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Abstract  
 

In the world of power electronics, the focus is on the power supply, and the load is 

modeled as a simple resistor. In the world of power integrity, the focus is on the 

decoupling capacitors required for the digital load, and the power supply is modeled as a 

simple resistor in series with an inductor.  In the real world, neither assumption solves the 

problem of simulating the power delivery ecosystem with switching power supply control 

loops, gigabit switching digital loads, and a PCB network of filtering and decoupling 

components.  The challenge is how to simulate the Power Integrity ecosystem and 

include the feedback loop and switching noise of a switch mode power supply (SMPS) 

without waiting days for the simulation results.    

 

The solution presented here uses control loop theory state space equations to create a 

behavioral model of an SMPS that allows for fast simulation.  This Sandler State Space 

Average Model previously published [1] has the fidelity to include the dynamic control 

loop behavior for stability assessment, large signal and small signal noise ripple, and 

power supply rejection ratio.  The model also works with the Non-Invasive Stability 

Measurement method to assess the control loop phase margin from simple output 

impedance data. 
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Introduction 
 

In the real world of power delivery to high-speed digital loads, the power supply is not a 

simple series resistor and inductor, and the load is not a static resistor.  Simulating the 

end-to-end power delivery ecosystem must include the switching power supply control 

loops, the gigabit switching digital loads, and the PCB network of filtering and 

decoupling components.  The challenge is how to simulate this power delivery ecosystem 

with the feedback loop and switching noise of a switch mode power supply (SMPS) 

without waiting days for the simulation results.   

 

The answer lies in using models with the appropriate level of fidelity for the task at hand.  

The series R-L model is too simple, making it difficult to assess the design of sense lines, 

large signal switching noise, and power supply noise rejection ratio.  Full transistor-level 

models of all the power supply circuitry are too complicated for efficient simulation 

times and are often proprietary.  The model with the appropriate level of fidelity for 

simulating the power integrity ecosystem is a behavioral model that characterizes the 

feedback loop and switching behavior and can be created from a few simple 

measurements.   This paper will demonstrate how the measurement-based Sandler State-

Space Average Model (SSAM) [1] provides a high level of power supply fidelity with 

very fast simulation times.  The model uses well-published control loop theory state-

space equations for switching power supplies [12] and supports AC, DC, time domain 

transient, or harmonic balance frequency domain simulators.   

 

Learn how this simple SSAM model can quickly identify power rail decoupling 

resonances that are excited by the large signal switching noise ripple.  Learn how the 

SSAM model can assess the trade-offs of current mode vs. voltage mode feedback to 

reduce noise on the power rail and improve the power supply rejection ratio (PSRR).  The 

model also works with measurement techniques like the Sandler Non-Invasive Stability 

Measurement (NISM) to assess power supply stability using only the output impedance 

data.  This stability algorithm is derived from the minor loop gain and is an accepted 

measurement method in the aerospace industry [14]. 

 

Why Use a Sandler State-Space Model? 
 

There is a significant gap in fidelity between the series R-L power supply model that is 

often found in power integrity simulations versus the detailed transistor-level SPICE 

model supplied by the vendor of the regulator.  The R-L model does not provide dc-dc 

converter switching noise, there is no information on noise transfer PSRR, and it is a 

fixed model for all load levels.  The vendor-provided SPICE model is often proprietary, 

requires long simulation times to reach a steady state, and may not have the desired 

accuracy for a user’s application.  Behavioral models like SIMPLIS are available but are 

not designed to run fast with electromagnetic (EM) extracted S-parameter models 

representing the power distribution network (PDN) and cannot support end-to-end 

simulation.  The use of state-space average models for switched mode power supplies 

was started in the 1970s [12] and is an effective technique for averaging the switching 

behavior to get the small signal AC behavior of the switching power supply control loop 
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in the frequency domain.  Solving for the small signal behavior enables one to use that 

load-dependent operational point to drive the large signal switching behavior.  This is 

what the Sandler-developed SSAM model does and makes it possible to simulate PSRR, 

power rail ripple, input/output impedances, switch node pulse width modulation (PWM), 

regulator stability, etc., as shown in Figure 1. 

 

 
Figure 1: A high fidelity state space average behavioral model of the switching power supply provides 

PSRR, power rail ripple, input/output impedances, switch node PWM, stability, etc. 

 

The SSAM is a behavioral model that simulates all noise sources going into and out of 

the switched mode power supply or voltage regulator module (VRM), as it is often called 

in the high-speed digital world, Figure 2.  Network analysis on this 2-port system relates 

these noise sources to the frequency-dependent S-parameter models that characterize the 

VRM over frequency. 

 

  
Figure 2: A network analysis of the VRM 2 port system shows that all the noise sources can be 

characterized with the 2-port S-parameters. 

 

The model averages the power switch states to determine the behavior.  Figure 3 shows 

the simplified circuits for the State 1 and State 2 conditions of the dc/dc converter with 

two switches.  Minor modifications to the equations can be made for continuous 

Approved for Public Release: NG22-2157. © 2022 Northrop Grumman Systems Corporation



 

6 

 

conduction mode (CCM) versus discontinuous conduction mode (DCM) and current 

mode vs. voltage mode, making it possible for the Sandler SSAM to support all of these 

modes and topologies in a universal model. 

 

 
Figure 3: State Space Average models take the average of the two states for the switches creating the 

PWM voltage that feeds the inductor and output capacitor. 

 

This SSAM accurately predicts the complete VRM performance, while simple lumped 

models have limited use.  Figure 4 shows how the SSAM simulation results compare 

with measurements, while the R-L method results in a large resonance near 10 kHz. This 

resonance in the R-L model solution requires overestimating the bulk capacitance needed 

to reduce the resonance and ensure a stable load for the VRM control loop.  

 

  
Figure 4: Comparison of a measured VRM output impedance with the exact overlay of the accurate 

SSAM model vs. the oversimplified L-R model vs. a higher order L-R-L-R model. 

 

The L-R-L-R model gets closer to the measured behavior of the output impedance, but 

this is just one of the terms in our 2-port VRM system.  Table 1 compares an ideal 

voltage source, an L-R model, a higher-order L-R-L-R model, and the high-fidelity 

Sandler SSAM [13].  The L-R model only models output impedance, and not very well, 

so it is often replaced with the higher order L-R-L-R model.  However, this lumped 

model still only models the output impedance.  It takes a higher fidelity SSAM model to 

provide the system behavior for the 2-port VRM.  The table clearly shows the benefit of 

the SSAM over the other methods for accurately predicting all the noise sources and 

VRM behavior. 
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Table 1: Comparison of VRM models.  The ideal voltage source does not work for higher frequency 

behavior, the L-R is not as good as the L-R-L-R model, and only the Sandler SSAM behavioral model 

provides all of the VRM 2-port behavior.  

 

High-fidelity models provide valuable insights into the importance of different 

components, their optimum value, and the required tolerances to stay within the specified 

design margins.  Figure 5 shows how parameters such as the output capacitor, input 

inductor, and load current can be swept with the Sandler SSAM to assess the impact on 

the VRM’s behavior over frequency.   

 

 
Figure 5: Higher fidelity SSAM for the VRM makes it easy to find component sensitivities, optimize 

their values and assess tolerances to meet design margins. 

 

Even a best guess lower quality SSAM for the VRM behavior provides significantly 

better qualitative behavior than an R-L model for identifying critical components 

necessary for optimization and faster troubleshooting of power delivery failures.   

 

The SSAM, like any model, has its limits.  It assumes that one is operating the regulator 

at a switching frequency at least six times higher than the control loop bandwidth.  Figure 

6 uses audio susceptibility to compare the Sandler SSAM to the Dr. Ridley continuous 

time model [10], showing that in the desired bandwidth of control where the frequency is 

below 1/6th of the switching frequency, the SSAM matches well with the Ridley model.  

At higher frequencies, the Ridley model characterizes some of the higher-order modes.  

Keeping the VRM loop bandwidth less than 1/6th the switching frequency ensures a 

predictable behavior and avoids instabilities as one approaches the pulse width 
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modulation switching frequency.  At frequencies above 1/6th the switching frequency, it 

is the job of the PDN decoupling capacitors to deliver power. 

 

 
Figure 6: Comparing the Sandler SSAM to the Ridley Model shows excellent agreement up to 1/6th of 

the switching frequency, which is the desired region of operation for the VRM.   

 

Building a Sandler State-Space Model 
 

The purpose of the Sandler SSAM is to capture the switching behavior of a PWM dc/dc 

converter and allow simulation in both the frequency and time domains.  The state-space 

equations describe the small signal “plant” behavior. However, the plant, as depicted in 

Figure 7, needs to be fed a feedback signal to determine the control loop adjustments to 

maintain the output voltage under dynamic load conditions.  Although it may look 

confusing to setup up the feedback loop with an error amplifier that feeds a ramp voltage 

to a comparator to adjust the duty cycle, in reality, one can start with the simplest of 

feedback models and add fidelity as needed to get a better correlation with measurement.  

 

 
Figure 7: Basic topology for the VRM behavioral model. 

 

Some fundamental topologies to consider are current mode versus voltage mode, 

continuous mode and discontinuous mode, and shunt versus series feedback 

compensation.  Even if you are unsure of the topology, some of it will be self-

determining; for example, in voltage mode, the Ri term is approximately zero and can be 

set to a very small value.  The VRM switching frequency, output inductor value, output 

PDN, and input filtering are all set by design.  Identifying other behaviors like Vramp, Ri, 
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switch RDSon, and the Error Amplifier Av can be more challenging when VRM 

components are internal to a packaged design.  This is when measurements are the only 

way to populate the behavioral model.  Measurements are also an excellent way of 

confirming data sheet parameters and ensuring that the vendor-provided information is 

valid for the desired application. As an example, Figure 8 shows how some VRM 

components make it easy to measure SSAM model parameters like Vramp.   

 

 
Figure 8: A direct measurement of Vramp for populating the SSAM parameters is only available if the 

packaged VRM provides an access pin to the ramp voltage.   
 

Measurements for a Sandler State-Space Model 
 

The SSAM is a measurement-based behavioral model, so it is important to review which 

parameters are found in the data sheet and which are typically measured.  The 

mathematics for the state-space model and required parameters are shown in Figure 9.  

While the state-space average model appears complicated, the mathematics behind it is 

embedded within the open-access model, and the user does not need to interact with 

them.  The user only needs to provide a few parameters to the model.   

 

    
 

Figure 9: The primary state space equations that define the small signal plant behavior of the VRM.  

Two of the critical parameters, Vramp and Ri, are found with measurement. 
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Most required parameters are known design parameters, such as the switching frequency, 

output filter inductance, and system-level requirements, such as input and output 

voltages.  These data sheet and system-level parameters can generally be passed to the 

model. Although for the highest simulation to measurement accuracy, these parameters 

can also be measured.  Figure 10 lists the required parameters for the SSAM and whether 

they are typically defined by system requirements or measured. 

 

 
Figure 10: List of required parameters for the Sandler SSAM measure-based model.  Most parameters 

are known system-level requirements, but ones like Vramp are rarely in the data sheet and must be 

measured. 

 

Two parameters often not specified in the datasheet and can be challenging to obtain 

from the semiconductor manufacturer are the current sense resistance Ri and the slope 

compensation peak-to-peak ramp voltage, Vramp.  These two parameters are significant 

since they appear in every one of the model equations, as seen in Figure 9. 

 

Obtaining the Ri term is simple if the device includes a COMP pin for external 

compensation.  This is one of many reasons that it is recommended to only use devices 

with an external compensation pin. 

 

Measuring the DC voltage at the COMP pin for a constant input voltage and varying load 

results in a graph like that shown in Figure 11.  The slope of the line is the effective value 

of the resistance, while the zero current intercept is the internal offset voltage.  This offset 

voltage is necessary since the internal feedback amplifier common mode range does not 

generally include ground, and this offset lifts the COMP pin voltage off ground. 

 

Even if the manufacturer provides the data, it is still important to measure Ri.  Take the 

Texas Instruments LM25116 regulator, for example. The LM25116 evaluation board 

from the manufacturer includes a visibly marked 10 milliohm current sense resistor on 

the PCB, and the current sense amplifier gain is specified as 10.  This would make the 

effective current sense resistance 10 milliohms*10 or 100 milliohms.    However, the 

measured data indicates 135 milliohms or 35% higher than anticipated, Figure 11.  This is 

due to the added resistance of the PCB traces connecting this resistor to the feedback 

loop.  The external COMP pin makes this a straightforward measurement, and it is highly 

recommended for increasing the model’s fidelity.   
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You might wonder if this Ri term is necessary for a voltage mode converter.  

Theoretically, this would measure zero volts for a voltage mode converter, independent 

of load current, but this isn’t always the case. It is simple to measure, so it is still 

worthwhile, particularly if you are not sure if the topology is voltage mode or current 

mode.  

 

 
Figure 11:  Devices with an external COMP pin make it easy to measure Ri.  Here we see that the 

LM21156 eval board has a data sheet value of Ri=0.1 Ohm, while the measured slope shows an actual 

value of Ri=0.135 Ohms, a 35% difference. 

 

The next term to be measured is Vramp, the maximum peak-to-peak voltage of the ramp, 

or in most cases the peak voltage at 100% duty cycle.  In some cases, though rare, the 

slope compensation ramp is externally available as a pin on the VRM’s IC package for 

user adjustment. This makes it very easy to measure Vramp at different input voltages, as 

shown in the Figure 12, with an oscilloscope for the LM25116 switching regulator.  If 

this information is directly measurable, you can likely use it confidently. 

 

 
Figure 12 - The LM25116 regulator has an external pin for adjustment of Vramp, making it easy to 

directly measure Vramp vs. Vin on an oscilloscope. 

 

In most cases, where the Vramp is not accessible for measurement, it can be determined 

indirectly by measuring a VRM parameter that is a function of Vramp.  The equations 

shown in Figure 9 show that almost all converter characteristics are dependent on Ri and 
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Vramp.  In particular, the power supply rejection ratio (PSRR) of the converter is the most 

sensitive to Vramp.  Note that this equation also includes the control loop gain, Av, which 

can easily dominate the measurement.  Ideally, the PSRR is measured in the open loop 

state by fixing the feedback voltage. Setting the feedback voltage to force open loop 

operation is relatively simple if the device includes a COMP pin for external 

compensation.  Simply attach a fixed voltage at the COMP pin to operate open loop.  

Another good reason for selecting devices with an external COMP pin.   

 

However, one must be careful to apply the correct voltage for the selected fixed load.  

Here is an example of the step-by-step procedure.  Connect a Line Injector for the PSRR 

measurement, and then operate the VRM converter at the desired input voltage and 

resistive load current.  Record the DC voltage at the comp pin.  Connect a DC power 

supply with this voltage directly to the COMP pin.  The converter will then operate at the 

desired operating point but open loop.  The open loop plant gain can then be directly 

measured in this open loop state, using any PSRR setup such as the one shown in Figure 

13 with the Picotest J2120 Line Injector.  

 

Warning:  PSRR is a small signal ac measurement, DO NOT change the load current or 

the input voltage in this open loop condition, as the output voltage will also change, and 

it is possible to damage the converter. 

 

 
Figure 13: Basic PSRR measurement setup with Line injector at Vin for Vac small signal noise 

injection for determining Vout/Vin. 

 

Our goal is to obtain the PSRR at low frequency, where the response is flat.  We are also 

interested in the PSRR phase.  This is because the PSRR is a second-order equation, so 

there are two solutions.  We want to be sure to choose the correct one. 

 

Vramp can then be directly calculated with the PSRR equation and the measured Ri term, 

or even easier, one can tune the Vramp parameter in the SSAM model until the PSRR 

results at low-frequency match with the open loop measurement.  Don’t forget to run the 

model in the open loop mode with the fixed feedback voltage by adding this to the 

simulation model.   

 

The best way to demonstrate this process of populating the parameters for a high-fidelity 

Sandler SSAM model of a VRM is to walk through a real-world case study. 
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TPS7H4003 VRM Modeling Example 
 

In selecting an example test case to show how to build a Sandler SSAM VRM model and 

test its fidelity, it is important to select an industry that requires high reliability with low 

noise ripple.  Space applications have some of the most stringent requirements for 

components as well as system-level design reliability.  

 

Space applications can be grouped into two types.  One is the radiation-hardened 

electronics that are used in harsher applications where they can experience single-event 

upsets (SEU).  The other is the less expensive radiation-tolerant electronics that are 

targeting most of the new space applications that provide internet access and mobile 

telephony. These new applications include Amazon’s Project Kuiper, SpaceX’s Starlink 

constellation, and Iridium. These new satellite constellations operate in low-earth orbit 

(LEO) or about 99 to 1,200 miles up.  The typical mission profile for LEO applications 

is, on average, around five years with total radiation exposure equal to 10 – 30 krad(SI), 

which means electronics packages can use the less expensive radiation-tolerant RT 

plastic [9].  The growing need for RT electronics for LEO applications is the reason for 

selecting the TPS7H4003 regulator for a VRM modeling case study. 

 

 
Figure 14 – Low earth orbit (LEO) vs. geosynchronous equatorial orbit (GEO) [6] 

 

The Texas Instruments TPS7H4003 is a radiation-tolerant, 7-V, 18A synchronous buck 

converter with integrated MOSFETs manufactured by Texas Instruments.  The 

manufacturer provides an evaluation board shown in Figure 15 that demonstrates this 

device’s operation and simplifies collecting the measurements needed for populating a 

TPS7H4003 SSAM model.    

 

 
Figure 15 – Depiction of TPS7H4003EVM Evaluation Board 

 

Figure 16 shows the test bench setup with the TPS7H4003EVM board for extracting the 

Ri data.  An adjustable electronic load is used to set the output current while the input 
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voltage is maintained at 5V on the input.  A digital voltmeter records the COMP pin 

voltage while the electronic load provides the load current.  

 

 
Figure 16 – TPS7H4003 Ri measurement setup on the eval board.  Ri is the slope of the voltage at the 

COMP pin vs. Iout. 

 

The manually collected data is plotted, see Figure 17, and a linear trendline is used to 

curve fit the data.  The result indicates an Ri value of 26.6 milliohms, and the offset 

voltage is 327.8mV.  The offset voltage is the value when the load is zero, and the DC 

offset includes the SSAM voltage compensation network.  Note the regression coefficient 

of 0.9999, indicating a nearly perfect fit to the straight-line equation. 

 

 
Figure 17 – TPS7H4003 Ri measurement result – Ri is the 26.6 mohm slope for the voltage at the 

COMP pin vs. Iout and has a linear regression curve fit of 0.9999 for this extracted value. 
 

Figure 18 shows the evaluation board configured for the PSRR measurement.  In this 

case, Vin and the load are held constant, and the COMP pin is also set to a fixed voltage 
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to allow for an open loop measurement of Vout/Vin with small signal frequency 

excitation at Vin with the J2120A Line Injector. 

 

  
Figure 18 – TPS7H4004 PSRR Measurement Setup with 1.6A Load and a fixed voltage at the COMP 

pin for performing the Open Loop measurement of Vout/Vin with small signal excitation at Vin. 

 

The resulting PSRR measurement, shown in Figure 19, indicates a low-frequency PSRR 

(Vout/Vin) of -22 dB and a phase of 175 degrees at 61 Hz for a 1 Amp load.  In this case 

the gain data (in dB) is negative, but it is also an acceptable practice to plot the inverse 

(Vin/Vout) as a positive dB value for PSRR. This data is used to indirectly determine the 

ramp amplitude for the model by tuning the Vramp parameter to match simulated PSRR to 

the measured PSSR data for the SSAM VRM model.   

 

 
Figure 19: TPS7H4003 Open Loop PSRR measured results shows a magnitude of -22 dB, graph on the 

left, and a phase of 175 degrees, graph on the right, at 61 Hz with a 1 Amp load. 

 

Tuning and Verifying the TPS7H4003 SSAM 
The next step is to start entering the parameters into the SSAM for the TPS7H4003.  The 

parameters set by design are: 
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Vin = 5 V  :Input Voltage 

Vout = 1 V  :Output Voltage 

Fsw = 500 kHz :Switching Frequency 

Lo = 1 uH  :Output Inductor 

RDS = 17 mohms  :Upper and Lower Switch Resistance in the On State, not critical  

Rtop = 10 kOhms :Feedback top resistor in the resistive divider that sets output V 

Rbot = 15.4 kOhms :Feedback bottom resistor that sets the output V 

Vref = 0.605 V :Feedback internal reference voltage 

Gm = 1800 uS  :Error Amplifier Transconductance (gm) 

 

The TPS7H4003 data sheet provides Ri in its inverse form, as the 40 S transconductance 

from the COMP pin to Iswitch, as shown in Figure 20. Inverting this gives a typical Ri 

value of 25 mohms, which is not far from the 26.6 mohms measured and within the 

specified tolerances. It is still essential to use the measured value when building the 

model so that it is the exact value used when measuring and simulating Vramp.  The 

TPS7H4003 also includes the ability to adjust Vramp with an external resistor on the RSC 

pin.  The equation for calculating the RSC resistor includes the Slope Compensation 

(SC), which can then be used to calculate Vramp, shown in Equation (1).  The 

TPS7H4003 evaluation board specifies RSC=953k ohms; putting this into the data sheet 

equation demonstrated by Equation (1) and solving for SC results in 1.1 A/uS. 

Multiplying SC by the switching period for a 100% duty cycle, as shown in Equation (2), 

results in a 2.2A/100% duty cycle. From there, Vramp can be calculated by multiplying 

SCper duty cycle by Ri as shown in Equation (3), which results in a Vramp of 0.055V. 

  

  
Figure 20 – TPS7H4003 Datasheet COMP pin to Iswitch Gm 

 

𝑅𝑆𝐶 =
24000

𝑓𝑠𝑤
+

1040

𝑆𝐶
− 30                                                   (1) 

 

𝑆𝐶𝑝𝑒𝑟 𝑑𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 = 𝑆𝐶 ∙ 𝑆𝑊𝑝𝑒𝑟𝑖𝑜𝑑 = 1.1𝐴/𝑢𝑠 ∙ 2𝑢𝑠 = 2.2𝐴/100% 𝑑𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒       (2) 

   

𝑉𝑟𝑎𝑚𝑝 = 𝑆𝐶 ∙ 𝑅𝑖 = 2.2𝐴 ∙ 25𝑚Ω = 0.055𝑉                           (3) 

 

The data sheet parameter values are entered into the model along with the measured Ri 

and DC COMP Offset Voltage.  The data sheet calculated Vramp of 0.055 V was a best 

guess, so the next step is to run the model in an open loop configuration to match the 

PSRR measurement and then tune Vramp until simulated and measured open loop gain for 

the plant match at low frequency.  To run the model in the open loop configuration that 

was used for the measurement, a DC voltage source of 686mV is attached to the COMP 

net and the output load is set at a fixed resistor value of 1 ohm as shown in Figure 21. 
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Figure 21 – Schematic Depiction of TPS7H4003 Open Loop Gain with a fixed 0.686V at the COMP 

 

When entering the parameters and running the simulation for the first time, it helps to use 

a feature that annotates the DC voltages at all the nodes so that one can quickly check if 

there are any errors in values resulting in unrealistic voltage levels.  If the model is 

operating correctly the 1 Volt AC results for 100 Hz to 10 MHz sweep can be plotted, as 

shown in Figure 22.  The open loop gain data is plotted in dB magnitude for Vout/Vin 

and is one of the plant performance characteristics most sensitive to Vramp and Ri.  

 

 
Figure 22 – TPS7H4003 Plant Open Loop Gain Result 

 

The next step is to compare the simulated open loop plant gain with the measured data 

and tune the model’s Vcomp_Gain_Slope term for Vramp.  The open loop plant gain is 

measured on a network analyzer, so the data can be brought in as a 1-port S-parameter 

model to be evaluated over the same frequency range as the simulation, as shown in 

Figure 23. 
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Figure 23 – Schematic TPS7H4003 Open Loop Tuned to match Measurement  

 

The tuned Vramp value is 0.15 Volts and results in a very good simulation to measurement 

agreement for the open loop plant gain at the lower frequencies as shown in Figure 24.  

The measurement fixture and cables often limit the higher frequency accuracy of the 

measured data, so it is best to focus on the accuracy in the kHz and below range.  

 

 
Figure 24 – PSRR Open Loop Measurement vs. Tuned Simulation Results 

 

Output impedance is primarily a function of Ri and also sensitive to Vramp, so an extra 

check on the model’s accuracy can also be performed by comparing measured output 

impedance to simulated output impedance.  When tuning to output impedance, it is 

important to ensure that one has accurate output inductor and bulk capacitor models.  To 

first order, the PDN load that the VRM sees is the large bulk capacitor, and a series RLC 

model can be used to approximate this behavior. 
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Test Case: Using the TPS7H4003 Model to Design for 

Stability   
 

Once the model has been completed and simulation to measurement for PSRR and output 

impedance match reasonably well, one can explore all the different performance 

characteristics.  One very important characteristic is to ensure that the power supply 

operation is stable and that there are no resonances in the system.  Another key 

performance metric is voltage ripple on the power rail, such as the DC/DC converter 

switching noise.  The Sandler SSAM is a two-part model, the state-space equations solve 

the small signal AC response to the PDN load to determine the duty cycle over time, and 

then in parallel, the model provides duty cycle information to drive upper and lower 

switch models, attached to the PDN load, to get the large signal switching noise, Figure 

25.   

 

 
Figure 25 – TPS7H4003 State-Space Average Model without PCB Effects 

 

Initially, this is simulated with a simple first-order series RLC model for the PCB PDN 

and a resistor load.  The switch model can be simulated in the time domain, but a SPICE 

type transient simulation requires start up time for the circuit to settle, resulting in very 

long simulation times.  A faster way is to use the Fourier based Harmonic Balance 

simulation engine which simulates the circuit at the fundamental switching frequency and 

enough harmonics to allow conversion to the time domain using Fourier Theory, Figure 

26.  This technique results in the steady state solution and can be significantly faster. 
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Figure 26:  Harmonic Balance in the frequency domain is a faster way of getting the time domain 

steady state ripple. 

 

The full model simulates the AC, S-parameter, and HB simulators in less than a minute to 

provide a full set of characteristics for the switching regulator power delivery system. 

 

 
Figure 27 - TPS7H4003 State-Space Average Model Results without PCB Effects 

 

The ultimate test is to compare the output voltage ripple on the power rail to 

measurement.  Since impedance is very dependent on location, this also means that the 

voltage ripple is very sensitive to where it is measured.  Making sure to measure and 

simulate at the same point is critical for correlating power rail voltage ripple simulation to 

measurement. 
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Figure 28 – Measuring the TPS7H4003 output voltage ripple near the inductor at C22. 

 

Measuring at a capacitor near the output inductor, Figure 28, of the VRM results in the 

dc/dc converter switching noise shown in Figure 29. When comparing the voltage ripple 

result shown in Figure 27 to the actual measurement shown in Figure 29, an additional 1 

MHz resonance is observed that is not seen during simulation. 

 

 
Figure 29 – Measured voltage ripple on the TPS7H4003 EVAL PCB with load. 

 

As a next step to determine where the 1 MHz resonance seen in measurement is coming 

from a higher fidelity PCB model is added. The PCB switch and Vout nodes were both 

extracted using PIPro from 0 Hz to 1 GHz. A depiction of the PCB extracted Vout node 

is shown in Figure 30. After both EM extracted models were checked for causality and 

passivity, they were added into the SSAM Figure 31. 

 

 
Figure 30 – EM Extraction Artwork for TPS7H4003 EVAL PCB 
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Figure 31 - TPS7H4003 State-Space Average Model with EM extracted PCB effects. 

 

By including the PCB effects into the SSAM the voltage ripple response, shown in Figure 

32, now looks identical to the measurement shown in Figure 29. This emphasizes the 

importance of including the PCB effects with the VRM design to ensure the model is 

correct. 

 

  
Figure 32 – The TPS7H4003 SSAM simulated output voltage ripple with 9.8A load and including the 

EM extracted PCB model from the layout artwork now shows the 1 MHz resonance. 

 

The question now remains as to what is causing the 1 MHz resonance in the output 

voltage ripple? To identify the answer to that question, the first step is to re-visit the 

output impedance measurement. The 2-port measurement setup for the VRM output 

impedance is shown by Figure 33 and Figure 34. 
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Figure 33 – 2-Port Shunt output impedance measurement setup using a Bode 100 network analyzer. 

 

 
Figure 34 – TPS7H4003 output impedance measurement at C23.  

 

When reviewing the output impedance measurement shown by Figure 35, a 1 MHz 

resonance is observed as indicated by marker m9. To further understand what the root 

cause of this 1 MHz resonance is, that is also seen in the impedance, a power plane 

resonance was extracted on the PCB artwork in PIPro with a 1 MHz excitation frequency 

as shown by Figure 36. 

 

 
Figure 35 – TPS7H4003 output impedance vs. frequency measurement with a 9.8A load. 

 

Approved for Public Release: NG22-2157. © 2022 Northrop Grumman Systems Corporation



 

24 

 

Further analysis of the power plane resonance shows multiple capacitors are resonating at 

1 MHz on the PCB. The EM simulation includes both 22uF capacitors, and interestingly 

the eval board PCB has the upper C23 capacitor removed indicating that maybe this 22uF 

capacitor was previously found to be a problem. One can also consider that the 330uF 

capacitors are too large to resonate at 1 MHz. The 0.1uF capacitors at C21 and C22 are 

too small to resonate at 1 MHz. Through process of elimination, that leaves the remaining 

22uF capacitor installed at the bottom C24 location. The impedance of the vendor spice 

model for the 22uF capacitor is plotted and shown by Figure 37, where a strong 

correlation is made that shows this capacitor is the root cause of the 1 MHz resonance. 

 

  
Figure 36 - EM simulation of the power plane resonances for the TPS7H4003 EVAL show a high 

current density around the 22uF capacitors when excited at 1 MHz. 

 

 
Figure 37 – Impedance Plot of 22uF Capacitor 

 

To prove the 1 MHz resonance was truly identified, C24 was removed from the SSAM as 

indicated by Figure 38. After removing C24 from the SSAM model depicted by Figure 

31, the results shown by Figure 39, show this resonance is removed completely. This 

proves the resonance was occurring on the PCB with the C24 capacitor.  
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Figure 38 – Location of the 22uF C24 capacitor that is causing the 1 MHz resonance.  

 

 
Figure 39 – The TPS7H4004 SSAM simulated voltage ripple with the 22uF C24 removed no longer has 

the 1 MHz resonance. 

 

Now that the design is optimized, the last step is to tune the model. With reference to 

equations (4) and (5) as well as Figure 40, the overall voltage ripple shape can be tuned to 

match measurement.   

 

 

𝑅𝑖𝑝𝑝𝑙𝑒 𝑅𝑎𝑚𝑝 ≅ ∆𝐼𝐿 ∙ 𝐸𝑆𝑅                                            (4) 

 

             𝑅𝑖𝑝𝑝𝑙𝑒 𝐻𝑒𝑖𝑔ℎ𝑡 ≅
𝑉𝑖𝑛∙𝐸𝑆𝐿

𝐿𝑂
                                       (5) 
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Figure 40 – TPS7H4003 Simulation versus Measurement 

 

To answer the question “how much should designers care about including the PCB 

effects with the VRM model?” First, a fitted VRM passive spice model is created. The 

schematic for the fitted VRM passive spice model is shown by Figure 41. The output 

impedance result of the fitted VRM passive spice model when compared to measured is 

depicted by Figure 42. Which shows great correlation to the impedance measurement. 

 

 
Figure 41 – Schematic depiction of an impedance curve fitted passive SPICE VRM Model. 

 

 
Figure 42 – Impedance curve fitted passive SPICE VRM model vs. measured impedance. 

 

As further analysis, a comparison of the impedance between the fitted VRM passive spice 

model and the SSAM is shown by Figure 43 shows great impedance correlation between 
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these models. Figure 44 shows the schematic depiction the 10A, 100ns rise time step load 

applied to both VRM models.  

 

 
Figure 43 – Fitted passive SPICE VRM model vs. State-Space Average Model impedance result 

 

 
Figure 44 - Step response model for SSAM VRM Model and fitted SPICE passive VRM model without 

PCB effects. 

 

The results from the step load without the PCB effects, are depicted by Figure 45. The 

SSAM model shows an initial step response of 152.4mV, whereas the fitted VRM SPICE 

model shows a smaller step response of 135.58mV. The delta between the step response 

from these two VRM models is 16.8 mV, which is an 11% delta with the SPICE model 

underestimating the ripple magnitude. When looking at the step response from 50.15us to 

50.5us, a large difference in oscillation is observed between the two models. The largest 

difference in oscillation is observed at around 50.2 us at 35.467 mV, which is an 86% 

delta with the SSAM showing the larger magnitude voltage ripple even without the PCB 

effects. 
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Figure 45 – Step Response Results – SPICE model vs. SSAM VRM model without PCB effects. 
 

Figure 46 depicts the exact same model as Figure 44, except now the PCB effects have 

been added to the model. 

 

 
Figure 46 – Step response model for the SSAM VRM model and the fitted SPICE passive VRM model 

with PCB effects. 

 

The results depicted in Figure 47 from the step load with the PCB effects show an 

increase in voltage ripple for both the SSAM and the fitted SPICE model. The SSAM 

model shows an initial step response of 258.017mV, whereas the fitted VRM SPICE 

model shows a smaller step response of 151.883mV. The delta between the step response 

from these two models with the PCB effects is 106.134mV which is a 41% delta with the 

fitted SPICE model underestimating the voltage ripple. When looking at the step 

response from 50.95us to 50.24us, a large difference in oscillation magnitude and phase 

is now observed between the two models. The largest difference in oscillation is observed 
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at around 50.13us to 50.19us with a delta of 48.176mV, which is a 79% difference in the 

step response from the SSAM model with the PCB effects as compared to the fitted 

SPICE model. 

 

 
Figure 47 - Step Response Results – Fitted SPICE model vs. SSAM VRM model without PCB effects. 

 

Further analysis was done to explore the differences seen in the noise spectrum between 

these two VRM models both without and with the PCB effects. The results of the step 

response noise spectrum without the PCB effects are shown by Figure 48. Whereas the 

results with the PCB effects are shown in Figure 49. In addition, these results are 

summarized in Table 2. With reference to Figure 48, at 9 MHz the SSAM depicts a peak 

of -71.07dB, whereas the fitted VRM SPICE model depicts no peaks. In Figure 48, 

marker m9 was placed at 11.19 MHz to correspond with same frequency point of the 

VRM SPICE model results shown in Figure 49. In Figure 48, the difference between the 

SSAM and fitted SPICE VRM model results without the PCB is 43.652dB or a 61% delta 

with the SSAM predicting a higher noise peak. 

 

When including the PCB effects, with reference to Figure 49, at 9 MHz the SSAM 

depicts a peak of -55.33dB, whereas the fitted VRM spice model depicts a similar phase 

peak but shifted to 11.19 MHz with -102dB. This is a difference of 46.677dB or an 84% 

difference from the SSAM. By looking at the noise spectrum a correlation to the phase 

shift seen in the time domain is clearer.  
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Figure 48 – The VRM noise spectrum from a step load for the SSAM vs. the fitted VRM SPICE model 

while simulating without PCB effects. 

 

 
Figure 49 – The VRM noise spectrum from a step load for the SSAM vs. the fitted VRM SPICE model 

while simulating with PCB effects. 

 
VRM Model Noise Spectrum 

without PCB Effects  

Noise Spectrum 

with PCB Effects 

Noise Spectrum Delta 

when adding PCB Effects 

Fitted SPICE Model -114.7 dB -102 dB 12.7 dB at 11.19 MHz 

SSAM -71.07 dB -55.33 dB 15.74 dB at 9 MHz 

VRM Model Noise Spectrum 

Delta 

43.652 dB 46.677 dB  

Table 2 – Summary of VRM Noise Spectrum Results with a 10A, 100nsec risetime step load applied 

to the SSAM and the fitted VRM SPICE model without and with PCB effects. 

 

The result of this effort to compare the SSAM VRM model and the fitted SPICE passive 

VRM model is to make it clear that these models are very different.  Even with the close 

agreement for the impedance magnitude versus frequency, seen in Figure 43, it is 

apparent that these two models are significantly different in the time and frequency 

domains.  Table 2 shows that the difference between the models increases significantly, 

by at least 13dB, when the higher-fidelity PCB effects are included in the simulation.  

The fitted passive SPICE model underestimates the potential peak-to-peak ripple for this 

TPS7H4003 VRM modeling test case, with or without the PCB effects. 
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Expanding to Multi-Phase SSAM with PCB EM Models  
 

The Sandler SSAM has been successfully demonstrated on the single-phase TPS7H4003 

EVAL. Still, it is worth mentioning that nothing prevents the model from being used in 

multi-phase designs.  The model is replicated for the number of stages and the outputs 

tied together for the small signal AC frequency response.  The large signal part of the 

model is also replicated for the number of stages, and then an additional input is used to 

set the different phase that each stage will have.  The results are shown in Figure 50, 

demonstrating how it is possible to get the multi-phase noise ripple using an end-to-end 

power integrity ecosystem simulation with the SSAM VRM model.  

 

 
Figure 50 – TPS7H4003 4-Phase design simulated with the SSAM behavioral model and PCB effects. 
 

Summary 
 

In summary, a simple R-L VRM model does not have the fidelity needed for solving the 

power integrity challenges that engineers face today.  Even with a higher order 

impedance, curve-fitted, passive SPICE VRM model, it was shown that there is still a 

significant difference when compared to the higher fidelity Sandler state-space average 

VRM model in both the time and frequency domains.  This paper showed that it is simple 

to give the SSAM behavioral model a try.  Most of the parameters for populating the 

model are set by design, and only a few, like Vramp and Ri, require measurement. The 

complex equations are programmed into the simulator, making it easy to tune a parameter 

value that cannot be directly measured by matching the model’s output with easy-to-

access measured parameters like PSRR and output impedance. Even an imperfect SSAM 

model for simulation is significantly better than any L-R or L-R-L-R VRM model and 

will show all the VRM noise, not just impedance-based transients. 

 

The SSAM, with its ability to quickly simulate both small signal AC response and large 

signal switching noise, makes it ideal for optimizing the end-to-end power integrity 

ecosystem.  In the TPS7H4003 example, shown here, it was demonstrated that PCB 

effects are also critical, and by including a higher fidelity EM model of the PCB, with the 
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SSAM VRM model, the simulation was able to predict the 1 MHz resonance seen in 

measurement and identify the decoupling capacitor that was causing the problem.  The 

Sandler SSAM is not proprietary and is an excellent example of how to build your own 

high-fidelity VRM behavioral model.  A model that will even work with the latest 

challenges in designing high current, low voltage multi-phase power delivery networks 

for high-speed digital loads. 
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