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Abstract 
 
We have developed a new crosstalk jitter (XJ) separation method and algorithm that separates 
crosstalk jitter from the rest of the jitter components. Finally, this long-standing problem 
confronting the modern jitter field has received a proven and verified solution. The method 
presented in this paper classifies XJ into two types, correlated crosstalk jitter (CXJ) and 
uncorrelated crosstalk jitter (UXJ), and separates them according to their distinct characteristics. 
The feasibility and validity of this new crosstalk jitter separation is further demonstrated and 
proven with controlled experiments. 
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1. Introduction 
 
As the data rate for high-speed serial communication continues to increase, reaching 10 Gbps 
and beyond, the unit interval (UI) keeps decreasing and every jitter component for the link must 
be shrunk or compensated to maintain the same bit error rate (BER). To meet this ever-
challenging requirement, theories and quantification methods for every jitter component or root 
cause must be in place or be developed. 
 
In the past 10 years, significant research and development efforts have been spent on 
understanding jitter and methodologies for jitter component separation (e.g., [1], [2], [3], [4], 
[5]). It is well acknowledged and understood that jitter has deterministic jitter (DJ) and random 
jitter (RJ) components at the first layer separation. DJ includes data-dependent jitter (DDJ), 
periodic jitter (PJ), and bounded un-correlated jitter (BUJ) sub-components, and DDJ includes 
intersymbol interference (ISI) and duty cycle distortion (DCD) sub-components. This jitter 
component hierarchy is illustrated in Figure 1. 
 

Jitter

Deterministic jitter (DJ) Random jitter (RJ) 

Gaussian  
Periodic 

jitter (PJ) 
Data dependent
jitter (DDJ) BUJ ?

DCD ISI 
 

Figure 1. A jitter component hierarchy 
 
There has been little or no development of the BUJ separation theory and methodology 
compared with that for other jitter components. BUJ terminology was first created by Fibre 
Channel T11 committee [6] to capture and cover all the uncorrelated jitter components, including 
uncorrelated crosstalk jitter and uncorrelated interferences. As yet, no formal papers in publicly 
available technical conferences or journals discuss how to separate crosstalk jitter from the rest 
of jitter components. Thus, the BUJ, or more specifically, the crosstalk-jitter separation method, 
along with its validity and accuracy, is still relatively unknown. 
 
On the other hand, crosstalk as a physical phenomenon and mechanism has been studied across a 
wide range of fields, such as chip-level crosstalk (e.g., crosstalk for VLSI interconnects, and 
crosstalk for package), and board-level crosstalk. In the field of high-speed serial link with 
multiple lanes, crosstalk is an important topic, especially when the data rate approaches 10 Gbps 
and beyond. Because XJ is not compensated by most equalizations, it must be reduced or well 
bounded to insure the interoperability, and thus the need to separate and quantify XJ becomes 
increasingly important. 
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Most XJ studies for high-speed serial links took place in the context of multiple-lane serial 
channels [7],[8]. With the crosstalk quantified in terms of S-parameters, and using the linear 
system theory for channel signaling, simulating XJ for multiple-lane channel link is a relatively 
straightforward task. However, separating XJ under general signaling conditions, without the 
pre-knowledge of crosstalk S-parameters, and in the presence of other signal impairments and 
jitter components, is a much more complicated and difficult problem. Yet the knowledge and 
solution for this problem brings tremendous value to XJ quantification, debug, and diagnostics, 
as well as filling the solution gap of the overall jitter-separation method completion. 
 
In view of unavailable technical publications on XJ separation methods and solutions, as well as 
its importance for designing and verifying a high-speed link at higher data rates, we dedicate this 
paper on XJ separation. In Section 1, we give a general introduction on the basics of crosstalk 
and its conversion mechanism to jitter. In Section 2, we focus on the correlated XJ (CXJ) 
separation, while Section 3 focuses on the uncorrelated XJ (UXJ) separation. Section 4 is 
dedicated to the validations of the new XJ separation methods and algorithms with experiments. 
Section 5 gives the summary and conclusion. 

 
2. Crosstalk and Jitter Relationships 
 
In this section, we first review the fundamentals for crosstalk, then discuss the crosstalk and jitter 
conversion relationship under two distinct conditions. 
 
2.1 Crosstalk-Generation Mechanisms 
 
The fundamental mechanisms for crosstalk are well studied and understood. Two basic coupling 
mechanisms produce crosstalk: the mutual capacitive coupling and the mutual inductive 
coupling. Figure 2 shows both inductive and capacitive coupling between two transmitting and 
receiving channels. 

 
Figure 2. Inductive and capacitive crosstalk coupling 
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As illustrated, let us further assume that the top channel is the aggressor and the bottom channel 
is the victim. Using this assumption, the crosstalk-induced voltage noise due to the aggressor can 
be estimated. The inductive coupling-induced crosstalk voltage noise ( mLVΔ ) is estimated as: 
 

    
dt

dV
Z
L

dt
dILV a

a

ma
mmL ==Δ      (1) 

 
where mL  is the mutual inductive coefficient, aZ  is the impedance of the aggressor, and 

)/( dtdIa  and )/( dtdVa  are the current and voltage time derivatives for the aggressor. 
 
 The capacitive-coupling crosstalk voltage noise ( mCVΔ ) is estimated as: 
 

    
dt

dVZCV a
vmmC =Δ              (2) 

 
where mC  is the mutual capacitive coefficient, vZ  is the impedance of the victim, and )/( dtdVa  
is the voltage time-change rate for the aggressor. 
 
Equations (1) and (2) indicate that crosstalk-induced noise is proportional to the voltage time-
change rate of the aggressor [5]. For a digital signal, the crosstalk-induced noise only occurs 
when there is a voltage time change, namely during the edge transition. 
 
2.2 Correlated and Uncorrelated Crosstalk and jitter 
 
In serial data communication, there are two common signal transmission modes. In the first, all 
channels transmit data synchronously or correlatedly, as in the case of a multiple-lane signal 
transmission in channel bonding mode for the same communication protocol (e.g., PCI Express, 
Fibre Channel). In the other, all channels transmit data independently or asynchronously. Many 
possible scenarios give rise to uncorrelated and asynchronous crosstalk, such as non-channel 
bonding multiple-lane operation for a same protocol link, and multiple-lane operation for 
multiple protocols. The jitter or voltage conversions for these two types of crosstalk are different 
and distinct. 
 
2.2.1 Correlated Crosstalk-Induced Jitter 
 
A multiple-lane operation link is shown in Figure 3. For illustration purposes, we only show a 3-
lane link, however the concept can be extended to a N-lane link. For synchronous and correlated 
operation, all the data bit cell (voltage flat or non-edge transition period) and edge transitions are 
aligned. In this example, the center channel (channel 2) is the victim lane, the top (channel 1) and 
bottom (channel 3) channels are the aggressor lanes, and it uses a single-edge transition. 
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Figure 3. Synchronous and correlated crosstalk and its effect to the victim-lane edge transition 
 
In this specific example, crosstalk-induced voltage noise adds to the victim-lane edge transition 
synchronously at the receiver side, assuming that the channel-to-channel skew and propagation 
delay difference are negligible. Based on Equations (1) and (2), the edge transitions of the victim 
lane are distorted. If the channel is lossless, then this synchronous time deviation or jitter at the 
50% step response level is caused solely by the synchronous crosstalk. Since the aggressor edge 
transitions are synchronous with the victim edge transition, they are also synchronous in-phase. 
As such, the crosstalk-induced jitter manifests as a sub-component of the overall correlated jitter 
(experimentally shown in [9]). Consequently, it is possible to separate it from the rest of 
correlated jitter components using the detailed method and algorithm shown in Section 3. 
 
2.2.2 Uncorrelated Crosstalk-Induced Jitter 
 
As shown in Figure 3, if the aggressor channels and victim channel operate asynchronously or 
uncorrelatedly, then the phase relationship between aggressor and victim edge transitions are 
phase independent or random. Aggressor edge transitions may arrive during the bit period of the 
victim signal and the crosstalk produced by the aggressor edge transition only affects the voltage 
noise of the victim, not the timing jitter. If, however, aggressor edge transitions arrive during the 
edge transition of the victim, then the crosstalk for the aggressor edge transition only affects the 
edge transition and timing of the victim. If we further assume that the channel is ideal and 
lossless, and that the aggressor data pattern is random and has a reasonable number of edge 
transitions (e.g., PRBS 2^12-1 has ~1000 edge transitions), then the central-limiting theorem 
effect becomes evident [5]. In this case, the crosstalk-induced jitter is best modeled or described 
by a truncated Gaussian [5], [10], [11]. This character or signature is the basis for separating 
asynchronous and uncorrelated crosstalk jitter from the rest of the jitter components. 
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3. Crosstalk-Induced Jitter Separation 
 
Using the fundamental knowledge on correlated and synchronous crosstalk and uncorrelated and 
asynchronous crosstalk discussed in Section 2, we are ready to present the methods and 
algorithms for separating CXJ and UXJ from the rest of the jitter components. 
 
3.1 Correlated-Crosstalk Jitter (CXJ) Separation 
 
By definition, CXJ is correlated and synchronous with victim-lane signal edge transitions. As 
previously mentioned, CXJ is produced when one or multiple aggressors run with the same data 
rate and same data pattern synchronously and correlatedly with the victim lane, as in the case of 
a synchronous and correlated serial multiple-lane link operation. For discussion and 
mathematical-notation convenience, we assume that the signal waveform (i.e., vo(t) or voltage as 
a function of time) information for the victim-lane signal at the receiver side is readily available, 
with no record-length and/or resolution limitations relative to the application. The separation 
method then is: 

Step 1: Apply the average (with significant enough statistics) to vo(t), then remove all 
uncorrelated jitter and noise, resulting in the correlated waveform (vave(t)) and the 
associated correlated jitter )( icorr ttΔ  at the zero crossing or 50% level. 

Step 2: Fit the correlated waveform with the intrinsic data-dependent waveform (vddw (t)) that 
follows the linear time-invariant (LTI) plus edge shifting rules to obtain the best 
parameters with the low-frequency-constrained data points in the correlated waveform. 
Using the obtained vddw(t), DDJ ( )( iDDJ ttΔ ) is estimated at the zero crossing or 50% 
level. 

Step 3: Subtract the correlated jitter with the DDJ on a per-edge transition basis, which gives rise 
to the CXJ time record, namely )()()( iDDJicorriCXJ tttttt Δ−Δ=Δ . The histogram or PDF 
for )( iCXJ ttΔ  is then constructed, and statistical parameters, such as peak-to-peak (pk-pk) 
and rms values, are estimated. 

 
3.2 Uncorrelated-Crosstalk Jitter (UXJ) Separation 
 
As discussed in Section 2, UXJ is caused by aggressors running with their phases uncorrelated 
with the victim-lane signal. Again, we assume that the waveform of the victim-lane signal on the 
receiver side is readily available (i.e., vo(t) or voltage as a function of time). The separation 
method is as follows: 

Step 1: Estimate the overall timing jitter ( )( ittΔ ) or time interval error (TIE [3], [5]) based on 
vo(t) on a per-edge transition basis. 

Step 2: Estimate the correlated jitter ( )( icorr ttΔ ) from the averaged waveform vave(t), then 
subtract it from the overall timing jitter )( ittΔ to get the uncorrelated jitter )( iuc ttΔ  time 
record, namely )()()( icorriiuc tttttt Δ−Δ=Δ . 
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Step 3: Build the uncorrelated jitter histogram or PDF from the uncorrelated jitter )( iuc ttΔ  time 
record, and calculate the corresponding BER CDF via integration from the histogram or 
PDF. 

Step 4: Fit the uncorrelated jitter histogram or PDF with a Gaussian (to account for RJ) 
combined with a truncated Gaussian (to account for uncorrelated UXJ). The best-fitted 
truncated Gaussian provides both pk-pk and rms values for the uncorrelated UXJ, and the 
best-fitted Gaussian provides the rms values for intrinsic RJ. Alternatively, an 
uncorrelated BER CDF can be fitted with an integrated Gaussian combined with an 
integrated truncated Gaussian. The best-fitted integrated truncated Gaussian gives both 
pk-pk and rms values for the uncorrelated UXJ, and the best-fitted Gaussian provides the 
rms values for intrinsic RJ. 

Note that uncorrelated jitter )( iucorr ttΔ -corresponded PDF has both intrinsic RJ and UXJ 
components. It is well known that the RJ PDF is best modeled by a Gaussian, and, as we 
discussed in Section 2, UXJ is best modeled by a truncated Gaussian. Therefore, the PDF model 
is represented as: 
 

    )()()( tftftf UXJRJUC Δ⊗Δ=Δ      (3) 
 
where )( tfUC Δ  is the overall PDF for uncorrelated jitter, )( tfRJ Δ is the PDF for RJ, )( tfUXJ Δ is 
the PDF for UXJ, and ⊗  denotes the convolution. )( tfRJ Δ is Gaussian and is described by the 
following equation: 
 

    
2

2

2

2
1)( RJ

t

RJ
RJ etf σ

σπ

Δ
−

=Δ      (4) 

 
where RJσ  is the sigma or rms value of Gaussian. )( tfUXJ Δ  is described as 
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t

ef t σ
σπ

   (5) 

 
where UXJσ  is the sigma value, and pkUXJ is the peak value for UXJ. 
 
Two different types of asymptotic behavior for )( tfUXJ Δ can be obtained. In the high-probability 
region when || tΔ  << pkUXJ , UJf is the convolution of two Gaussians and the result is still a 

Gaussian with a rms value 22
RJUXJUJ σσσ +→ . However, in the low-probability 
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region where || tΔ  >> pkUXJ , UJf approaches RJf and 
RJUJ σσ → . An illustration 

of UJf is shown in Figure 4. 

 

22
RJUXJUJ σσσ +→

RJUJ σσ →

Δt

fUJ

pkUXJpkUXJ−
 

Figure 4. An uncorrelated jitter PDF composed of UXJ and RJ 
 
 
4. Experimental Validation 
 
To prove the validity of the proposed methods for separating correlated and uncorrelated 
crosstalk jitter, a well-defined experiment with good controllability is needed so that the 
conditions for the methods to work can be met. The experimental diagram shown in Figure 5 
creates CXJ and UXJ. 
 

PG 
LPF                 

ATT

Scope 
and/or 
BERT

HPF

Crosstalk 
Coupling 

Victim

Aggressor

 
Figure 5. An experimental setup for generating CXJ and UXJ 
 
In this experimental setup, the aggressor and victim signals are created by a multiple-channel 
pattern generator (PG). The victim signal goes through a low-pass filter (LPF) to slow down the 
slew-rate of edge transitions of the data pattern and enabling amplitude modulation. The 
aggressor signal runs synchronously with the victim signal to generate CXJ and UXJ. The 
inductive and capacitive coupling is emulated with a high-pass filter (HPF, for time derivative 
emulation), an ATT (attenuation, for coupling level), and a signal combiner (for amplitude 
modulation). 
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4.1 CXJ Generation and Separation 
 
To create CXJ, the victim and the aggressor must be in-phase and operating with same data-
pattern and data rate. We chose the PRBS 2^10-1 data pattern and the 3-Gbps data rate for both 
victim and aggressor in this example experiment. Using the method and algorithm described in 
Section 3.1, we obtained the overall correlated jitter time record )( icorr ttΔ , the DDJ 
record )( iDDJ ttΔ , and the CXJ record )( iCXJ ttΔ , as shown in Figure 6. 
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Figure 6. Overall correlated jitter, DDJ, and CXJ time records 
 
The corresponding histograms can be calculated based on the data shown in Figure 6, and the 
results are shown in Figure 7. 
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Figure 7. Overall correlated jitter, DDJ, and CXJ histograms 
 
Using this histogram, the statistical parameters can be calculated, as shown in Table 1. 
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Table 1: Statistical Parameters for Correlated jitter, DDJ, and CXJ 
 )( icorr ttΔ  )( iDDJ ttΔ  )( iCXJ ttΔ  
Stdev (ps) 3.50 2.100 3.18 
Max (ps) 11.80 5.02 8.10 
Min (ps) -9.29 -6.10 -7.85 
Pk-pk (ps) 21.09 11.12 15.95 

 
 
4.2 UXJ Generation and Separation 
 
To create UXJ, the victim and aggressor must be phase independent or random, which is 
achieved by running different data patterns for victim and aggressor lanes. We chose the PRBS 
2^10-1 data pattern for the victim, and PRBS 2^31-1 for the aggressor, with both running at 
3 Gbps. Using the method and algorithm described in Section 3.2, we obtained an uncorrelated 
BER CDF in Q-space [5], [10], [11] and the corresponding fitting, as shown in Figure 8. 
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Figure 8. BER CDF (right), BER CDF in Q-space (left) for the left branch with fitting 
 
The integration of Equation (3) is used to fit the BER CDF in Q-space, and yields sigma and rms 
values for UXJ and a true intrinsic RJ. We found UXJσ  = 26.50 ps, pkUXJ  = 48.76 ps, (i.e., crest 
factor = 0.92), and RJσ  = 1.83 ps. We assume that the left and right branches of the BER CDF 
are symmetrical. 
 
5. Summary 
 
New crosstalk jitter (XJ) separation methods and algorithms that separate crosstalk jitter from the 
rest of the jitter components are presented in this paper. Separating crosstalk jitter from the rest 
of the jitter components has been a standing challenge for years, but now it has a proven and 
verified solution. The described methods and algorithms classify XJ into two types, correlated 
crosstalk jitter (CXJ) and uncorrelated crosstalk jitter (UXJ), and separate them according to 
their distinct characteristics. Specifically, CXJ is separated by subtracting the DDJ from the total 
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correlated jitter. In contrast, UXJ is separated by fitting the jitter PDF with an unbounded 
uncorrelated Gaussian (i.e., manifesting the true random jitter process) combined with an 
bounded uncorrelated Gaussian (i.e., manifesting the UXJ process), or by fitting the BER CDF 
with an integrated unbounded uncorrelated Gaussian combined with an bounded uncorrelated 
Gaussian, in either linear or Q-space. The feasibility of this new crosstalk jitter separation is 
further demonstrated and proven with controlled experiments. 
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