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Abstract—A new efficient and accurate eye-diagram 
determination technique for differential signaling is presented. 
An efficient eye-diagram for the differential transmission lines is 
determined by decoupling the coupled lines into effective single 
lines. Introducing the simplest input bit pattern to determine the 
worst case inter-symbol interference (ISI), the output response 
for a single line can be readily determined by using Fast Fourier 
transform technique (FFT). The proposed technique is compared 
with SPICE W-model-based simulation that employs pseudo-
random bit sequence (PRBS) input signals. 

Keywords- differential signaling; eye-diagram; signal integrity; 
transmission line 

I.  INTRODUCTION 
With the advent of the silicon-based nano-scale process 

technology, to integrate more than billion transistors in a single 
chip or in a single package becomes possible. In addition, the 
circuits switch with a very sharp edge rate less than several 100 
pico-second [1]-[5]. As the data transmission rates between the 
circuit sub-blocks increase, it becomes extremely difficult to 
maintain good signal integrity in a single-ended signaling since 
digital systems are notoriously noisy due to simultaneous 
switching noise (SSN), crosstalk, non-ideal current return 
paths, and so on [6]. 

To overcome these problems, differential signaling is 
widely used. It has many disadvantages such as large die area 
occupation, many I/O requirements, and more complicated 
impedance control than single-ended signaling circuits. 
Nonetheless, it has many advantages over single-end signaling: 
(1) fast switching and low power consumption can be achieved 
with a low swing level; (2) it may transmit a signal over long 
distance w/o equalizer; (3) to transmit a pair of differential 
signals is more immune from crosstalk noise,  non-ideal current 
return signal and common mode noise [6]. 

An eye-diagram is a very useful metric to evaluate the 
signal integrity of data paths or overall system performance 
[6]-[13]. The eye-diagram is, in general, determined by 
overlapping the continual output responses on a specific time 
window for numerous pseudo-random bit sequence (PRBS) 
input signals. However, since it takes huge computation time in 
constructing the sufficient response, the computation time 
reduction for the eye-diagram determination is highly required. 

In order to reduce the computation time, many efficient 
eye-diagram determination methods have been developed [10]-
[13]. Tsuchiya and Hashimoto proposed an analytical formula 
that was derived from piece-wise-linear model [10][11]. Guo 
proposed a fast eye-diagram estimation method that employs 
the worst-case data patterns for RC lines [12]. Casper 
developed a peak distortion method to extract the worst case 
value by using superposition of the pulse response [13]. The 
aforementioned existing fast or efficient eye-diagram 
determination methods are very useful as well as efficient than 
SPICE-based simulation using numerous PRBS input signals. 
However, since many of the techniques are limited on the 
single isolated lines, they may not be suitable for the eye-
diagram determination for the differential signaling. Although 
Casper’s method can be applicable for coupled lines, since it 
requires many test input patterns to capture the worst case 
output value, it may not be efficient enough. 

In this work, a novel eye-diagram determination method for 
the differential signaling is presented. Differential transmission 
lines are decoupled into effective single lines. Input patterns 
that may induce the worst case eye pattern are investigated. 
Thereby, the simplest input pattern for the worst case ISI 
determination is found. The time-domain input signal is 
transformed into the frequency-domain by using fast Fourier 
transform (FFT). Then, the frequency-domain response signal 
is transformed back into the time-domain by using inverse fast 
Fourier transform (IFFT). The proposed technique is compared 
with SPICE W-model-based simulation that employs numerous 
PRBS input signals. 

II. DECOUPLING OF THE DIFFERENTIAL TRANSMISSION 
LINES INTO THE EFFECTIVE SINGLE LINES 

A pair of symmetrical lines for differential signaling as 
shown in Fig. 1(a) are electro-magnetically coupled. The 
coupled transmission lines can be decoupled into the equivalent 
effective single transmission lines by using modal decoupling 
technique [7] [14]. The effective single lines can be treated as 
in a single isolated line for the eye-diagram determination (see 
Fig. 1(b)).  

The differential impedance is twice that of the odd mode 
characteristic impedance, 
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In a lossless line, the odd mode characteristic impedance can be 
represented as  
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where 11 12 11,  ,  L L C  and 12C are the per-unit-length (PUL) self 
inductance, mutual inductance, self capacitance, and mutual 
capacitance, respectively. 
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Figure 1.  (a) Differential lines, (b) Effective single lines. 

III. MATHEMATICAL FORMULATION FOR ISI 
The differential transmission lines can be represented with 

the effective single transmission lines. Thus, the analysis 
techniques for a single line can be exploited for the analysis of 
the differential lines. In general, eye-diagram determination 
requires many PRBS input signals. Therefore it takes huge 
computation time. Here, a new technique that does not employ 
many sequential PRBSs is introduced.  

Since the ISI is originated from the overlapping of the 
present signals with the dragged tail signals due to the previous 
signals, the simplest input signal model for ISIs can be 
mathematically formulated with three constituents, i.e., (i) 
previous signal, (ii) present signal, (iii) time interval between 
the previous and present signals. 

An input bit stream can be formulated with unit step 
function as below 
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where {1,0}na = . The input signal can be approximately 
represented with the simplest input form that is composed of 
the three constituents (i.e., previous signal, present signal, and 
time interval between two). 
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where 0 1a = , 1 0a = , and 2 1a = . Then 
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In a linear time invariant (LTI) system, the output signal can be 
determined with convolution integral 
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where ( )h t is the impulse response of the system. Note, in 
differential transmission lines with a matched load, since there 
are no reflection signals, the duration of the tail signal is 
negligibly short except for the signal dispersion. Thus, 
neglecting the tail signal effect of the previous signal, (6) 
becomes 

   [ ]( )2 3( ) ( )* ( ) ( )ov t h t u t t u t t≈ − − − .                  (7) 

Without the previous signal, the time interval does not required. 

In a matched load, the practical response signal for a pulsed 
signal is monotonically increasing or decreasing. If a bit length 
is not long enough, it does not reach an output logic high value. 
Therefore, the peak value of the output of the present signal has 
minimum when the bit length is equal to that of a single bit at a 
given frequency. 

IV. EYE DIAGRAM DETERMINATION 
In frequency domain, the worst case input and the transfer 

function of an effective single line for the differential 
transmission lines can be represented as [15] 
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where ( )oddγ ω  and ( )oddZ ω are the odd mode propagation 
constant and odd  mode characteristic impedance, respectively. 
They can be represented with the PUL-transmission line 
parameters as 
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and the reflection coefficients are defined as 
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where SZ  and LZ  indicate the input source impedance and 
output load impedance, respectively. Thus, the output response 
of a transmission lines in frequency domain can be represented 
by 

       ( ) ( ) ( ) ,out inV V Hω ω ω= ⋅                    (13) 

Then, the frequency domain output voltage signal can be 
transformed back to the time domain signal by 

( ) ( ){ }.out outV t IFFT V ω=                                (14) 

V. VERIFICATION 
In this section, eye patterns for interconnect line structures 

as shown in Fig. 2 are determined with PRBS-based SPICE 
simulation and the proposed technique. For the sake of the 
simplicity, a transmitter is modeled as a resistor (Zs). Then, 
they are compared with each other. The proposed technique is 
implemented with MATLAB 9.0 [16] in a PC that uses a 
2.4GHz Intel® CoreTM2 Quad CPU Q6600 with 4G Byte 
DDR2 RAM. For the SPICE simulation, W-model is employed 
and the transmission line circuit model parameters are, 
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Figure 2.  Cross-section view and dimensions for differential lines 
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Figure 3.   (a) Eye-diagram with PRBS-based SPICE simulation, (b) Eye-
diagram with the proposed technique using the simplest input model. 

( 5[ ]Bitrate Gbps= , 50[ ]SZ = Ω , 80[ ]diffZ = Ω , 5[ ]Length cm= ). 

For the various data rates, the results are compared. In order to 
achieve reasonable accuracy using PRBS-based SPICE 
simulation, ten thousand PRBS signals are applied to the input. 
As shown in Figs. 3 and 4, the proposed technique shows 
excellent agreement with SPICE W-model-based simulation. 
In Table I, the computation efficiency of the proposed 
technique is compared with PRBS-based SPICE simulation in 
terms of CPU time. The proposed technique is much faster 
than SPICE simulation in the order of two. 
 

TABLE I.  EXECUTION TIME COMPARISON: (A COMPUTER WITH 2.4GHZ 
INTEL® CORETM2 QUAD CPU Q6600 WITH 4G BYTE DDR2 RAM) 

Methodology 
 

Bit Length 

Elapsed Time [sec] 

SPICE 
W-model 

proposed 
method 

PRBS 10000 bits 87 0.47 
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Figure 4.   Eye-height and jitter (proposed method vs. SPICE). 

( 5[ ]Bitrate Gbps= , 50[ ]SZ = Ω , 80[ ]diffZ = Ω ). 

VI. CONCLUSION 
In this paper, a new efficient as well as accurate eye pattern 

determination technique for differential signaling was 
presented. For the sake of that, the differential transmission 
lines are decoupled into the effective single lines. It employs 
the simplest input signal model instead of a large number of 
PRBS input signals to predict the worst case eye-diagram. It 
was shown that the proposed technique has excellent 
agreement with PRBS input-based SPICE W-model simulation. 
Thus, the proposed technique can be very usefully exploited for 
the signal integrity verification or high-speed integrated system 
design for differential signaling. 
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