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1 Overview

Multi-level modulation schemes are increasingly used in high-speed serial links to achieve higher data rates
within limited bandwidth. Pulse Amplitude Modulation with multiple levels (PAM-N) is a prominent example,
enabling higher spectral efficiency by encoding multiple bits per symbol at a constant symbol rate. While
effective, PAM-N signaling fundamentally alters how signal integrity must be evaluated, requiring
measurement approaches that go beyond conventional two-level Non Return Zero (NRZ) analysis methods,
as discussed in the Rohde & Schwarz educational note Demystifying PAM Signaling [1].

From a signal-integrity measurement perspective, PAM-N differs fundamentally from conventional two-level
NRZ signaling. Multi-level signaling produces multiple eye openings with unequal margins and transition-
dependent behavior, which cannot be adequately characterized using traditional NRZ-based eye-diagram
and jitter analysis techniques. As a result, meaningful evaluation of PAM-N transmitters requires symbol-
aware measurement techniques that can isolate individual eye openings, resolve transition-specific jitter
components, and assess channel and equalization effects [1].

This application note focuses on measurement techniques for PAM-N signals using Rohde & Schwarz
oscilloscopes. Automotive Ethernet is used as a representative real-world example to demonstrate these
techniques under practical operating conditions. Driven by the growing bandwidth and reliability requirements
of modern in-vehicle networks, Automotive Ethernet, standardized under the IEEE 802.3 family and extended
by the OPEN Alliance Special Interest Group (SIG), has become a widely adopted high-speed
communication interface [2] [3].

Automotive Ethernet achieves multi-gigabit data transmission over a single unshielded twisted pair using full-
duplex communication, in which the physical-layer transceiver (PHY) transmits and receives simultaneously
on the same wire pair. To increase spectral efficiency within this constrained medium, Multi-Gigabit BASE-T1
standards such as 2.5GBASE-T1, 5GBASE-T1, and 10GBASE-T1 employ PAM-4 modulation [2].

As a result, the characterization and validation of Automotive Ethernet PAM-4 transmitters place stringent
requirements on eye-diagram and jitter analysis, particularly with respect to symbol-aware processing and
transition-specific evaluation.

Rohde & Schwarz oscilloscopes support these advanced PAM-N measurement requirements through:

e Advanced Eye: Software-based Clock Data Recovery (CDR) enabling long-record, high-resolution
eye reconstruction with per-eye and per-transition filtering

o Live Eye: Real-time eye visualization using hardware-based CDR for rapid assessment of link
stability and short-term jitter

e Advanced Jitter Analysis: Overall and transition-specific jitter decomposition to identify deterministic,
random, and data-dependent contributors

¢ Embedding and Equalization: Insertion of worst-case channel models and receiver-side equalizers to
evaluate post-channel signal behavior

Although 5GBASE-T1 is used as the working example, the measurement methodology described is
applicable to any PAM-N transmitter. The primary objective of this document is to illustrate PAM-N
measurement, analysis, embedding, and equalization techniques available on Rohde & Schwarz
oscilloscopes. A brief SCPI-based automation example is included to demonstrate how key parts of the
workflow can be executed programmatically.

To support this objective, the document follows a structured, measurement-driven workflow that reflects a
practical PAM-N signal integrity analysis sequence. The following sections outline how the individual
chapters build upon one another within this workflow.
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e Chapter 2 establishes the measurement context, including the Device Under Test (DUT) setup,
differential signal acquisition, triggering, and signal configuration. The Signal Configurator (SC)
introduced in this section serves as the entry point for all subsequent analysis steps.

e Chapters 3 through 5 contain the core signal-integrity evaluation:

o Chapter 3 introduces eye-diagram analysis for PAM-N signals, including software-based
(Advanced Eye) and hardware-based (Live Eye) clock recovery, as well as selective eye
filtering for level- and transition-specific visualization.

o Chapter 4 extends the evaluation to advanced jitter analysis, including transition-specific
configuration to examine symbol-dependent timing behavior in detail.

o Chapter 5 applies channel embedding and receiver-side equalization to evaluate how
channel loss and compensation influence the signal.

Together, these chapters form a progressive signal integrity workflow, moving from waveform visualization to
quantitative timing analysis and finally to channel-conditioned evaluation.

e Chapter 6 concludes with a SCPI-based automation example, demonstrating how signal
configuration and key analysis steps can be integrated into repeatable validation environments.

Readers seeking a comprehensive understanding of the methodology are encouraged to follow the workflow
sequentially. Those focusing on a specific analysis aspect may navigate directly to the corresponding chapter
once the signal configuration described in Section 2 is understood.

Rohde & Schwarz | Application Note Reading Between the Levels: Measuring PAM Signals 4



2 Measurement Setup and Test Equipment
Configuration

2.1 Device Under Test Setup

Oscilloscope

Device Under Test (DUT)

SMA cables

Figure 1: DUT Test Setup Overview

To demonstrate the PAM-N measurement workflow in a practical setting, Automotive Ethernet is used as the
representative example in this application note. The DUT is therefore treated as a generic Automotive
Ethernet transmitter implementing Multi-Gigabit BASE-T1 (MGBase-T1) technology and supporting PAM-N
modulation formats. This black-box approach reflects a realistic transmitter characterization scenario and
ensures that the methodology is not tied to a specific implementation. 5GBASE-T1 is used as the
representative example throughout this application note for the following reasons:

o PAM-4 signaling at 2.8125 GBaud, representative of modern automotive PHY's
e Three eye openings, providing intuitive visibility into multi-level distortions and equalization effects

o A well-defined transmitter specification in IEEE 802.3ch, including amplitude, symmetry, jitter, and
spectral requirements

For the measurements presented in this application note, the DUT output is connected to an R&S®RTP 16
GHz oscilloscope using a precision coaxial measurement path. An R&S®RT-ZA16 BNC-to-SMA precision
adapter is mounted at the oscilloscope front end, and an R&S®RT-ZA17 phase-matched SMA cable pair is
connected between the adapter and the DUT. Channels C1 and C3 of the R&S®RTP are used to acquire the
positive and negative signal components of the differential signal pair, enabling differential signal
reconstruction for subsequent eye-diagram and jitter analysis, as described in Section 2.2. All measurements
presented in this application note were performed using R&S®RTP oscilloscope.

The complete workflow described in this application note, including eye analysis, jitter decomposition,
embedding of worst-case or any channel models, and equalization, applies equally to any PAM-N transmitter.
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2.2 Oscilloscope Channel Configuration and Differential Signal
Generation

Before starting the measurements, the oscilloscope must acquire the two single-ended signals from the DUT
and combine them into a differential waveform. On the R&S®RTP, this differential waveform is generated in
real time using a hardware-based math operation, allowing it to be used directly as a trigger source. This
capability is used in the following section, where DIFF1 serves as the trigger source for stable PAM-N
acquisition. Figure 2 shows how to access the Vertical menu, adjust channel settings, and enable the
differential pair.

Vertical
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Vertical Vertical

Setup Pair 1 Pair 2
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Bandwidth Enable

Trigger Bandwidth 8
n
Differential Offset
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Figure 2: Accessing Channel Settings and configuring the Differential Signal (Diff1)
Procedure (Figure 2)

1. Open Vertical settings:
Menu — Vertical — Setup

2. Configure C1:
Turn On, set Scale = 100 mV/div, Position = 0 div, Coupling = 50 Q (DC).

3. Configure C3:
Use the channel tabs — select C3 — apply the same vertical settings as C1.

Hint: Keeping both channels matched ensures a clean differential reconstruction.

4. Create the differential waveform:
Menu — Vertical — Differential
Enable Pair 1 — set P = C1W1, N = C3W1 — Output = Differential.

5. Adjust the horizontal scale:
Menu — Horizontal — Setup
Set an appropriate Time Scale and Acquisition Time (e.g., 10—20 us/div) to ensure the capture includes
enough symbols for stable eye formation and jitter analysis.

Note: If a high-speed differential probe is used, the differential signal is acquired directly and the differential
waveform generation described is not required.
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With DIFF1 defined, the next step is to configure the analysis path in the Signal Configurator, which links
DIFF1 to the technology preset and all analysis tools used in this document.

2.3 Trigger Configuration for Stable Acquisition
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Figure 3: Trigger Setup showing Diff1 as the trigger source

After defining the differential waveform in Section 2.2, a stable trigger must be established to ensure
repeatable waveform acquisition. Proper triggering is required to avoid eye smearing and unstable jitter
results. Without a stable trigger, successive waveform acquisitions are not aligned to a consistent reference
point, causing transitions to overlap at different horizontal positions. This manifests as a blurred eye opening
that masks the true signal margins, and as inconsistent timing measurements across acquisitions.

For PAM-N measurements, the trigger is derived from the same differential signal used for subsequent eye
and jitter analysis. Figure 3 shows the trigger configuration using DIFF1 as the trigger source.

Procedure (Figure 3)

1. Open Trigger menu
Menu — Trigger — Setup

2. Select the trigger source
Set Source = Diff1, the differential waveform created from C1 and C3.

3. Choose trigger type
Set Type = Edge and Slope = Positive.

4. Set trigger level
Use a level near 0 V, or press Find level to automatically determine an appropriate threshold.

5. Verify triggering
The acquisition should stabilize with a consistent trigger point before proceeding to Eye Analysis.
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2.4 Signal Configuration

The Signal Configuration panel serves as the main entry point for all analysis tools used in this application
note. From this interface, you can directly open the Eye Analysis, Advanced Jitter / Noise, Embedding /
Equalization, and Measurement dialogs.

Figure 4 highlights the key elements of the setup.

Signal Configuration - = _ X

Setup Source Technology Serial standard PAM order Symbol rate Symbol rate estimation
1 Diff1 ~ Autom. Etherne ~ 5GBASE-T1 4 - 2.81246238 GBaud Source:  Diffl

Signal levels
Estimate symbol rate

Ref. levels

Advanced ’
Active measurements:

Add Remove

Signal flow overview

Source: Diff1

Propagate source

— T AA— — 3

Deembedding Embedding / Equalization s Measurements

. "/

Advanced Jitter / Noise

Figure 4: Signal Configuration Setup
Procedure (Figure 4)

1. Open the Signal Configurator:
Menu — Apps — Signal Configuration

2. Select the analysis source:
Set Source = DIFF1
(ensures all analysis tools use the differential signal created earlier)

3. Select the technology preset:
Choose Automotive Ethernet — 5GBASE-T1
The PAM order and symbol rate populate automatically.

4. Estimate symbol rate (if required):

Click Estimate symbol rate to allow the RTP to extract the correct baud rate from the live signal.
5. Use the signal-flow overview to navigate:

¢ (1) Eye Analysis: Opens the eye-diagram tools for visualizing signal integrity.
e (2) Advanced Jitter / Noise: Provides detailed jitter and noise decomposition.
e (3) Embedding / Equalization: Enables channel modeling, de-embedding, and equalization options.
e (4) Measurements: Accesses the oscilloscope’s general amplitude, timing, and statistical
measurements.

This configurator acts as the central control panel for the remainder of the document.
All analysis steps described in Chapters 3-5 can be entered directly from this overview.
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3 Performing Eye Analysis on PAM-N Signals

3.1 The Challenge of Multi-Eye Visualization

The next step is to visualize the PAM-N waveform at the oscilloscope input. PAM signaling uses multiple
voltage levels to encode more bits per symbol, increasing data throughput but also introducing additional
complexity when evaluating signal quality. Each level transition can differ in amplitude, rise and fall time, and
timing behavior, leading to non-uniform eye openings and transition-dependent jitter [1].

Conventional binary NRZ eye-diagram methods, designed for two-level signaling, superimpose all transitions
into a single composite eye. When applied to multi-level PAM-4 signals, this approach collapses the three
distinct eyes into one view, masking level-specific effects such as unequal rise and fall times, eye-to-eye
skew, and transition-dependent jitter. Accurate evaluation therefore requires separating and aligning the
individual eyes to expose these subtle impairments.

To address these visualization challenges, Rohde & Schwarz oscilloscopes provide dedicated PAM-N
analysis functions that automatically separate and align the eyes of a PAM-N signal. In this process, the
oscilloscope uses the configured PAM order, signal levels, reference levels, and recovered timing information
to assign waveform transitions to the corresponding PAM-N eyes. The individual eyes can then be
reconstructed and displayed either as a complete PAM-N eye diagram or selectively by eye opening or
transition class.

3.2 Advanced Eye — Software-Based CDR

After establishing the need for multi-eye visualization in Section 3.1, the next step is to generate a stable
statistical eye diagram using software-based CDR. The Advanced Eye function provides this capability by
extracting timing information from the acquired waveform and reconstructing an eye diagram from long
continuous acquisitions. This enables detailed evaluation of level spacing, symmetry, and timing behavior in
PAM-N signals.

For PAM-4 Automotive Ethernet such as 5GBASE-T1, the differential waveform (e.g., DIFF1) is used as the
analysis source. Once the signal configuration is complete, eye-diagram evaluation is performed using the
Advanced Eye function within the PAM-N Analysis option. This approach enables the creation of eye
diagrams from long continuous records, combining all captured bits into a single statistical display. The
resulting eye diagram provides the foundational view for evaluating signal-integrity behavior before moving
into deeper jitter decomposition and equalization analysis (see [1], Section 4.1).

Procedure (Figure 5)

1. Open Eye Analysis
Select (1) Eye Analysis in the Signal Configurator or go to Menu — Apps — Eye Analysis.

2. Assign the recovered clock
In Clock / CDR / Protocol choose CDR, set Reference = Software and select a software CDR instance
(e.g., Software CDR 1).

3. Configure CDR parameters
Click Software CDR to open the CDR dialog.
Set Source = DIFF1, verify the symbol rate, and confirm the PLL settings for stable timing recovery.

4. Enable Advanced Eye
After the CDR settings are finalized, enable Eye Analysis to start statistical eye reconstruction.
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Figure 5: Enabling Advanced Eye and configuring Software CDR
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Figure 6: Advanced Eye reconstruction from a SGBASE-T1 differential signal
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Once the recovered clock is applied, the acquired differential waveform is processed to form the eye
diagram. Figure 6 shows the complete measurement sequence for a 5GBASE-T1 PAM-4 signal. The top
trace displays the differential input signal (DIFF1) as captured at the oscilloscope input. Using the Zoom
function (highlighted in the toolbar), a portion of this acquisition is expanded in the middle window, clearly
revealing the four discrete PAM-4 amplitude levels and their corresponding symbol transitions.

Based on the full acquisition record, the Advanced Eye function generates the eye diagram shown in the
lower display. Each eye represents transitions between adjacent signal levels, illustrating how the multi-level
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waveform forms three distinct eyes. This eye diagram provides a visual baseline for assessing PAM-4 signal
integrity. Quantitative evaluation of eye height, width, and level-related metrics can then be enabled through
dedicated eye-diagram measurements, as described in the following section.

3.21 Enabling Eye Measurements

To complement the visual eye diagram, quantitative eye metrics can be enabled through the oscilloscope’s
Measurement panel. These measurements provide numerical insight into the vertical and horizontal opening
of each PAM-4 eye, along with level information such as top, base, and amplitude.

Measurements - = _ X Diagram3: DIFF1 X —

Setup MGI_ MG2 MG3 MG4 MG5 MGE MG7 MG8 QM

Enable I Zoom1: DIFF1 X
On

Plot

Gate Category Source ¥ Meas Results
Eye - - '\Aea.s Group 1

EHeight 01 202.11 mV
Statistics EHeight 12 204.93 mV
EHeight 23 200.96 mV
EWidth 01 301.05 ps
EWidth 12 311.02ps
EWidth 23 296.78 ps
Active measurements EAmp 01 295.98 mV
EAmp 12 293.62 mV
EAmp 23 292.77 mV

Advanced

Off

General settings  *

Add / Remove

Eye height ﬁ Eye width ﬁ

Eye amplitude

Figure 7: Eye Measurement Configuration and Result Display
Procedure (Figure 7)

1. Open the Measurement panel
Select (4) Measurements in the Signal Configurator or go to Menu — Measure — Setup, then select a
measurement group (e.g., MG1).

2. Select the Eye category
Set Category = Eye to access eye metrics.

3. Select the correct source
Set Source = E1, corresponding to the eye diagram generated by the Advanced Eye analysis.

4. Add the desired eye measurements
Click Add / Remove and select metrics such as Eye height, Eye width, and Eye amplitude.

5. Enable the measurement group
Set Enable = On to activate the selected measurements.

The right image in Figure 7 shows how these enabled measurements appear on the main screen. The
R&S®RTP reports all results for the three PAM-4 eyes allowing easy comparison across symbol transitions.
This consolidated view enables rapid assessment of eye symmetry, vertical margin, and level-to-level
consistency. Larger and more uniform eye openings indicate better margin within the selected setup, while
unequal eye heights or reduced eye widths can indicate level imbalance, noise, IS, or timing uncertainty.
Formal pass/fail limits are standard- and test-point-specific. However, this consolidated view does not
distinguish the behavior of individual eye openings or transition classes, which are examined in the next
section.
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3.2.2 Selective Eye Visualization with PAM-N filters

The Advanced Eye view provides a complete statistical representation of the PAM-N waveform, combining all
transitions into a unified display. While this overview is useful for assessing general signal quality, additional
insight can be obtained by examining individual eyes or transition classes separately. The Advanced Eye
therefore includes PAM-N filtering options that isolate specific level transitions or eye openings, enabling
deeper inspection of level-dependent behavior in multi-level signaling.

For PAM-4 Automotive Ethernet standards such as 5GBASE-T1, three eye openings correspond to
transitions between adjacent symbol levels. Displaying these eyes individually helps identify variations in
vertical eye opening, eye symmetry, and transition-dependent jitter that may not be visible in the combined
statistical eye.

To support this level-specific analysis, the Advanced Eye provides two filtering modes that allow either a
representative eye to be displayed or a single transition between defined levels to be examined in detail.
These filter modes can be accessed from the Filter tab of the Eye Analysis menu. The examples below show
the resulting isolated views; the filtering changes which transitions are included in the eye display, not the
underlying acquisition resolution.

3.2.2.1 Specific Eye Mode

Specific Eye mode groups multiple transitions between the same pair of PAM-4 levels to form a
representative eye. This allows focused evaluation of a single eye opening such as the upper (2—3), middle
(1—2), or lower (0—1) eye.

Eye Analysis

Setup Eye 1 Eye2 Eye3 Eyed
Enable

On

Scale

Display VT
| GQualify Mode
Specific eye
Filter i
Eye selection

a_c
Measurements = <2

Bit sequence filter
Mode
All bits

Figure 8: Filter tab showing Specific Eye mode and level 2-3 selection
Procedure (Figure 8)

1. Apply PAM-N eye filter
In the Eye Analysis dialog, navigate to Filter.

2. Select Specific Eye mode
Choose Specific Eye from the filtering options.
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3. Select the desired eye
Pick the eye corresponding to the level pair of interest (e.g., Eye 2—3 for the upper eye).

4. Enable the filter
Toggle Enable = On to apply the selection. The oscilloscope isolates only the selected transitions and
displays the representative eye (Figure 9).

5. View and measure
Eye Height, Eye Width, Eye Amplitude, and other metrics can be enabled to compare the characteristics
of the upper, middle, and lower eyes (Section 3.2.1).

L' Diagram2: Eyel X

Figure 9: Isolated eye with measured Eye Height, Eye Width, and Eye Amplitude.

Figure 9 shows the isolated 2—3 eye obtained using the PAM-N filter. With only the selected transitions
displayed, the eye contour becomes significantly cleaner, revealing characteristics that are harder to
distinguish in the full multi-eye view. The measured Eye Height, Eye Width, and Eye Amplitude indicate a
well-defined upper eye with consistent vertical margin and relatively low distortion. The symmetry of the eye
opening suggests stable transmitter behavior at this level pair, while the horizontal spread reflects the timing
jitter associated with this specific transition class. By comparing these metrics across the other eyes (0—1
and 1—-2), level-dependent variations such as amplitude imbalance or transition-specific jitter can be clearly
identified.

3.2.2.2 Selected Eye Mode

Selected Eye mode allows the user to visualize only the transitions between a defined base level and target
level, providing a highly focused view of a specific PAM-4 transition. This selective filtering is useful for
identifying amplitude asymmetries, level-specific distortion, or timing variations that may not be visible when
all transitions are combined.
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Figure 10: Filter tab showing Selected Eye mode with defined base and target levels
Procedure (Figure 10)

1. Apply PAM-N eye filter
In the Eye Analysis dialog, navigate to Filter.

2. Select Selected Eye mode
Under Mode, choose Selected eye.

3. Choose the levels
Set the Base level and Target level to the desired transition pair (e.g., 0 — 2).

4. Enable the filter
Toggle Enable = On to apply the selection, isolating only the chosen transitions. The oscilloscope
displays the isolated eye.

5. View and measure
Enable Eye Height, Eye Width, and Eye Amplitude measurements if needed to characterize the selected
eye (Section 3.2.1).

Diagram2: Eyel X ¢, 8 ‘

o Meas Results — X |

Meas Group 1 1] j
Eye height 497.77 mV
Eye width 348.13 ps
Eye amplitude 587.37 mV

Figure 11: Resulting isolated eye with measured Eye Height, Eye Width, and Eye Amplitude

Figure 11 shows the isolated 0—2 eye obtained using Selected Eye mode. With only this transition class
displayed, the eye contour becomes much clearer, revealing details that can be overlooked in the combined
PAM-4 view. The measured Eye Height, Eye Width, and Eye Amplitude indicate a strong vertical opening
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and stable transition behavior for this level pair, while the horizontal eye width suggests relatively low timing
uncertainty. The eye shape also reflects the larger voltage step of a 0—2 transition; bigger amplitude
changes typically rise and settle slightly differently than adjacent-level transitions, leading to small differences
in the curvature or slope of the eye edges. Observing this transition in isolation makes these subtle level-
dependent effects easier to identify before performing jitter and equalization analysis in later sections.
Building on this level-specific statistical analysis, additional insight can be obtained by observing the PAM-N
eye in real time using the oscilloscope’s hardware clock and data recovery.

3.3 Live Eye Analysis with Hardware CDR

The Live Eye function uses the oscilloscope’s hardware-implemented CDR to recover the embedded clock in
real time. Unlike the Advanced Eye, which is generated from post-processed acquisitions, the Live Eye
updates continuously as new data arrives. This real-time visualization allows temporal variations in eye
opening, transition timing, and signal alignment to be observed as they occur. When equipped with the PAM-
N Analysis option, the hardware CDR also supports PAM-4 live-eye analysis at symbol rates up to
approximately 3.8 GBd/s (option-dependent).

Trigger Hardware CDR

007 Trigger on Thresholds Signal levels e settings:
Single event -

Mode / Holdoff Transition Value

0<>1 -282.84 mV

Conditioning iff 447 mV
<> 3 291.78 mV
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Serial standard
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Action ’ Sampling time

. 500 mUI

LIy Data level
Get levels and thresholds

Symbol rate estimation

CDR settings — - = =
CDR settings Nominal symbol rate Continuous estimation

Hardware CDR
2.8174675 GBaud Estimate symbol rate

Algorithm settings

Algorithm

Feed forward

Bandwidth Rel. bandwidth
1.690142 MHz

Back

Figure 12: Hardware CDR trigger configuration
Procedure (Figure 12)

1. Open Trigger configuration
Menu — Trigger — Setup

2. Select the source
Set Source = Diff1, corresponding to the differential signal defined earlier.

3. Select CDR trigger type
Set Type = CDR to activate hardware-based clock recovery.

4. Verify Hardware CDR settings
Click Hardware CDR to open the CDR settings dialog.
When the signal has been configured using the Signal Configurator, the serial standard, PAM order,
nominal symbol rate, and CDR algorithm are automatically preset according to the selected standard
(e.g., 5GBASE-T1).
These parameters typically do not require modification but can be reviewed or adjusted if needed.
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5. Enable triggering
Close the dialog and allow the oscilloscope to lock to the signal using the hardware CDR. The Live Eye
display updates continuously once lock is achieved.

Once the CDR trigger mode is active, the oscilloscope aligns the incoming waveform to the recovered clock
and continuously refreshes the eye diagram. In Figure 13, the Zoom tool has been used to magnify the
hardware-generated eye for clarity. This real-time eye represents the instantaneous alignment of signal
transitions relative to the recovered clock, rather than an accumulated statistical distribution.

The displayed eye allows the following visual characteristics to be observed:
e Stable vertical eye openings observed across the recovered signal levels.
o Well-defined crossing regions associated with the recovered symbol transitions.
e Horizontal spreading of transitions, which may appear as blur in the zoomed view.

e Variations in apparent eye opening that may be observed during real-time operation.
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Figure 13: Live PAM-4 eye diagram generated from hardware CDR

Because the hardware CDR operates in real time, transient effects such as jitter bursts, timing shifts, or level
imbalance become visible immediately as the waveform is acquired. In Figure 13, the lower display shows a
zoomed portion of the captured waveform that appears as an eye diagram due to the hardware-based clock
recovery trigger aligning signal transitions to the recovered clock. This Live Eye representation provides an
instantaneous view of signal behavior relative to the recovered timing and allows engineers to observe signal
stability, eye opening behavior, and timing variation as the signal evolves.

While this real-time visualization is valuable for observing signal behavior, it is not intended for detailed
signal-integrity analysis. Measurements such as eye metrics, level-specific evaluation, and jitter
decomposition require a statistically reconstructed eye diagram derived from longer waveform acquisitions.
These quantitative analyses are performed using the software-based Advanced Eye discussed earlier, which
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reconstructs the eye diagram from the captured waveform. Building on this statistical eye representation, the
next section introduces advanced jitter analysis for PAM-N signals.

4 Advanced Jitter Analysis for PAM-N signals

While eye-diagram measurements provide an overview of vertical and horizontal margins, they do not identify
the individual timing contributors that reduce the eye opening or show which transitions contribute most
strongly to timing variation. This becomes especially important in PAM-N signaling, where timing behavior
varies across symbol transitions due to inter-symbol interference (I1Sl), level-dependent slew rates, or
asymmetric transmitter drive characteristics. For this reason, jitter in PAM-N systems must be analyzed on a
transition-specific basis rather than as a single aggregated metric.

4.1 Configuring Jitter Components in the Advanced Jitter Dialog

The Advanced Jitter function provides a structured workflow for configuring and decomposing jitter
components in PAM-N signals. A Quick Start Analysis option enables automatic configuration of the jitter
analysis chain, while individual jitter components can also be enabled or disabled manually to support
targeted investigations.

Advanced Jitter - = _ X Advanced Jitter - = _ X

Sagnal Advanced Jitter 1 Advanced litter 2 Signal Advanced Jitter'}, Advanced litter 2

Analyzedsignal 00000000 e

Results
Results Analyzed source .
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Figure 14: Advanced Jitter configuration workflow
Procedure (Figure 14)

1. Open Advanced Jitter analysis
Select (2) Advanced Jitter/Noise in the Signal Configurator or go to Menu — Apps — Advanced Jitter,
then select an analysis instance (e.g., Advanced Jitter 1).

2. Select the analyzed signal
Set Analyzed source = Diff1, corresponding to the differential PAM-N waveform.

3. Verify clock recovery settings
Under Clock / CDR, confirm that CDR is selected and that the Software CDR instance (e.g., Software
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CDR 1) is assigned.
Click Software CDR to verify that the source, symbol rate, and standard match the signal configuration.

4. Start automatic analysis
Click Quick Start Analysis to initialize the jitter analysis using the existing signal and CDR configuration.
This automatically enables a default set of jitter components and result views.

5. Review or customize jitter components for analysis
Navigate to Results — Jitter, then use Add / remove components to enable or disable individual jitter
terms such as Random Jitter (RJ), Deterministic Jitter (DJ), Data-Dependent Jitter (DDJ), Periodic Jitter
(PJ), Total Jitter (TJ).

6. Select result views
Enable Histogram, Track, or Spectrum views as needed.
Optional views such as Step Response and Bathtub can also be activated from this tab

Running Quick Start Analysis produces a complete jitter decomposition, as shown in Figure 15. In this
example, the total jitter at the configured BER is approximately 347 mUl p-p (~0.35 Ul), occupying
approximately 35% of the available horizontal eye opening in a PAM-4 system. This provides an initial
indication of the overall timing margin observed at the measurement point. Pass/fail evaluation requires
comparison with the jitter limits defined for the applicable standard and test point.

The decomposition shows that random jitter contributes approximately 141 mUI p-p, while deterministic jitter
(DJ) is measured at approximately 212 mUI p-p. Data-dependent jitter (DDJ) contributes about 150 mUl p-p,
highlighting the impact of symbol pattern and transition behavior on timing uncertainty. Periodic jitter (PJ)
components are also shown in the results, with an overall PJ value of approximately 161 mUl p-p, as
indicated in Figure 15.

In addition to numerical jitter values, the analysis provides supporting views derived from the jitter
decomposition. The calculated step response characterizes deterministic transmission system behavior and
supports interpretation of deterministic jitter contributions. The analysis also calculates and displays Bit Error
Rate (BER) bathtub curves based on the extracted jitter components. These curves help illustrate the
relevance of individual jitter contributions to overall system behavior at the configured BER.

Trigger Horizontal Acquisition Info
Edge 1.29mv Auto 4ps/ 10 GSa/s Sample RT 6
5 Stop 0s 400 kpts ‘

Diagram1: C1,C3,DIFF1 X Y 1 L Diagramé: THi1 X Diagram7: PIHi1 X Position

Diagram4: DDJHi1 X Diagram8: DIHi1 X Diagram9: RIOBUJHi1 X

3‘
!
|
}
'
b

B ovoncea e vesus x| T C TR I verocic componers x N . 0o Sevhesponsel x

itter analysis 1 Bl unit Relative - - ente1 =

| o abs/pp ency Value (pp) Direction
Event count 8422 ) 1.2499 GHz 96.186 mUI h (int.)
TI@BER — 347.16 mul 2 312.74 MHz 15.141 mUI h (int.) . —
RI + (O)BUJ - 10.836 muI 141.1 mul 3 156.37 MHz 7.4772 mUI h (int.) z: Diagram?2: JitBathtub1,JitBathtubMeas1 X
o 39.401 mul 244 mul 4 1.4062 GHz 5.3349 mUI h (int.) S
DI = 36.817 mul 211.77 muUl 5 937. Hz 3.5073 mUl h (int.)
DDJ 17.285 mul 149.66 mul 6 4.9765 GHz 0%v
P 32.537 mul 161.07 mul 7 4.9661 GHz 0% v

[ oFF1pania) [ commoni— X[ Twin__— ____lomin_— ___ [l e __] ROBUHIT

200 mv/ Scale: 32.3 mUI Scale: 32.3 muUl Scale: 32.3 mUI Scale: 32.3 mUI Scale: 32.3 mul
Src:  DIFF1 (PAM4) Src:  DIFF1 (PAM4) Src:  DIFF1 (PAM4) Src:  DIFF1 (PAM4) Src:  DIFF1 (PAN
1 ov Tref: Tref: Tref: Tref: Tref:
P:C1 N: G

Figure 15: Comprehensive jitter decomposition from Quick Start Analysis
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While this aggregate view quantifies the relative contribution of different jitter components, it represents an
average across all symbol transitions. In multi-level PAM-N signaling, timing behavior whether random or
deterministic can vary between individual symbol transitions due to differences in level spacing, transition
density, and sensitivity to intersymbol effects. As a result, aggregate jitter values alone do not indicate how
timing uncertainty is distributed across specific symbol transitions.

To gain deeper insight into how jitter manifests within the PAM-N waveform, the analysis can be refined to
transition-dependent views. In the following section, data-dependent jitter is used as a representative
example to illustrate how transition-specific analysis enables deterministic behavior to be examined at the
symbol-transition level, beyond what is visible in aggregate jitter metrics.

4.2 Transition-Specific Jitter Configuration for PAM-N

For PAM-N signals, jitter analysis can be refined further by resolving jitter components on a per-symbol-
transition basis. This is accomplished using the PAM Results function within the Advanced Jitter analysis,
which enables jitter components to be mapped to individual Base—Target level transitions (Figure 16). This
transition-specific view is particularly important for PAM-N signaling, where different amplitude steps can
exhibit different sensitivity to inter-symbol interference (ISl), noise, and pattern-dependent effects [1].

In the following example, Data-Dependent Jitter (DDJ) is used to illustrate the workflow. The same
configuration approach applies to other jitter components supported by the Advanced Jitter option.
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Figure 16: Advanced Jitter configuration workflow for PAM-N (DDJ example).
Procedure (Figure 16)

1. Open Advanced Jitter results
In the Advanced Jitter dialog, select Results, then navigate to the Jitter tab.

2. Inspect overall DDJ (optional)
Under Add / remove components, Data-Dependent Jitter (DDJ) may be enabled to view the aggregate
DDJ contribution. (This step is optional and is used here only to observe the overall DDJ before
transition-specific breakdown.)

3. Open PAM-N Results dialog
Click PAM results to open the PAM-N Results configuration dialog.
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4. Select jitter component for transition analysis
In the PAM-N Results dialog, select Component = DDJ (or another jitter term of interest).

5. Configure transition-specific outputs
Enable Numerical Results, Histogram, and/or Track for transition-specific jitter display.

6. Add or remove transition entries and define Base and Target levels
Use the Add and Remove buttons to create or delete transition entries, then assign the required Base —
Target level pairs (e.g., 0—1, 152, 2—3).
For PAM-4 signals, up to six transitions can be configured.

7. Enable PAM-N results
Toggle PAM-N results = On to apply the configuration and generate transition-specific jitter results for the
selected component.

Figure 17 shows the resulting DDJ histograms for several symbol transitions of a 5GBASE-T1 PAM-4
transmitter. Each subplot corresponds to a specific Base — Target transition and includes numerical jitter
values expressed in milli-unit intervals (mUl), including standard deviation (o) and peak-to-peak jitter.

In this example, the adjacent-level transitions (0—1, 1—2, and 2—3) exhibit noticeably broader jitter
distributions, with peak-to-peak values approaching approximately 20 mUI. Transitions involving larger
amplitude steps (such as 0—2 or 1—3) show comparatively narrower histograms and lower peak-to-peak
jitter.
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Figure 17: Transition-specific DDJ histograms for a 5GBASE-T1 PAM-4 signal

This pattern is consistent with the general PAM-4 behaviour described in [1]: transitions with smaller vertical
separation between levels are more sensitive to noise and pattern-dependent effects, and consequently
exhibit higher timing variation.

By resolving jitter on a per-transition basis, Advanced Jitter analysis reveals which symbol transitions
contribute most to horizontal eye reduction and which are comparatively robust. For Automotive Ethernet
standards such as 5GBASE-T1, where mid-level eyes operate with tight vertical and horizontal margins, this
level of detail is essential. It enables the most critical symbol transitions to be distinguished from those that
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are comparatively robust, providing a clear basis for evaluating how channel effects and equalization will
further influence signal behavior, as explored in the following chapter.

5 Embedding and Equalization for PAM-N Analysis

Jitter and eye-diagram measurements provide valuable insight into transmitter behavior at the probe point,
but modern high-speed links rarely operate in isolation. Automotive Ethernet channels (such as 5GBASE-T1)
include cables, connectors, filters, and EMC-driven discontinuities that shape the signal before it reaches the
receiver. Once the transition-specific timing impairments characterized in Chapter 4, including data-
dependent jitter and transition-dependent timing variation, have been identified, it is useful to evaluate how
the transmitted PAM-N waveform behaves after passing through a representative channel or when
equalization is applied.

To support this analysis, Rohde & Schwarz oscilloscopes provide embedding, de-embedding, and
equalization capabilities that extend signal integrity evaluation beyond the raw measurement point. The
analysis steps described in this chapter use the R&S RTP-K126 Embedding and Equalization software
option, which applies standards-compliant channel models and equalization to the measured PAM-N signal
enabling controlled evaluation of signal behavior under defined channel conditions without requiring physical
access to the full link.

These analysis-side functions are used to study the impact of channel loss and equalization on the PAM-N

signal, as reflected in eye-diagram and jitter behavior. These functions are applied within the oscilloscope's
signal-processing chain and do not represent the equalization performed by the PHY receiver in a deployed
link but rather serve as controlled tools for transmitter characterization. The following sections describe how
embedding and equalization are applied within a typical PAM-N transmitter analysis workflow.

5.1 Channel Embedding

As a first step beyond raw waveform analysis, channel embedding allows the user to apply a defined channel
response to the acquired waveform, enabling controlled evaluation of how the transmitter behaves when
driving a known cable or reference channel. Channel models are supplied as Touchstone S-parameter files.
Once the signal source and standard have been defined in the Signal Configurator, the Embedding /
Equalization menu provides lane-specific control over how the oscilloscope processes the acquired
waveform.

The Embedding function extends transmitter-level analysis by inserting channel elements such as cables,
connectors, filters, or complete link models directly into the oscilloscope’s digital signal-processing chain.
This makes it possible to evaluate how a nominally clean transmitter waveform behaves once it traverses a
realistic or worst-case channel.
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Figure 18: Signal Lanes Configuration with Embedding Enabled

Figure 18 shows the Signal Lanes view, where the source under test (Diff1) is assigned to Lane 1.
Embedding is enabled by selecting the Embedding block in the signal-flow dialog. Once activated, the
oscilloscope routes the measured waveform through the selected channel model. The following steps
describe how this configuration is set up.
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Figure 19: Embedding Setup with Cable Model Placement
Procedure: Channel Embedding Setup (Figure 18 - Figure 20)

1. Open Embedding/Equalization menu
Select (3) Embedding/Equalization in the Signal Configurator or go to Menu — Apps —
Embedding/Equalization and select the active lane (e.g., Lane 1).

2. Assign the signal source
Set Source = Diff1 and verify that the symbol rate matches the configured standard.
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3. Open the Embedding setup
Click the Embedding block to enter the embedding configuration menu (Figure 19).

4. Define the channel topology
The embedding setup displays a logical channel chain consisting of:

o Tx (transmitter output),
o Optional cascaded elements, and

o Rx (receiver input).
Additional channel elements can be inserted using the + icons.

5. Insert a cable model
Add a cable element between Tx and Rx to represent the channel under test (Figure 19).

6. Configure the channel element
Select the inserted cable block and click Configure to define its electrical characteristics.

7. Load S-parameter data
Load the appropriate S-parameter file (e.g., a worst-case Automotive Ethernet cable model).
Verify that the port mapping is correct to ensure the channel is applied as intended (Figure 20).

8. Verify the channel response
Inspect the displayed magnitude and phase responses to confirm the expected attenuation and
dispersion of the channel before applying the model and then enable this.

9. Enable Embedding
In the signal-flow diagram, set Embedding = On to activate channel embedding (Figure 18).
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Figure 20: S-Parameter Configuration of the Worst-Case Cable Model

The embedded channel response shown in Figure 20 illustrates the expected high-frequency attenuation and
dispersion of a worst-case cable model. When this response is applied to the acquired waveform, the
resulting time-domain signal exhibits noticeable signal degradation and increased eye closure (Figure 23).

This degraded waveform forms the starting point for the equalization steps discussed in the next section,
where the oscilloscope’s equalization tools are used to restore eye opening and evaluate equalizer
performance under controlled conditions.
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5.2 Equalization

Equalization compensates for the frequency-dependent loss introduced by the embedded channel and helps
restore eye opening before advanced analysis (see [1], Section 4.2.3). Within the oscilloscope’s signal-
processing chain, equalization is enabled by selecting the Equalization block shown in Figure 18. This opens
the equalizer options (Figure 21), where the available functions Continuous-Time Linear Equalization (CTLE),
Feed-Forward Equalization (FFE), and Decision Feedback Equalization (DFE) are listed.

5.2.1 Continuous-Time Linear Equalization (CTLE)

The CTLE applies frequency-dependent gain within the analysis chain to counteract high-frequency
attenuation introduced by the embedded channel. By boosting higher-frequency components, the CTLE
reduces inter-symbol interference (I1SI) and improves the visibility of eye openings in the equalized waveform.

The R&S®RTP provides predefined, standard-based CTLE configurations that apply pole—zero placements
and gain characteristics aligned with the selected serial standard. These presets enable rapid evaluation of
equalization effects under typical channel conditions. If required, users may alternatively adjust CTLE
parameters manually, including pole—zero placement and DC gain, to explore custom equalization scenarios
or sensitivity to channel loss.

Equalization

Setup Lane 1 Lane 2 Lane 3 Lane 4

Enable Source

On Diff1

CTLE

FFE Serial standard

5GBASE-T1
DFE

Standard configuration

Filter Training -
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Figure 21: CTLE configuration for lane equalization
Procedure (Figure 21)

1. Start from the embedded signal configuration
Using the channel embedding setup described in Section 5.1 (Figures 18—20), select a new processing
lane (for example, Lane 2) to evaluate equalization independently of the raw and embedded cases.

2. Reuse the embedded channel model
For the selected lane, reuse the embedding configuration defined in Section 5.1, ensuring that the same
channel model is applied before enabling equalization.
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3. Open Equalization settings
In the signal-processing chain, select the Equalization block to open the equalizer configuration menu
(Figure 18: Signal Lanes Configuration with Embedding Enabled).

4. Select CTLE configuration
Use the CTLE settings associated with the configured serial standard, or, if required, switch to manual
configuration to adjust gain or pole—zero parameters.

5. Enable CTLE
Toggle Continuous-Time Linear Equalization (CTLE) = On to activate linear equalization for the
embedded waveform.

5.2.2 Feed-Forward Equalization (FFE)

The FFE further reduces ISI by applying tap coefficients to precursor and postcursor symbol contributions
around the current sample. This is particularly relevant in PAM-4 systems, where smaller level spacing
makes the waveform more sensitive to ISI and transition-dependent distortion.

While R&S®RTP provides a full receiver-equalization chain (CTLE, FFE, and DFE), the Filter Training tab
offers the most direct way to obtain immediately usable tap values for FFE equalization. Instead of manually
selecting pre-cursor and post-cursor coefficients, the oscilloscope automatically derives the optimal tap
settings from the embedded waveform. R&S®RTP provides both Feed-Forward Equalization (FFE) and
Decision-Feedback Equalization (DFE) is also commonly used as part of the receiver-side equalization
toolbox. However, in the Automotive Ethernet example considered in this application note, the analysis
focuses on FFE.

Equalization L o

Setup | Lane 1 Lane 2 Lane 3 Lane 4

Training mode Source
+ CTLE

Scope waveform = Diff1

FFE Filter selection

DFE FFE Setup training

Normalize gain

Filter Training on

Start training

)

Tap values Apply tap values

Figure 22: Filter Training workflow used to optimize FFE tap coefficients
Procedure: FFE Filter Training and Application (Figure 22)

1. Continue from CTLE equalization
With channel embedding enabled (Section 5.1) and CTLE configured and active as described in
Section5.2.1, proceed to feed-forward equalization on the same processing lane (for example, Lane 2).

2. Open Filter Training
In the Equalization menu, navigate to the Filter Training tab.
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3. Select the filter type
Set Filter selection = FFE to train feed-forward equalization coefficients.

4. Review and customize training settings
Click Setup training to open the filter training configuration dialog.
Review or adjust parameters such as the number of taps as required (5 taps are used in this example),
then return to the Filter Training screen.

5. Start filter training
Click Start training to initiate the adaptive optimization process.
The oscilloscope derives precursor and postcursor tap values based on the CTLE-equalized, embedded
waveform.

6. Review trained tap values
Inspect the resulting tap coefficients and the residual error metric to confirm convergence.

7. Apply trained coefficients
Click Apply tap values to load the optimized FFE coefficients into the equalizer.

5.3 Resulting Eye Diagrams After Embedding and Equalization

Figure 23 summarizes the complete signal-processing chain applied in the preceding sections, starting from
the raw PAM-4 transmitter waveform, followed by channel embedding using a worst-case cable model, and
finally receiver-side equalization using CTLE and FFE on the R&S RTP. All eye diagrams shown in this figure
are generated using the Advanced Eye analysis described in Section 3.2, with the analysis source explicitly
selected from the processed signal lanes.
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Figure 23: PAM-4 Eye-Diagram Progression Through Embedding and Receiver Equalization

The left-most eye diagram is generated from Diff1 (Section 5.1) before channel embedding and equalization,
representing the original PAM-4 transmitter waveform captured directly at the probe point. This lane contains
the unprocessed differential signal and therefore reflects the intrinsic transmitter performance. All three eyes
exhibit wide vertical openings and well-defined timing margins, indicating clean signal generation prior to any
channel influence.

The center eye diagram is generated from Lane 1 (Section 5.1) after channel embedding, where the worst-
case cable model has been applied using the S-parameter configuration described in Section 5.1. After
embedding, the waveform exhibits increased inter-symbol interference, as reflected by reduced vertical eye
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opening and increased horizontal spread across the upper, middle, and lower eyes. These effects indicate
the expected signal degradation introduced by cable loss and dispersion when the transmitted PAM-4
waveform is evaluated after propagation through a worst-case cable model. This view therefore represents
the signal condition at the receiver input prior to the application of equalization.

The right-most eye diagram is generated from Lane 2 (Section 5.1), which contains the embedded signal
after receiver-side equalization has been enabled in the equalization processing chain. The Continuous-Time
Linear Equalizer partially compensates for the channel’s high-frequency loss, improving edge steepness and
vertical eye opening. The Feed-Forward Equalizer then further reduces transition-dependent inter-symbol
interference using trained precursor and postcursor tap coefficients, resulting in more stable and symmetric
eye openings across all three PAM-4 levels.

For clarity of comparison, the associated time-domain waveforms and eye diagrams are displayed
simultaneously and arranged side by side. The waveform views are zoomed in on representative sections of
the acquisition, and the vertical and horizontal scales of all windows are adjusted consistently to highlight
amplitude degradation, timing distortion, and subsequent recovery. These display adjustments do not alter
the underlying measurements but are used to improve qualitative visual interpretation of the signal evolution
through the processing chain; the exact amount of degradation or recovery depends on the DUT, channel
model, and equalizer settings.

Although the equalized eye does not fully match the clean transmitter eye (nor should it), the improvement
clearly demonstrates the impact of the applied cable model, the function of equalization, and the relevance of
the receiver-side processing chain implemented on the RTP. With the measurement workflow established,
the next chapter shows how the same analysis steps can be automated.

6 SCPI-Based Automation of PAM-N
Measurements

While the previous sections describe manual configuration of the R&S®RTP oscilloscope through the
graphical user interface, the same measurement workflow can also be automated using SCPI commands.
Automation is particularly useful when the same signal configuration, eye-diagram analysis, and jitter
evaluation must be repeated across multiple devices, test conditions, or validation runs. In such cases,
scripting reduces setup time, ensures consistency, and enables integration into larger test or regression
environments.

To support this workflow, Rohde & Schwarz provides the Rsinstrument Python library, which offers a high-
level interface for instrument communication while exposing the full SCPI command set defined in the
R&S®RTP programming manual. Using this approach, the oscilloscope configuration steps described earlier
in this application note can be executed programmatically with minimal variation between runs.

The complete reference implementation used in this application note is available for download and
modification from the Rohde & Schwarz GitHub repository [4]. The provided code reflects the same
measurement flow described in this document and can be adapted or extended to suit individual test needs.
Detailed information on the code structure, prerequisites, and execution workflow is included in the
accompanying README file.

To make the automation more accessible, the SCPI command flow is wrapped in a Python-based graphical
control interface, as shown below. The complete source code for this interface is included in the GitHub
repository and can be executed directly within a Python environment. For users who prefer a standalone
application, the repository also provides a setup.py configuration that uses cx_Freeze to generate a Windows
executable. Running this script builds a compiled version of the interface that can be launched without
requiring a Python IDE. Communication with the oscilloscope in both cases is handled through the
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R&S®VISA [5] communication layer, which must be installed on the host system to enable SCPI-based
instrument connectivity.
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Figure 24: SCPI-Based Automation of Signal Configuration Workflow

Figure 24 shows the automation interface used to reproduce the signal configuration steps described in
sections 2.2 to 2.4.

Using SCPI commands, the script:

Connects to the oscilloscope over LAN

e Selects the input channels and creates the differential signal
e Applies vertical and horizontal scaling
e Selects the technology preset (2.5/5/10GBase-T1)

e Executes the Signal Configurator

The resulting oscilloscope setup is equivalent to the manual configuration described earlier.
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options

Eye Mode: & Whole  Specific  Selected

Figure 25: SCPI-Controlled Eye-Diagram Generation Using Software and Hardware CDR
Figure 25 demonstrates eye-diagram generation corresponding to Chapter 3.

Both analysis modes are supported:

e Advanced Eye (Software CDR) for stable eye reconstruction from long acquisitions

e Live Eye (Hardware CDR) for real-time eye visualization

The automated flow mirrors the manual eye-analysis steps, with configuration and execution handled through
SCPI.
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Figure 26: SCPI-Based Automation of Quick Start and Transition-dependent Jitter Analysis
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Figure 26 corresponds to the jitter analysis workflows described in Chapter 4.
The script supports:

e Quick Start jitter analysis

¢ Transition-dependent jitter configuration for PAM-4 signals

e Choosing the display result types in transition-dependent jitter

This enables repeatable jitter analysis without manual reconfiguration.

The automation examples presented here focus on those parts of the workflow that are typically repeated
with little or no modification, namely signal configuration, eye-diagram generation, and jitter analysis.
Channel embedding and equalization, while also scriptable, are often more efficiently explored interactively
using the R&S®RTP graphical interface, especially when iterating on channel models or equalizer
parameters. For this reason, automation of embedding and equalization is not covered in this initial example
but can be added depending on user requirements. With the complete manual and automated measurement
workflow established, the following section summarizes the key insights and applicability of the techniques
presented.

7 Summary and Conclusion

This application note presented a measurement-driven workflow for analyzing PAM-N signals using the
R&S®RTP oscilloscope, with Automotive Ethernet PAM-4 transmitters used as a representative real-world
example. The workflow begins with DUT connection, differential signal setup, and signal configuration, then
progresses through eye-diagram reconstruction, selective eye visualization, jitter decomposition, transition-
specific jitter analysis, channel embedding, and receiver-side equalization.

The measurements show that PAM-N signal quality cannot be fully understood from a single composite eye
diagram or one aggregate jitter value. Software-based Advanced Eye analysis provides the stable statistical
view needed to evaluate individual eye openings, level-dependent behavior, and per-eye metrics. Hardware-
based Live Eye analysis complements this by showing real-time signal stability, timing variation, and
transient behavior as the signal is acquired. Together, these views separate detailed quantitative evaluation
from live signal observation and provide the starting point for identifying where PAM-N impairments appear in
the eye diagram.

Building on this eye-based view, transition-specific jitter decomposition shows how individual symbol
transitions contribute differently to horizontal eye reduction. This is particularly important for PAM-N signals,
where transition amplitude, slew rate, inter-symbol interference, and pattern-dependent effects can vary from
one transition class to another. By separating these contributions, the measurement workflow helps identify
which parts of the PAM-N signal are most sensitive to timing degradation.

The embedding and equalization steps further extend the analysis from the raw transmitter output to a
channel-conditioned signal path. Applying a standards-referenced worst-case cable response shows how
channel loss and dispersion reduce eye opening and increase ISI. Applying CTLE and FFE within the RTP
signal-processing chain then illustrates how receiver-side compensation can partially restore vertical and
horizontal margin. These equalization functions are used here as controlled analysis tools and do not
represent adaptive receiver behavior in a deployed PHY.
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Overall, the workflow provides a structured way to move from visual inspection to root-cause-oriented PAM-N
signal analysis. In practice, this means that PAM-N debug should be approached as a staged analysis rather
than a single measurement. A composite eye diagram can indicate that the signal is degraded, but selective
eye views, transition-specific jitter results, and channel-conditioned analysis help identify where the
degradation originates. This makes the workflow useful not only for documenting signal quality, but also for
guiding the next debug step, such as checking transmitter level symmetry, investigating transition-dependent
timing behavior, evaluating channel loss, or adjusting equalization settings. Although 5GBASE-T1 is used as
the example, the same measurement logic can be transferred to other PAM-N transmitter investigations by
adapting the signal configuration and analysis setup to the interface under test. For final design or
compliance decisions, the results should be compared with the applicable standard limits, test mode
definitions, and channel conditions for the specific interface under evaluation.
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9 Ordering information

Instrument / Category Quantity |Order No. ‘ Description

Accessory

Probes and Accessories

R&S®RT-ZA17 Probe Accessory 1 1377.8991.02  Matched pair SMA cable
R&S®RT-ZA16 Probe Accessory 2 1320.7074.02  Precision BNC to SMA adapter
R&S®RTP Oscilloscope and Software details

R&S®RTP 134B / Oscilloscope 1 1803.7000.13 / Bandwidth: up to 16 GHz

RTP 164B 1803.7000.16  (Supports speeds up to T0GBASE-T1)

R&S®RTP-K135 Software 1 1803.6861.02  PAM-N analysis oscilloscope software
(with HW-CDR up to 3.8 Gbaud/s)

R&S®RTP-K137 / Software 1 1800.6983.02  Advanced Eye Analysis (up to 16 GHz)

R&S®RTP-K133 / Software 1 1800.6860.02  Jitter and Noise decomposition (up to
16 GHz)

R&S®RTP-K126 / Software 1 1800.6025.02  Embedding and Equalization (manual

filter tuning)
R&S®RTO6 Oscilloscope and Software details

R&S®RTO6 Oscilloscope 1 1802.0001.04  Bandwidth: up to 6 GHz

R&S®PRTO6-K135 Software 1 1801.8050.02  PAM-N analysis oscilloscope software
(without HW-CDR)

R&S®RTO6-K136 Software 1 1801.8080.02  Advanced Eye Analysis (up to 8 GHz)

R&S®RTO6-K133 Software 1 1801.6906.02  Jitter and Noise decomposition (up to
6 GHz)

R&S®RTO6-K126 Software 1 1801.8109.02  Embedding and Equalization (manual

filter tuning)
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