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Measurement of the Bit Error Rate (BER) and
Eye Diagram of Interconnections through FDTD
Algorithm
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Abstract— The main objective of this paper is to assess the quality of signals transmitted at the output of interconnections in high speed
circuits, subjected to Additive White Gaussian Noise (AWGN). We propose a numerical approach based on the technique of Finite
Differences centered in the Time Domain (FDTD), to translate the behavior of voltages and currents along the line. The method deals with
the variation of several parameters such as transmission rate, and losses. The impact of each of these parameters on the received signal
is assessed. We use measurement tools like the bit error rate (BER) and the eye diagram obtained by means of both the FDTD based
code and the Advanced Design System (ADS) software platform. This study allows predicting the effect of noise at early stages of the

design.

Index Terms— AWGN, BER, Eye Diagram , FDTD, High speed circuits, Interconnections, Signal integrity, Transmission lines.

1 INTRODUCTION

In modern digital communication systems, preserving signal
integrity is not only the most important aspect to account

for, but also a growing concern for designers. Indeed, in
these conditions, digital information can inevitably deteriorate
making it difficult to have reliable transmission.

Knowing such circumstances, several phenomena affect
considerably the data transmission within highly sophisticated
circuits. Crosstalk, electromagnetic interferences, noise and
skin effect are amongst the most influential parameters with
huge impact on received data.

Though major improvements have been made in relation to
circuit designing, and layout rules, interconnections are still
investigated with emphasis on physical, geometrical and elec-
trical proprieties and effects on the transmission of infor-
mation.

In general, interconnections are considered as planar Multi-
conductor Transmission Lines (MTL). They stand for trans-
mission channels. MTL are basically governed by the well-
known line equations expressed with respect to voltage and
current matrices as well as per-unit-length (p.u.l) parameters
such as resistance, conductance, capacitance and inductance
matrices.

The assumption for all transmission line formulation and
analysis is that the filed structure surrounding the conductors
obeys a Transverse Electric-Magnetic (TEM) configuration.

In order to accurately describe the transmission problem,
we have to include the noise effect into the proposed method.
We focus essentially on internal noise that can be generated by
either the line or any other connected elements especially non-
linear ones.

Noise is usually the fundamental limitation for communica-
tion over physical channels. As a first step, we assume that the
line is affected by Additive White Gaussian Noise (AWGN),
that is this communication line is known as additive noise
channel. As a result, both the line effects such as attenuation,
propagation delay and crosstalk, and the Gaussian process of
noise are taken into account and included into the same simu-

lation code.

Although, at present, there are various methods to solve
MTL equations and produce voltages and currents at termina-
tions, time domain results and measurements can be inter-
preted easily and are directly relevant to the function of digital
devices. So, for a better understanding of such functions time-
domain methods are basically the most appropriate and yield
valuable information to predict the responses and overcome
crucial problems.

The finite Difference Time Domain (FDTD) technique is of
great interest to us since it is proven to be the simplest, both
conceptually and in terms of solving complicated problems
[1], [2]. FDTD method employs finite differences as approxi-
mations to both the spatial and temporal derivatives, it was
first proposed by Yee [3] and later developed by Umashankar
and Taflove [4], and the technique can produce very detailed
solutions.

The proposed code consists of combining a numerical ap-
proach based on solving MTL equations by means of FDTD
algorithm with the methods of computation of eye diagram
and Bit Error Rate (BER), which are useful tools in interpreting
received data especially when errors occur in the detection
process.

The eye pattern allows the quality of the signal at the re-
ceiver to be characterized. The larger width of the eye, the
better the data quality at the end of the line. The eye diagram
width provides also information about the specific sampling
time of the data at the receiver avoiding intersymbol interfer-
ence (ISI) problems. As already mentioned, the other key pa-
rameter that measures high speed data streams and analyzes
the integrity of received or transmitted data is the BER. It ob-
viously enables us to compare the output of the device under
study against the known data pattern. As a result, possible bit
errors can be counted.

The electrical waveforms that represent binary digits “0”
and “1” are 0 Volts and a positive pulse respectively. That is
the Non-Return-to Zero (NRZ) code with logic “1” and logic
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“0” having the same bit duration. The proposed method pro-
vides us with a starting point to develop the approaches nec-
essary to design and analyze receivers.

This paper describes in section 2 the proposed approach,
highlighting the principals and the basic theory of the finite-
difference time-domain in 1D. In order to implement the tech-
nique and deal with the MTL equations, we have chosen
MATLAB as a coding language. In section 3, the eye diagram
resulting of the FDTD approach for the coupled structure of
lossless transmission line is studied and compared with the
measured ADS data to validate the accuracy of the model. We
present in Section 4 the particular features of the noise source
used and its integration into the system, to study subsequently
its impact on transmitted signal. In section 5 we added a
White Gaussian Noise to a single transmission line and play
on different parameters to include the transmission rates and
metal losses. Then we observe their influence on the signal
integrity via the Bit Error Rate (BER) and the eye diagram.
Section 6 provides a conclusion to the overall work.

2 FDTD-BASED APPROACH

As well known, the FDTD algorithm is simple, robust, and
easy to understand. The technique deals with any physical
system that is governed by a time-dependent partial differen-
tial equation in the time domain. In this work a planar uni-
form transmission line is studied through the use of the FDTD
technique.

So the FDTD algorithm is applied to the MTL equations writ-
ten as:

oV (z,t) _ (z,t)

. —RI(z,t) 1)
al(zt)  _av(zt)
— - c—at GV (z,t) 2)

Where V(z, t) and I(z, t) represent the instantaneous voltage
and current at position z and time t. The R, L, G, and C terms
represent the resistance, inductance, conductance, and capaci-
tance matrices per unit length, respectively.

To evaluate the voltages and currents along the transmission
line, the latter is at first divided into NDZ cells of equal length Az,
then we define a time step At so that the points of voltage and
current solutions are separated in time and space respectively by
At/2 and Az/?2 as shown in Figl:
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Figl. Location of the current and voltage nodes on the line.

To insure stability, the position and time discretization must
satisfy the CFL (Courant-Friedrichs-Lewy) condition which is
expressed in one dimension [5], [6]:

A< 3)

Up

Where Dp is the velocity of propagation of the waves. In
the case of multiconductor lines, stability condition is satisfied
by choosing the maximum of the mode velocities. Therefore,
the condition will be satisfied for all the other smaller mode
velocities.

Once, the discretization of space and time has been achieved,
we develop (1) and (2) according to the FDTD algorithm [7]. So
we obtain:

n+1 n+l I P- I : I : + I :
Vk+l _Vk _ _L k+= k+= B R k+5 k+§ (4)
Az At 2
et n+=
Ik 12 - Ik 1 n+1 n n+l n
+— _E :_C Vk _Vk _ G Vk +Vk (5)
Az At 2

Expanding the equations (4) and (5), the general expression
for the voltage and current at any point of the line can be writ-

ten as:
C G
oz
a2

n+ C G
v, 1:(]+?j Ll (6)
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We denote:
V' =V[(k-1)4z,n4t] (8a)
I, =V[(k-1/2)Az,nAt] (8b)

The general expression of the voltage and current becomes:
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To find the expression of the voltage at the source, we base
on the expression of the general tension in any point of the
line, and we pose the following conditions:

ARAYA
R

S)

k=1; \/1n=Vsn_Rs|sn _>|::

With Rs is the source resistance.
The voltage at the input is expressed as follows:
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The final expression of the voltage at the input is then written in
the form:

| _—

a2

(12)
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Likewise, the voltage at the load is expressed based on the
general expression for the voltage at the line, and laying in a
first time the following conditions:

V
_\/N _ n n_ " ndz+1
=V =R I] > ] =—nt

L

n
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With Ry is the load resistance, and I. and .4, are separated
Az

by— .
Y

The final expression of the voltage at the load can then be

written as:
i C G 1
- dz+1| ~ .
]1 a2 AR,

1
2 n+-
+— 1 2

(13)
ndz+1

So, equations (9), (10), (12) and (13) make up the im-
nr(‘12+l

plemented FDTD algorithm that is aimed to provide V
in particular. Further operations, such as integrated calcula-

tions or the use of built-in functions of the programming code,

will be carried out with respect to Vnr:jz "

to determine the
noise effect and other data transmission parameters.

Fig2 shows the flow chart of the whole procedure. Some
computed results are compared with those obtained from
Advanced Design System (ADS) in order to validate the pro-

posed approach.
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Fig2. Flow chart of the FDTD approach.

i

3 EYEDIAGRAM OF A LOSSLESS PLANAR
TRANSMISSION LINE

As a first step in the implemented process, and in order to vali-
date the accuracy and efficiency of the proposed method, we
analyze a 2-conductors microstrip line representing coupled
interconnections. Crosstalk effect is illustrated thanks to the eye
pattern obtained using both the FDTD approach and ADS soft-
ware.
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Fig3 displays the structure and parameters of the transmis-
sion line case. Conductors of rectangular cross section of width
w = 20um are separated by s = 20um, the total length is £ =
10cm and is terminated at the near and far ends in 50Q resistors.
The transmission line is on Printed Circuit Board (PCB) with
Silicon substrate (€r = 12) of thikness h = 100pm. The source is a
pulse rising to a level of 1V with a rise and fall times of 0.25ns,
and a period of 1ns. The per-unit-length inductance and capaci-
tance matrices are computed using the numerical method of [5]:

0.73232  0.333004
= pH/ m
0.333004 0.73232
110.856  -51.1177
= pF/ m
-51.1177 110.856
Rﬂ Vaear Viar Ru
.’\,-'\'/‘. - J'\_.,'.y -
2 Vin Vout Ru
— /\Y‘vn’\ - - J\(‘\_’a’\ -
0 Periodic binary
source
(a)
[ — | I
< o < » |« » +
h
w s w
+ GND
(b)
Fig3. Circuit under study.
(a) Analyzed circuit.
(b) Cross-section of the microstripline.

The entire analysis consists of performing mainly two major
operations. First, we run the time domain simulation through
the proposed FDTD approach leading to a set of values of far
end crosstalk voltage Viar(t). Secondly, a built-in eye diagram
function of MATLAB is executed with Via(t) as an input pa-
rameter. The FDTD algorithm parameters of simulation are:

Az =1 mm,
1y

At=5ps,  NDZ =100,
x = =1.2x108 m/s.

pm

Vfar(t ) :V(?wdul)( 1)
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Thus, we obtain the eye diagram which is compared to that
produced by ADS as shown in Fig4:

Eye Diagram
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Fig4. Eye diagrams.
(a) FDTD-approach.

(b) ADS.

As expected, we notice that the eye width is reduced indicat-
ing that the sampling time at the receiving end becomes a big-
ger problem. This happens whenever crosstalk affects data
transmission leading, of course, to poor detection.

The comparison between both eye patterns shows a good
level of agreement. As a result, the accurate simulation validates
and illustrates the effectiveness of the proposed FDTD ap-
proach.

4 NOISE CONTEXT

White noise is prevalent among disturbing parameters in all
active and passive components of data transmission systems
operating at high bit rate.

The impact of noise becomes more detrimental as amplifiers
and line drivers multiply its energy.
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By its energy distribution, white noise in electronics systems
is Gaussian, so it can be described by the following density

function [8], [9]:
2
PDF, (x) = L exp[—@}

(14)

2no, 20,

Where x is the indepeﬂdent value, o, is the standard devia-
tion and p the mean of the distribution. In this paper, we set the
noise to be zero-mean, white and Gaussian having o, = 0.7 .

Due to its wide frequency spectrum, white noise is very dif-
ficult to suppress or even attenuate without impacting the actu-
al signal.

In order to simulate a noisy line, we set a distributed signal
by adding the noise vector to the output signal vector of the line
according to the procedure shown in Figh:

(AWGN)Vnoise

I v

Noiselessline
= . Jl

| Equivalent noisy line |
@@L |

| |
i T C—_

Source - Termination

Fig5. Equivalent of noisy line.

Where:
Ny
Vnoise = E / N
b 0
Where ng is randomly determined according to PDFn(x),
and E, /Ny is the measure of signal to noise ratio for a digital
communication system, it is classically defined as the ratio of
Energy per Bit Ey, to the Spectral Noise Density Ny. This ratio is
measured at the input to the receiver, and the Energy per is
given by [10]:
1 Nooo
E, —Z X°(n)

- N> fbit n=1

(15)

(16)

Where N is the total number of samples of the signal, and fp;t
is the bit rate in bits-per-second.

The load in Figb stands for the input impedance of the data
receiver.

Once the noise parameters are established, the following
vectors operation allows us to have the AWGN line model:

Vout,n (t) = Vout (t) + Vnoise (t) (17)

Since signals are usually random rather than deterministic, a
random NRZ signal is used to simulate the interconnection

107

case. So, the excitation source is a Pseudo Random Binary Se-
quence (PRBS) with Rs as the internal resistance.

5 EYE PATTERN AND BER OF A NOISY LINE
5.1 Circuit Under Study

We investigate a single-end microstrip transmission line shown
in Fig6. A copper conductor, of rectangular cross section of
width w = 0.01cm and thickness tm = 5um and conductivity o =
5.8x107 S/m, placed on one side of a silicon substrate of thick-
ness h = 10pm. The length of the line is £ = 10cm and the charac-
teristic impedance is 150Q. We apply the method developed in
[5] to extract the p.ul parameters which are L = 6.54739x10-
"H/mand C =2.90910x10"F/m.

A voltage source with Rs = 150Q produces the input signal,
which is a PRBS, at the driver side. At the receiver side a 150Q2
resistor is connected as the termination. That is a matching case
to be analyzed. These dimensions are typically of current high
speed packaging technologies.

S Re
Rs Noisy line o
—AA A ‘*‘.”.
| ‘rm ‘.‘out
QPRBS
@
= .
< >
w h
v
GND
(b)
Fig6. Circuit under study.
(a) Analyzed circuit.
(b) Cross-section.

5.2 Calculation of the BER

As the name implies, the bit error rate (BER) is defined as the
number of erroneous bit divided by the total number of trans-
ferred bits during a studied time interval. The BER is calculated
by comparing the transmitted sequence of bits with the received
bits, by counting the number of errors. The definition of bit
error rate can be translated into a simple formula [10]:

Ne

BER = (18)

bits
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Where Ne is the number of erroneous bits, and Nypits is the
total number of bits sent.

In order to establish the BER we have followed the proce-
dure shown in the following steps:

Step 1.
First, we create a vector containing the values of the trans-

mitted signal collected at a sampling period, and transforme
into logic state '0' or '1' as shown in Fig7.

1.2

0.8f=---

0.8f----

04f----

02p----

hassshesssqeassngecsapansapansgessas
beccchassedessndocncbonnabeendes e

12

v v

[0]0]

¥ A y v \ S
1J1]1fofof1]

Vector of the transmitted bits

Fig7. Sampling of the transmitted signal.

This vector represents the logic states of symbols transmit-
ted, and constitutes the referential basis for calculating the BER.

Step 2:
We recover the signal affected by the added noise and we

define a threshold depending on the level of requirement of the
receiver. This threshold converts the signal assigned to the logic
level '0' or '1' Fig8. The resulting vector is compared to the
transmitted signal vector, and the difference between the logic
states of two vectors (logic state vector transmitted signal &
logic state vector affected received signal) leads to the number
of erroneous bits.

08f----
08f----

level

02f----

02 T

S I I I S N N BN S

Vector of received noisy signal

Fig8. Sampling of the received signal.

The FDTD algorithm parameters of simulation are then:
Az = 1Imm, At=4.27 ps, NDZ =100

v, = 2.2913x10°m / s.

5.3 Theline BER and Eye diagram

At this point, it is of interest to analyze the BER with respect to
the transmission rate. To achieve this we propose an example
that deals with two different rates which are 1Gbits/s and
2Ghbits/s.

We easily compute the BER by means of the previously de-
veloped procedure. Fig9 shows two curves related to the con-
sidered data rates. The BER is typically expressed as 10 to the
negative power. The impact is obviously degrading the quality
of data. So, we notice that the BER follows the speed of data
transmission, it provides a higher number of errors when the
transmission rate becomes more significant. Therefore the
transmission line loses its performances at high transmission
rates.

109,

Bil error rate

$ 10 12 14 16 18 20 22
Eb/n0

0 2 4 &

Fig9. BER of a lossless line for 1Gbits/s and 2Gbits/s transmission
rates.
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The degradation of the transmission is also confirmed
thanks to the eye diagram Fig10. The impact of higher transmis-
sion rate causes the closure of the eye, showing that the trans-
mission quality has deteriorated.

Eye Diagam /Traremisbn 2te 1000

T T

fmplikae &)

Arpitude (V)

(b)

Fig.10. Eye-Diagram FDTD-approach for a lossless transmission line.
(a) 1 Gbits/s transmission rates.
(b) 2 Gbits/s transmission rates.

The accuracy of the proposed method can be improved by
means of introducing conductor losses. The dc losses are calcu-
lated using the following formula:

1
R -
wt

m

(19)

static

We compared the BER of lossy and lossless lines for the
same signal transmission rate 2 Gbits/s.

The Figl1 shows the simulation of the BER for the two cases
of the same transmission line. We note that the number of erro-
neous bit becomes more important in the case of lossy line; it
confirms that the line with losses undermine the transmission
quality and therefore presents a major problem for data at a
high transmission rate.
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Bil error rate

10 12 14 16 18 20 22
Eb/n0

0 2 4 6 8

Fig.11. Lossy and lossless line BER simulation for 2Gbits/s of trans-
mission rates.

6 DISCUSSIONS AND CONCLUSION

Through this paper, we have developed a technique to simulate
the integrity of signals affected by a noise source (AWGN in our
case) along planar transmission lines. The method used to pre-
dict the behavior of currents and voltages on the line is mainly
based on the FDTD algorithm applied to the MTL equations.

The FDTD results have been confronted to those obtained
from ADS validating the proposed approach. A random binary
source with various transmission rates such as 1Gbits/s and
2Gbits/s, has enabled us, in the noisy case, highlight the impact
of such rates on the data processing time and also the quality of
the transmitted signal at the receiving end. We have also intro-
duced the metal losses of the line into the algorithm. The simu-
lation clearly has shown that the number of erroneous bits be-
comes substantial in the case of lossy line. The graphs of eye
diagram and BER confirm that the data transmission is more
efficient with the solution of an adapted and lossless line with
average transmission rate.
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