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Experiment 8 - Signal Integrity Analysis with Eye Diagram
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Introduction

The performance of high-speed digital systems is a strong function of the input-output bandwidth of the communication channels. Present-day applications require the transmission of data at multi-gigabit rates over interconnects
in which channel signal degradation due to losses and crosstalk are prominent. Skin effect and dielectric absorption
introduce dispersion in these channels and limit the overall performance at higher data rates. Intersymbol interference is observed when a symbol sent over a line at a certain time interferes with another symbol over the same line
at a different time. This is due to the fact that the residual energy from the transmitted bit can be transferred to
the next bit and thus corrupts the information. Intersymbol interference limits the maximum data rate that can be
applied into a package. Interconnects are modeled as transmission lines and can be simulated using different design
automation tools such as ADS. The effect of intersymbol interference is analyzed and demonstrated by using eye
diagrams at different bit rates on different types of transmission lines.
This experiment is divided into two sections. In the first section, you will use transient and ChannelSim simulator
to generate eye diagrams for circuits that mimic the behavior of ideal channels. In the second section, you will learn
how to obtain eye diagrams for a section of channel model designed in HFSS Layout.
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Background

A serial digital signal can suffer impairments as it travels from a transmitter to a receiver. The transmitter, PCB
traces, connectors, and cables will introduce interference that will degrade a signal both in its amplitude and timing.
A signal can also suffer impairments from internal sources. For example, when signals on adjacent pairs of PCB
traces or IC pins toggle, crosstalk among those signals can interfere with other signals. Thus, you need to determine
at what point to place the oscilloscope probe in order to generate an eye diagram that will help you locate the
source of the problem. Furthermore, where you place an oscilloscope’s probe will produce differing signals on the
display.
An eye diagram is a common indicator of the quality of signals in high-speed digital transmissions. An oscilloscope generates an eye diagram by overlaying sweeps of different segments of a long data stream driven by a master
clock. The triggering edge may be positive or negative, but the displayed pulse that appears after a delay period
may go either way; there is no way of knowing beforehand the value of an arbitrary bit. Therefore, when many
such transitions have been overlaid, positive and negative pulses are superimposed on each other. Overlaying many
bits produces an eye diagram, so called because the resulting image looks like the opening of an eye.
In an ideal world, eye diagrams would look like rectangular boxes. In reality, communications are imperfect, so
the transitions do not line perfectly on top of each other, and an eye-shaped pattern results. On an oscilloscope, the
shape of an eye diagram will depend upon various types of triggering signals, such as clock triggers, divided clock
triggers, and pattern triggers. Differences in timing and amplitude from bit to bit cause the eye opening to shrink.
As can be seen in Figure 1, an eye diagram can reveal important information. It can indicate the best point
for sampling, divulge the SNR (signal-to-noise ratio) at the sampling point, and indicate the amount of jitter and
distortion. Additionally, it can show the time variation at zero crossing, which is a measure of jitter [1].
Eye diagrams provide instant visual data that engineers can use to check the signal integrity of a design and
uncover problems early in the design process. Used in conjunction with other measurements such as bit-error rate,
an eye diagram can help a designer predict performance and identify possible sources of problems.
Generating a sufficient eye diagram for modern communication system typically requires the simulation of
millions and millions of bits. Transient simulation is simply infeasible. The eye diagram is generated using a
dedicated solver: the channel (link) simulator. ADS link simulator is called the ChannelSim simulator. There are
2 main methodologies for eye diagram simulation, namely bit-by-bit and statistical mode. ChannelSim by default
is in statistical mode. However, native statistical approach to eye diagram analysis implies LTI assumption on the
channel.
1

Figure 1: A typical eye diagram [1]
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Pre-lab
1. How to generate an eye diagram of a digital signal from a sequence of bits?
2. A transient signal has the rise/fall time is 10 psec. How large does the spectrum of this signal span?
3. A transmission line is designed to support 5Gbps data rate, what is the Unit time Interval (UI)1 of the data
signal? What is the minimum and maximum allowed setting for the RiseFallTime in ADS (0.01 UI to 1 UI)?
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Equipment
• Advanced Design System (ADS)
• HFSS Layout channel model
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Procedure

Part I - Generate Eye-diagram from Transient Simulator and ChannelSim
1. Eye diagram using Transient simulator with deterministic bit sequences
Open ADS, create a new workspace. Draw the schematic diagrams as shown in Figure 2 and run the simulation.
Open a data display window. Use FrontPanel_eye()2 command in ADS to create data for the eye data plot.
Then plot it on a rectangular plot, you will have the eye diagram as shown in Figure 3.

Figure 2: Eye diagram generation with a 5Gbps data transmission using Transient simulator
1 https://en.wikipedia.org/wiki/Unit_interval_(data_transmission)
2 https://edadocs.software.keysight.com/pages/viewpage.action?pageId=5900492
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Figure 3: Eye diagram of a 5 Gbps data transmission over an ideal 50 ohm matched line
2. Eye diagram using statistical tool ChannelSim3
Now we will use a different approach. In modern systems error rates are usually very low. Therefore, to reliably
analyze such systems one will have to run very long transient simulations (very long bit sequences). Instead
of creating an actual predefined bit sequence and running a transient simulation, we will employ statistical
channel analysis. Parts used in the schematic below are found in the ‘Simulation-ChannelSim’ palette. We
will observe transmission through a microstrip transmission line rather than ideal T-line model. You will need
to specify parameters of the line (MLIN component found in ‘TLines-Microstrip’) and the substrate (’MSub’
component) as shown in Figure 4.

Figure 4: Schematic of a 5 Gbps data transmission over a microstrip line.
Tx is the statistical model of a driver (source) who launches a sequence of bits into the microstrip line which
is loaded with a 50 ohms receiver represented by a 50 ohms resistor.
In the Data Display window you can plot ‘Density’ to observe the eye diagram pattern as in Figure 5.
Change the RiseFallTime parameter of the transmitter (10 psec, for instance). Also try changing the width
of the microstrip line to W = 0.03 mm (which approximately corresponds to characteristic impedance Zc =
100 ohms). Include the eye diagrams in your report and comment on the results.
3. Let’s do another example, this time, we will extend the design space to multi-layer circuits. Shown in Figure 6
is a simple cross-section of a multi-layer PCB where there are two microstrip traces on two sides of the board,
they are connected by a via 4 .
3 https://www.keysight.com/en/pd-2558415-pn-W2308EP/channel-simulator-element?nid=-34333.1187822&cc=US&lc=eng
4 http://www.interfacebus.com/Dictionary-of-Printed-Circuit-vias-in-high-speed-design.html
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Figure 5: Eye diagram of a 5 Gbps data transmission over a Microstrip Line.

Figure 6: Transmission line discontinuity by via in multi-layer circuit

Figure 7: Simple model for Figure 6
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Figure 7 shows an equivalent circuit model for the structure in Figure 6 in which the via is modelled by a
lumped circuit with L = 0.5nH and C = 2.0pF . There are many factors have been ignored and we have an
ideal case here. Set up the simulation as shown in Figure 7.
Obtain the eye diagram similar to Figure 8. You should be able to observe that the eye is bad even though
we use ideal models in Figure 7.

Figure 8: Eye diagram of the receiver voltage in Figure 7
Explain the reason why a design like Figure 7 gives such a bad eye as in Figure 8. Try to fix the design,
re-simulate the circuit and obtain the new eye to prove your fix works. What is your conclusion about this?

Part II - Check Signal Integrity on HFSS Layout Channel Model
1. Open the HFSS layout file *.aedtz provided by your TA (download link HERE). Click Layout → Nets to show
all signal buses on the board. Your screen should look like Figure 9. Right click on net A-MII-RXD1 and
select Show(Hide All Other) to highlight this signal bus (channel). Since it is a very long channel that runs
across the board with multiple vias, its performance could potentially deteriorates as frequency goes high.

Figure 9: HFSS Layout channel model
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2. To evaluate the signal integrity of this channel, you will first set up ports on both of its ends and then run
s-parameter simulation. Right click on net A-MII-RXD1 and select Create Ports. HFSS will automatically set
ports on the components that are connected by this channel, which in this case, we have Reference Designators
of U1:Pin30 and U7:Pin65. You can also manually set ports anywhere along the channel by Right Click →
Select Edges → Create Port. Now you have created two ports shown in Figure 10. Then you will need to
place a ground reference for your ports. You can do this by Right Click → Interface → Create Interface Port.
Left click anywhere on the ground net of the board to place the pin. If you are not sure how to locate the
ground net, you can highlight GND in the Net tab and then do the placement.

Figure 10: Create ports in HFSS Layout
3. Right click Analysis under Project Manager tab. Select Add SIwave Solution Setup and click OK to start
editing the frequency setup. Use the sweep plan provided in Figure 11. After you are done, begin the
simulation by clicking HFSS 3D Layout → Analyze or pressing F10. If the simulation takes longer than 5
minutes to run on your local machine, consider using the campus cluster.
4. Now is time to do sanity check on the results. Right click on Results under Project Manager tab. Select
Create Standard Report → Rectangular Plot. Plot both S11 and S21 . Take a screenshot and comment on the
performance of the channel (e.g low frequency & high frequency).
5. After you validate the simulation result with TA, right click on SIwave SYZ 1 and select Matrix Data to save
your data. Make sure you are exporting s-parameter only and click Export to save the S2P file. Note that the
saving file path may not contain any space or special character.
6. Import your S2P file to ADS and set up ChannalSim batch simulation as shown in Figure 12. This allows you
to simulation multiple BitRates in one simulation. Start the simulation. If you see any error in the message
box, follow that prompt to ensure accurate result (e.g increase Number of time points to 1000 in Eye_Probe).
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Figure 11: Edit frequency sweep in HFSS Layout

Figure 12: ChannelSim batch simulation
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7. Plot the following items in data display window, comment on the trend you observe for each of the plot:
• Density (rectangular plot)
• Eye height vs. BitRate (data table)
• Eye width vs. BitRate (data table)
• Level 0 vs. BitRate (rectangular plot)
• Level 1 vs. BitRate (rectangular plot)

Figure 13: ChannelSim batch simulation results (BitRate = 2 GHz)
8. In order to access individual dataset from batch simulation, you need to slice the simulated result matrix by
providing the correct indexing. Click insert → slider and choose EyeMeasurements.Eye_Probe1.X as Trace.
The data to sweep with the slider is the BitRate variable X. Now you can slice the batch simulation results
by using the marker m1 as index. Plot the graphs shown in Figure 13. Move the slider around and take
screenshot at m1 = 2Gbps, 4Gbps and 8Gbps. What is the expected UI (nsec) for each of these three cases?
Do your plots match your expectation?
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Conclusion
1. How is having a matched system important? Show data to prove your answer.
2. How does a high data rate requirement affect a channel design (i.e. as data rate increases, what is the
requirement on bandwidth of your transmission line)? Why is it (designing a good channel at high frequency)
a difficult problem?
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