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1.0 Introduction
This module addresses the impact of intersymbol interference (ISI), due to
limited transmission line bandwidth, on the signal integrity of the output
signal, Vout(t). Figure 1 shows the framework for this research. In this case,
the driver generates pulses, with a finite risetime and falltime, to the resistive
load. In order to focus only on the effects of the limited transmission line
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bandwidth and the resulting ISI, the load is a resistive load in which R = Zo
ohms. This constraint will prevent any reflections from occurring at the
load, and the only signal integrity degradations will then be due to the
limited transmission line bandwidth (ISI) and the voltage division action at
the input to the transmission line. If the input pulses to the transmission
line are such that a binary 1 is represented with a positive pulse of a given
amplitude during its entire bit period (Tb), and a negative replica of this
pulse is used to represent a binary 0, then we have the industry standard
non-return-to-zero (NRZ) format for representing bits along the
transmission line. There exist other line coding formats, however, the NRZ
format lends itself to effectively describing ISI, which is the signal
degradation described in this module.
The impact of limited transmission line bandwidth is to cause a rounding
effect on the rising and falling edges of the propagating pulses. This
rounding effect causes the energies of the input pulses not to remain
confined to their associated bit periods at the output. This energy spillover
into adjacent bit periods is called intersymbol interference and can cause
degraded system performance.
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2.0 ISI Signal Integrity Degradations
The ISI signal degradation is manifested in reduced signal voltage
levels for both binary 1’s and 0’s at the output. For an ideal lossless
transmission line, conservation of energy must be satisfied by the pulses
that are propagating along the transmission line. In other words, if the
input pulses are characterized with a particular energy, that energy must
be maintained at the output of the line. The energy associated with a
pulse, p(t), over its duration is given by
p2 (t)dt

Energy =

Equation (1)

As an example calculation of the above relationship, if p(t) is a pulse of
amplitude A volts and of duration Tb seconds, the pulse energy across a
1resistance is given by
Energy = A2 Tb

(joules)

Equation (2)

This energy must be maintained throughout the entire propagation path
for lossless transmission lines. Since the limited transmission line
bandwidth causes pulse spreading over more than a single bit period (Tb),
this energy spills over into the next bit period(s), causing interference with
the received energy of the following pulse(s). Figure 2 shows the input
V+ (t) pulse along with the output received pulse for an input pulse
characterized with a risetime of 1ns and a transmission line bandwidth of
75MHz.

V+(t)
Vout(t)

The portion of the signals that
occur to the right of the dashed line
is called intersymbol interference.
Rs=30, Zo=50
Input V+(t) peak voltage =
50/80=0.63volts (voltage division)

Figure 2
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As can be seen from Figure 2, the energy of the V+ (t) pulse is confined
to about 1.5Tb, in which Tb is the input bit period (5ns). On the other
hand, the output received pulse is such that its energy extends to about
3Tb. In this case, the increased pulse spreading is about 100% for the
output pulse. The impact of this spreading can be seen in a sequence of
transmitted bits. Figure 3 shows a sequence of 19 bits at the input and
the associated received output bit waveforms.
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Figure 3
Figure 3 highlights the impact of limited transmission line bandwidth on
the signal integrity of the received output pulses. It is very evident from
this figure how the limited bandwidth causes reduced output voltage
levels and spreading of each received bit’s energy. It should be noted
that the reduced voltage amplitudes are smallest when the input data
switches alternatively between a binary 1 and a 0. This result is due to
the inability of the transmission line’s distributed capacitance to charge
up fast enough over a 5ns bit period, showing data-dependent behaviors.
When a sequence of multiple 1’s is transmitted over the line, the line’s
capacitance has more time to charge up to the maximum voltage, which
is about 0.63volts in this case.
The 0.63volt maximum voltage is due to the voltage division action at
the input to the transmission line. In this case, the rising edge of the
input pulse “sees” an impedance of Zo ohms from the transmission line.
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The driver is characterized with a series output resistance (Rs) that forms
a voltage divider with the Zo transmission line impedance for all transient
events of the input pulse such as the risetime and falltime events. If
each input bit waveform is superimposed on top of each other, the
resulting plot is known as the eye pattern and is shown in Figure 4.
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Figure 5 shows the output eye pattern, and clearly shows the
impact of intersymbol interference (ISI). The ISI causes a reduction
of the input maximum eye opening (1.2v) at the output load (1.0v).
Although ISI occurs for the input eye pattern, it does not cause a
reduction in the maximum possible eye opening. Therefore, if ISI
does not cause a reduction in the maximum input eye opening at the
output load, then ISI is mostly negligible. In addition, ISI causes a
variation in the timing in which the received bit waveforms cross the
zero-volt axis. This variation is known in the industry as timing jitter.
The reduced eye opening at the output will cause a degradation in
the resulting output bit-error-rate (BER) relative to the BER from the
input signal. Very low BERs will still be possible with the output
signal, however, the input signal will achieve the same low BERs with
more noise since its eye opening is larger than the eye opening for
the output signal. Figures 6 and 7 emphasize this result by showing
noisy input and output eye patterns with the necessary noise levels
needed to achieve the same eye opening.
Output Eye Pattern

Input Eye Pattern

Figure 6

Figure 7

Figure 6 shows the output eye pattern with 100mv of peak-to-peak
noise voltage, while Figure 7 shows the input eye pattern with 220mv
of peak-to-peak noise voltage. The dashed inlay represents the eye
opening of the output eye pattern. As can be seen from these two
figures, the input can produce the same maximum output eye opening
with over twice the output noise voltage! This reduced output noise
requirement to achieve the same BER as the input signal is a penalty

Do Not Copy

paid by the output signal due to intersymbol interference. Another
penalty paid by the output signal is that for the same peak-to-peak
noise voltage, the output signal will produce a larger BER than the
input signal with the same noise level. This result is shown graphically
in Figures 8 and 9.
Output Eye Pattern

Input Eye Pattern

Figure 8

Figure 9

In these figures, for the same 100mv peak-to-peak noise voltage,
the eye opening for the input eye pattern is significantly larger than
the eye opening for the output signal. This result signifies that the
input signal will produce a much lower BER than the output signal for
higher peak-to-peak noise levels that will tend to close the output
eye pattern. Figures 10 and 11 highlight this situation for a 300mv
peak-to-peak noise voltage for both eye patterns.
Output Eye Pattern

Input Eye Pattern

Figure 10

Figure 11
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In order to control intersymbol interference, sufficient transmission
line bandwidth must be available to the input signal. The question then
becomes what is the minimum needed 3dB transmission line bandwidth
in order to maintain the eye opening from the input signal at the output?
Some authors suggest the use of 1/(2tr) as a rule-of-thumb for defining
the 3dB bandwidth. If this bandwidth definition is used for the input
risetime of 1ns, Figures 12 and 13 highlight the resulting input and
output eye patterns.
Input Eye Pattern

Output Eye Pattern

Figure 12

Figure 13

As can be seen from Figures 12 and 13, the 1/(2tr) 3dB bandwidth
definition does not produce the same output eye opening as the input
signal. Consider 3.2/tr as the 3dB bandwidth definition. Figures 14 and
15 show the input and output eye patterns when the bandwidth is equal to
3.2/tr.
Input Eye Pattern

Output Eye Pattern

Figure 14

Figure 15
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From Figures 14 and 15, it is determined that if the input eye pattern
opening is to be maintained at the output load, the minimum needed
3dB transmission line bandwidth is about 3.2/tr for a matched
transmission line, in which tr is the input risetime. This bandwidth
definition also mitigates any timing jitter for the matched line. Matched
transmission lines are commonly encountered when split terminations
are used to match a high-impedance capacitive load to a transmission
line with characteristic impedance, Zo.
Figure 16 highlights the practical use of a split termination when
attempting to match a high-impedance capacitive load to a transmission
line with a characteristic impedance of Zo2 ohms. In this case, two
equal-valued resistors (2Zo2) are connected as shown to produce an
equivalent Zo2 ohm load impedance in parallel with the capacitive load.
The capacitive load oftentimes produces a very high impedance,
especially when this capacitance is less than 0.1pF. Typical CMOS
gates, for example, have input capacitances less than 0.1pF. Using the
3.2/tr bandwidth definition for a 1ns risetime produces a capacitive
reactance of almost 500for C = 0.1pF. In this case, the overall load
impedance equals 45, nearly equal to a 50transmission line
impedance.
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3.0 Bit-Error-Rates
At this point, it is of interest to understand the impact of ISI on the
output bit-error-rate (BER) and the two classes of penalties that ISI
imposes on the output BER. Figures 17 and 18 highlight the input
and output BER results as a function of peak-to-peak receiver thermal
noise voltage and the Eb/No ratio, in which Eb is the average bit
energy and No is the power spectral density of the receiver thermal
noise. The transmission line bandwidth for these BER curves is the
original 75MHz bandwidth that produced Figures 3-5. The Eb/No
ratio is referenced at the detector input. These BER curves neglect
the impact of timing jitter on further degrading the output BER.
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Figures 17 and 18 highlight the two classes of penalties paid by the output
BER. The first penalty addresses the horizontal translation between the two
BER curves. For example, for a 10-12 BER, the output signal can achieve
this performance with 165mv less peak-to-peak receiver thermal noise
voltage than the input signal. In this case, we can say that the input signal
can achieve this BER performance level with 165mv more noise than the
output signal! This penalty was discussed through Figures 6-7. On the
other hand, a second penalty addresses the vertical translation between the
two BER curves. For example, for a peak-to-peak noise voltage of about
0.5volts, the input BER is about 7 orders of magnitude lower than the output
BER! This penalty was discussed through Figures 8-11.
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Figure 19 shows the BER performances when the 3dB transmission line
bandwidth is 3.2/tr. In this case, both the input and output BERs are very
nearly identical. This research focused on intersymbol interference due to
limited transmission line bandwidth for matched transmission lines. Matched
transmission lines may be required for very high-speed serial transmission,
such as SerDes applications, for example. In this case, it may be necessary
to match the transmission line at the load in order to avoid signal reflections
and the subsequent signal integrity degradations. In addition, if the
transmission line bandwidth can not be designed to meet or exceed the 3.2/tr
bandwidth definition derived by the author for equal input and output eye
openings, then it is possible that some kind of pre-emphasis will be
necessary to mitigate the limited transmission line bandwidth.

Do Not Copy

The module 9 Mathcad worksheet can be used to change the transmission
line bandwidth to view the impact of this change on the output eye pattern.
As the bandwidth is reduced, the ISI will increase and cause larger BERs.
The design engineer is encouraged to launch the module 9 worksheet and
learn about intersymbol interference.

