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Abstract

As voltage margins for power rails continue to decrease, end-to-end power integrity modeling is already difficult without having to be concerned if all the 
models, that are part of your simulation, are correct. As system designers, we typically expect and, in most cases, assume that all the models from vendors are 
correct.

So, what does an engineer do if one of the models needed for a power integrity simulation is not correct? What if this is a die model? How does an engineer 
verify if the die model is accurate or has enough on-die capacitance to manage the high-frequency currents.

This presentation will demonstrate how to construct an end-to-end power integrity model for a DDR4 PHY and package. It will be determined, as an example, if 
a DDR PHY integrated into a custom ASIC has sufficient on-die capacitance for the respective DDR4 power domain. 

At the end of this presentation engineers will understand how to model and develop an end-to-end power Integrity model for their ASIC while determining if 
their ASIC has sufficient on-die capacitance for their application.
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Overview

• What happens when the die model is incorrect
• PDN impedance impact from the die model
• PDN effects of the die model and package
• Why should we care about the die model
• Power Integrity case study
• How do you know if a die model from a vendor is correct?
• VDDQ Full PDN Impedance
• Determining the worst-case test pattern in simulation
• DDR4-2400 Simulation Results with worst-case test pattern
• Determining the minimum Cdie value
• DDR4-2400 Simulation model results with the updated Cdie value
• Call to action
• Summary and conclusions
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What happens when the die model is incorrect?

5
51% improvement in voltage ripple just by adjusting the Cdie of the die model

When the die model is not correct, both timing jitter and voltage ripple are affected

FAIL PASS
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The die model only affects high frequency impedance of the PDN
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Why should we care about the Cdie?
Cdie=1nF, Cpkg=8uF Cdie=1nF, Cpkg=100mF

Cdie=5nF, Cpkg=8uF Cdie=10nF, Cpkg=8uF

Due to the inductance between the package and die, if Cdie is not enough to mitigate high frequency 
ripple, then no amount of on package capacitance can fix voltage ripple issues!
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Power integrity case study

The DDR4 IP PHY vendor stated that their PHY had to meet the following AC voltage specs:
• 30mV Ripple (> Fclk)
• 150mV Ripple (< Fclk)

The DDR4 PHY die model provided from the vendor initially had the following specs:
• Cdie = 3.29 nF
• Rdie = 4.23 mΩ

Note: Fclk=1.2 GHz for DDR4-2400
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How do you know if a die model from a vendor is correct?

Most ASIC IP vendors provide a quality report

Source: micron.com

Comparing our DDR4 PHY die vs. a Micron SDRAM

ASIC PHY VDDQ/VSSQ Decoupling Capacitance – Full Die: 3.29 nF

Amount per DQ/DQS/DM model = 33.23 pF

The Micron x16 SDRAM has 2X the amount of Cdie in the  
comparison to a memory controller (DDR4) for all x72 DDR4 
nets.

The amount of capacitance per DQ/DQS/DM is 10x less for 
the memory controller (DDR4 PHY) vs. the Micron SDRAM
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Initial vendor Cdie model
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Full VDDQ PDN Impedance with DDR4 PHY and SDRAM 
With Cdie = 3.29nF

VDDQ PDN

Matched PCB and VRM output impedance set to 90 mΩ
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Worst-case impedance peak at marker m1
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Determining worst-case excitation test pattern
With Cdie = 3.29nF
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• “1100” bit pattern would yield a 600MHz (marker m5) excitation period 
• 480MHz (marker m3) is closer to the worst-case impedance point 
• A 480MHz excitation period with a “11100” repeating bit sequence is used since this is the worst-case 

excitation pattern

A worst-case PDN stimulus is used to test the robustness of the system PDN.
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DDR4-2400 Read Simulation Setup with DDR4 PHY and 9 SDRAM
480MHz Excitation Pattern VDDQ PDN Setup

Simulation setup for DDR4-2400 data rate. All DQ/DM/DQS are loaded with 48 Ω T-lines.
All CAC nets are loaded with a fly-by T-line.
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• The setup shown includes 9 Micron SDRAM IBIS models

• All ODT settings are set to 48Ω at the ASIC

• All DQ/DM/DQS and CAC net drive strengths are set to 48Ω

• The VTT voltage is set to 0.6V

• All CAC nets are running a repeating "1010" pattern

Excitation pattern for DQ bits is set to “11100”
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DDR4-2400 Read Simulation Results with DDR4 PHY and 9 SDRAM
480MHz Excitation Pattern and Cdie = 3.29nF

VDDQ PDN Setup
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Eye looks open and passing. However, this assumes power rail ripple spec is met

All DQ/DM/DQS and CAC nets had open eyes similar to what is shown here
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Time Domain Results – DDR4-2400 READ 
With 480MHz Excitation Pattern and Cdie = 3.29nF

FAIL
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According to the vendor, this should pass.  So why doesn’t it?
Answer: The die model does not seem correct

ALL IBIS CORNERS = MAX
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What do you do if you think the die model from a vendor is 
inaccurate?

• Check the die model fidelity

• Keep in mind, most ASIC IP vendors specify their compliance point to the die 
bumps. On-die capacitance is critical to managing and reducing PDN for the circuits 
at the die.
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How to determine minimum Cdie

𝐶𝑑𝑖𝑒 𝑚𝑖𝑛 =
1

2∙𝜋∙𝑓𝑐𝑙𝑘∙𝑍𝑇𝐺𝑇(𝑚𝑖𝑛)
=

1

2∙𝜋∙1.2 𝐺𝐻𝑧∙21.4 𝑚Ω
> 6. 19 𝑛𝐹 

For DDR4-2400:

• fclk = 1.2 GHz
• ∆V=30 mV
• ∆I=4/π·Itransient≈1.4 A Determining Itransient →

𝑍𝑇𝐺𝑇 (𝑚𝑖𝑛) =
∆𝑉

∆𝐼
=

30 𝑚𝑉

1.4 𝐴
= 21.4 𝑚Ω
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This indicates Cdie must be greater than 3.29nF

ALL IBIS CORNERS = MAX

4/π comes from Fourier transform of a square wave [5]

This indicates Cdie must be greater than 3.29nF
Approved for Public Release: NG23-2004. © 2023 Northrop Grumman Systems Corporation



Updated VDDQ PDN Impedance with DDR4 PHY and SDRAM 
With Cdie = 6.49nF
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Worst-case impedance peak at marker m1

Approved for Public Release: NG23-2004. © 2023 Northrop Grumman Systems Corporation



Determining worst-case excitation test pattern
With Cdie = 6.49nF
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A “11110000” repeating bit pattern yields a 300MHz excitation period, which matches the peak at marker m3, 
and excites our PDN with the worst-case bit pattern.
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Updated Time Domain Results – DDR4-2400 READ 
With 300MHz Excitation Pattern – Cdie = 6.49nF

PASS
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Now let’s check the results at with updated vendor Cdie

ALL IBIS CORNERS = MAX

With Cdie = 6.49 nF, a 51% reduction of HF ripple is observed. And the HF ripple spec (30mV) is now met
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Call to Action

• IP vendor later confirmed they gave us an incorrect Cdie value

• The correct Cdie value for this DDR4 PHY is 6.49nF at the worst-case 
corner, very close to the calculated 6.19nF

• A new model was provided by the vendor.

• Hold IP vendors accountable! Ask for quality reports
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“Power integrity is the science of getting power to the devices that it likes. Our job in power 
integrity is to ensure we have optimized the power for the devices that we are powering so that 
they can work at their peak performance.”  – Steve Sandler, Picotest.com
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Summary and Conclusions
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• Don’t always trust the models you get from vendors! Vendor models are not always 
correct.

• When integrating IP from another vendor on your ASIC, ask the IP vendor to confirm what 
the Cdie value is for each IP power domain

• Ask for quality report

• Ask for manual calculation for total capacitance on each power domain (C=Dk·ε0·A/D)

• The foundry tech file provides the dielectric constant (Dk)

• The mimcap area (A) or capacitors per layer area is known

• Distance between layers (D) is known

• Total capacitors per power domain is known -> manually calculate expected Cdie

• The model impacts both the PDN noise and timing jitter. An accurate model allows verification of both

“Power integrity is all about the quality of power (& noise) seen by the circuits on the ASIC die.”  
– Larry Smith and Dr. Eric Bogatin - Principals of Power Integrity for PDN Design
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Thank You for Attending

23
Approved for Public Release: NG23-2004. © 2023 Northrop Grumman Systems Corporation



References

1. Smith, L. D., & Bogatin, E. (2017). Principles of Power Integrity for PDN design -- simplified: Robust and cost effective 
design for High Speed Digital Products. Prentice Hall.

2. Dannan, B., Kuszewski, J., McCaffery, W. et al. (2022, July 7) Improved Methodology to Accurately Perform 
System Level Power Integrity Analysis Including an ASIC die. DesignCon 2022.

3. Sandler, S. M., Davis, A. K. (2019). Power Integrity Using ADS. Faraday Press.

4. Keysight PathWave ADS - https://www.keysight.com/us/en/products/software/pathwave-design-software/pathwave-
advanced-design-system.html

5. Keysight PathWave ADS Memory Designer - https://www.keysight.com/us/en/lib/resources/technical-
specifications/memory-designer-in-pathwave-advanced-design-system-ads-3022867.html

24
Approved for Public Release: NG23-2004. © 2023 Northrop Grumman Systems Corporation

https://www.keysight.com/us/en/products/software/pathwave-design-software/pathwave-advanced-design-system.html
https://www.keysight.com/us/en/products/software/pathwave-design-software/pathwave-advanced-design-system.html
https://www.keysight.com/us/en/lib/resources/technical-specifications/memory-designer-in-pathwave-advanced-design-system-ads-3022867.html
https://www.keysight.com/us/en/lib/resources/technical-specifications/memory-designer-in-pathwave-advanced-design-system-ads-3022867.html

	Slide 1: What is enough? VDDQ Package Power Integrity Analysis with a DDR4 PHY
	Slide 2: Abstract
	Slide 3: Author Bios
	Slide 4: Overview
	Slide 5: What happens when the die model is incorrect?
	Slide 6: The die model only affects high frequency impedance of the PDN
	Slide 7: PDN Effects of the die model including the package
	Slide 8: Why should we care about the Cdie?
	Slide 9: Power integrity case study
	Slide 10: How do you know if a die model from a vendor is correct?
	Slide 11: Full VDDQ PDN Impedance with DDR4 PHY and SDRAM With Cdie = 3.29nF
	Slide 12: Determining worst-case excitation test pattern With Cdie = 3.29nF
	Slide 13: DDR4-2400 Read Simulation Setup with DDR4 PHY and 9 SDRAM 480MHz Excitation Pattern
	Slide 14: DDR4-2400 Read Simulation Results with DDR4 PHY and 9 SDRAM 480MHz Excitation Pattern and Cdie = 3.29nF
	Slide 15: Time Domain Results – DDR4-2400 READ  With 480MHz Excitation Pattern and Cdie = 3.29nF
	Slide 16: What do you do if you think the die model from a vendor is inaccurate?
	Slide 17: How to determine minimum Cdie
	Slide 18: Updated VDDQ PDN Impedance with DDR4 PHY and SDRAM  With Cdie = 6.49nF
	Slide 19: Determining worst-case excitation test pattern With Cdie = 6.49nF
	Slide 20: Updated Time Domain Results – DDR4-2400 READ  With 300MHz Excitation Pattern – Cdie = 6.49nF
	Slide 21: Call to Action
	Slide 22: Summary and Conclusions
	Slide 23
	Slide 24: References

