency, as shown in Figure 5, and included in the calibration table. The > 33 dB limit 
corresponds to less than ± 1% deviation error. 

Our triangular PJ signal was set to 2 MHz. Calibration of the triangular PJ relies on the same I/Q 
modulation accuracy as the sinusoidal PJ signal. The difference is that the signal has up to twenty 
harmonic frequencies but the fundamental linearity of the amplitude and frequency applied to the I/Q 
modulators is the same as that confirmed at a single frequency for the sinusoidal PJ. The Bessel Null 
technique was applied to sinusoidal signals at seven different frequencies (1, 5, 10, 15, 20, 25, and 30 
MHz) to confirm I/Q consistency across the modulation bandwidth. The calibration of the resulting 
triangular PJ amplitude was confirmed by applying the modulated clock to a phase detector and 
observing the output on an Infinium real-time oscilloscope. The peak-to-peak value of the 2 MHz 
triangle wave was compared to that of a 2 MHz sinusoid of the same programmed value. A variation of 
no more than 0.5% beyond the 1% deviation error of the sinusoidal jitter calibration was observed. 
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Since the baseline RJ includes the clock RJ, there is no RJ component included in the PJ signal. 
Further, the calibration of the transmitter baseline indicates that the baseline DJ is dominated by DDJ, so 
there is no additive PJ uncertainty. Thus for sinusoidal PJ, δ PJ(p-p) = 1%×PJ(p-p) and for triangular PJ, 
δ PJ(p-p) = 1.5%×PJ(p-p). 

 

 
Figure 5: The Bessel null of the 15th harmonic. 

Calibration of Random Jitter 
We required that the RJ source have an incoherent phase modulation spectrum and faithfully follow 

a Gaussian distribution with tails extending over fourteen standard deviations so that it would conform 
to the industry convention down to TJ(BER = 10-12). Strictly maintaining an RJ signal that follows a 
Gaussian distribution is also important for comparing jitter test-sets because different techniques make 
the Gaussian assumption in different ways.  

RJ was introduced to the clock signal the same way as the PJ signal, by programming set phase 
modulation terms. In the RJ case the terms are a set of random numbers that follow a Gaussian 
distribution.  These values are then filtered with a 40 MHz raised cosine filter and renormalized to the 
desired standard deviation.  The uncertainty in this technique is dominated by the same uncertainties as 
the applied PJ signals. The differences in calibrating RJ compared to PJ is that the Bessel null technique 
has to be repeated across the full RJ bandwidth to account for the accuracy of each frequency 
component of the RJ signal thrown to the I/Q modulators. The Bessel null technique was applied to 
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seven different sinusoidal jitter frequencies (1, 5, 10, 15, 20, 25, and 30 MHz) and the variation of the 
set amplitudes with the Bessel Null calibrations provides the uncertainty in the variation of the I/Q 
modulator’s frequency response. That RJ faithfully follows a Gaussian down to BER of 10-12 is 
demonstrated in Figure 6. 

 
Figure 6: Graph of an applied RJ signal on a Q-scale. That the data is a straight line down to a value of 

Q less than 7 indicates Gaussian behavior down to BER less than 10-12. 

The RJ applied to the clock signal convolves with the intrinsic RJ of the pattern generator, 0.685 ps. 
The uncertainty of the baseline, 0.270 ps, provides an additive constant to the total RJ uncertainty. The 
applied RJ uncertainty is δσ = 0.270 ps + 1.5%×σapplied. 

Analysis of the RJ signal similar to that performed in the transmitter baseline calibration indicates 
that there is no DJ applied by the RJ source beyond that of the baseline transmitter. 
 
Calibration of Duty-Cycle Distortion 

Duty Cycle Distortion (DCD) is defined as the average difference of the crossing time of rising and 
falling edges – it is therefore a signed quantity 

fallrise xx −≡− p)DCD(p . 
DCD is calibrated by acquiring a histogram of the crossing point on a DCA. With only DCD applied, the 
jitter distribution is bimodal. The difference in the means of the lobes yields the DCD level. In the “low” 
DCD cases where the two lobes overlap, the averages are calculated by fitting Gaussian distributions 
separately to each peak. For the “high” DCD cases where the distributions are separate, the averages can 
be calculated directly from the two separate distributions. The uncertainty of the “low” DCD conditions 
where fits are required is about 0.8 ps – based on the fitting uncertainty. The uncertainty in the “high” 
DCD cases is the standard deviation of the mean, about 0.2 ps. The total uncertainty must also include 
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the DCA timebase uncertainty of about 0.5% giving, for the “low” cases, δ DCD(p-p) = 0.8 ps + 
0.5%×DCD(p-p) and for the “high” cases δDCD(p-p) = 0.2 ps + 0.5%×DCD(p-p). 
 
Calibration of Inter-Symbol Interference 

ISI is introduced by inserting different lengths of traces on Printed Circuit Board (PCB) into the 
transmission path. The effect of temperature and humidity on the PCB and transmission path is believed 
to be negligible because it is built from standard FR4 multilayer processing, has been kept in a 
controlled low humidity environment and there is no evidence for a hydroxyl absorption peak in its 
frequency response spectrum. 

The applied ISI is calculated by including the frequency response of the different lengths of 
backplane in the calculation described above in the discussion of the baseline DJ(p-p) calibration. The 
uncertainty of the S-parameters, as measured on a PNA, are given by the worst-case tilt numbers of  (0.2 
dB)/(20 GHz) which changes the ISI by no more than 0.5%. We checked the accuracy of using a 20 
GHz analyzer by calculating the ISI on successively smaller bandwidths. No appreciable difference was 
observed until the bandwidth approached twice the data rate. The uncertainty from the pattern waveform 
contributes another 0.5% due to the time-base accuracy of the DCA. The baseline DJ is dominantly ISI, 
and so the uncertainty in the baseline belongs here, resulting in a total systematic uncertainty in ISI of 
δ ISI(p-p) = 1 ps + 1%×ISI(p-p). 
 
Calibration of ISI∗ DCD Combinations 

Introduction of DCD changes a signal’s frequency content. Since ISI is caused by the non-uniform 
frequency response of the channel, introduction of DCD changes the ISI level. In other words, ISI and 
DCD are correlated and every combination of ISI and DCD must be separately calibrated. 

Combinations of ISI∗ DCD are calibrated by including the frequency response of the DCD signal in 
the calculation of ISI described above. It’s worthwhile to notice that the levels of DCD and ISI within 
the ISI∗ DCD combinations are not the same as they are when applied separately, nor do the pair sum to 
the net peak-to-peak jitter – which is just another way of saying that ISI and DCD are correlated. 

 

 
Figure 7: Comparison of TJ(10-12) calculated from the various RJ/DJ calibrations with measurements 
performed on a BERT. In (a) the measured TJ is plotted against the calculated values, the straight line 

would correspond to perfect agreement; in (b) the fractional difference between the calculated and 
measured values of TJ show agreement of better than 10% that can be accounted for by intrinsic 

uncertainties in the BERTscan technique. 
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Calibration of Total Jitter at BER=10-12 
Total Jitter at a BER of 10-12 was calculated by convolving the jitter distributions of each applied 

condition and then integrating the resulting distributions to determine the values of the time-delay where 
BER = 10-12 [6]. The results of the calculation are compared to the TJ results from measurements with a 
full BERTscan in Figure 7 for a representative subset of combinations of different jitter signals. There is 
excellent agreement with the calculated and measured TJ values. One expects a large positive fractional 
error for low uncertainties due to the effects of the BERT error detector sensitivity and the small 
intrinsic uncertainty in the BERT time-delay. The uncertainty of TJ is calculated by propagating the 
uncertainties of each independent source of jitter through the TJ calculation, we typically achieve 
δ TJ(10-12) ≈ 5 ps. 
 
Transmitter Stationarity 

One of the implicit industry-wide assumptions about jitter is that it is a stochastically stationary 
phenomenon. In other words, measurements that are performed over a time duration long enough to 
include both RJ and DJ phenomena are equivalent, up to random fluctuations, regardless of the time that 
they are performed. While there was no reason to believe that the precision jitter transmitter would 
experience non-stationary events, several tests were performed to assure stationarity. An example of a 
non-stationary event would be a rare transient phenomena such as an unaccounted for burst of jitter. The 
precision jitter transmitter was monitored for two hours with high levels of applied of ISI and DCD on 
an Agilent 54855A real-time oscilloscope using EZJIT software to acquire a jitter distribution and 
frequency spectrum. The process was repeated several times and no rare random processes were 
observed. We conclude that the precision jitter transmitter is at worst stationary over the vast majority of 
two hour periods – certainly sufficient for consistence with the industry assumptions. 
 
\Conclusion 

The precision jitter transmitter can be assembled from readily available instruments. The application 
of jitter injection software using the I/Q modulation of the vector signal generators greatly simplifies the 
application of truly Gaussian random jitter and periodic jitter of various shapes. To maintain RJ with 
Gaussian tails corresponding to BER=10-12, it is necessary to use two vector signal generators. In the 
development of the precision jitter transmitter we tried several instrument grade noise sources applied to 
the pattern generator time-delay, none of the noise sources produced a jitter distribution consistent with 
a Gaussian at the level of BER=10-12. 

Calibration of RJ, PJ, ISI, DCD, and combinations of ISI and DCD are all traceable to calibration 
standards and were accurate to levels of a few percent. 

Calibration of the baseline RJ is not traceable to a calibration standard, however its magnitude is 
small and, as a percentage, its systematic uncertainty is large. The uncertainty in the baseline RJ 
propagates through the as an additive constant in the uncertainty of applied RJ signals. The baseline RJ 
uncertainty also propagates into the calibration of TJ(10-12) as a substantial, but unavoidable, 
uncertainty. Similarly, the calibration of the baseline DJ is only partially traceable and has large 
uncertainties. That the untraceable constituents of the jittered signal have the largest uncertainties is not 
a coincidence; rather, it reflects the general difficulty of separating a signal into components without 
some a priori knowledge of their functional form.  

In jitter analysis the important observables are TJ(BER), RJ, PJ, ISI, DCD, and DDJ, not DJ(p-p). 
An often overlooked subtlety of the ubiquitous dual-Dirac model is the fact that the value of DJ it 
extracts, DJ(δδ ) is not an estimator of the actual peak-to-peak DJ [4]. In fact, for realistic jitter 
distributions, DJ(δδ ) < DJ(p-p) (it should be noted that the same is not true of RJ, the width of the RJ 
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Gaussian, σ, is an estimator for the parameter RJ in the dual-Dirac model – though the fitting techniques 
tend to yield σfit ≤ σ). But, in fact, the actual peak-peak DJ has no utility; independent of the actual DJ 
distribution, DJ(p-p) is helpful for neither estimating TJ(BER) – where DJ(δδ ) is needed – nor as a 
diagnostic tool – where PJ, ISI, DCD, and DDJ are helpful. 

Finally, the precision jitter transmitter can be used for several sensitive applications. We developed 
it to study the variations of different jitter analysis techniques under a given condition, to understand 
what techniques are most effective, and to learn how to specify jitter accuracy and sensitivity. The 
results of that study are beyond the scope of this paper, but are available in reference 7. 
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