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Abstract 
 

To reduce power consumption, easing cooling requirements, large computer designers are 

migrating from 12V to core voltage power solution to 48V to core voltage solutions. Some, but 

not all 48V to core voltage solutions being introduced do yield increased efficiency, but there are 

many other considerations and tradeoffs to wrestle with.  

 

The well-proven buck regulator topology is highly strained in this application, while new 

topologies may be perceived as a reliability risk.  New eGaN semiconductors, digital and analog 

non-linear control loops, and multi-phase controllers keep the buck topology on life support. 

 

The paradigm shift to 48V direct to core voltage requires rethinking the power converter 

architecture and components from the top down.  
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Introduction 
The core voltage for modern converters is typically 1V or lower and the operating current ranges 

from approximately 100 Amps to nearly 1000 Amps.  The trend is for the voltage to continue 

reducing while the current continues to increase. 

 

Computer designers, especially for cloud servers, are migrating from 12V to core voltage to 48V 

direct to core voltage power solutions. This migration is primarily to reduce power consumption 

and ease cooling requirements.  Other benefits include higher input impedance simplifying stable 

filter design.  Higher input voltage also improves the efficiency of primary capacitor energy 

storage. 

 

Some recently introduced 48V direct to core solutions do yield significantly increased efficiency 

while some offer power densities exceeding 2000W/in3 allowing the converter to be placed 

closer to the core. The closer proximity reduces IR drop and decoupling capacitor requirements. 

 

The physical size reduction also generally brings with it an increase in localized component 

stresses on some internal components.  In many “modular” solutions these stresses are both 

unknown and unmeasurable, requiring improved communication with the power module 

manufacturers. Historically, manufacturers have been reluctant to share such details. 

 

This paradigm shift requires rethinking the power converter architecture and components from 

the top down.  

 

The well-established buck regulator topology is strained in this application.  A 48V to 1V 

converter operates at a nominal duty cycle of 2% and, at 0.7V, the duty cycle is reduced to 1.5%.  

The low duty cycle results in very poor dynamic range and very poor power factor.  

Semiconductor companies are evolving novel non-linear analog and digital control schemes to 

improve the dynamics while multi-phase arrays effectively increase the power factor. 

 

Resonant topologies solve some of these dynamics issues, and improves power factor and EMI, 

but at the expense of two stage conversion, which seems to be counterproductive with respect to 

the operating efficiency. Resonant converters are also generally not frequency synchronized, 

resulting in low frequency beats to contend with.  Resonant conversion offers minimal switching 

loss, but with the speed of eGaN, is low resonant switching essential? 

 

Other topologies might offer some benefits as well, especially if combined with eGaN switches.  

This paper compares three potential solutions for a high reliability and efficient design. 

Figures of Merit 

The input voltage, defined by the application, is 48V nominal and the output voltage is 1V or 

lower.  Operating core current ranges from a low of about 100 Amps to a high of about 1000 

Amps.  Future trends indicate decreasing operating voltage and increasing operating core current.   

 

Based on the goals and trends, several figures of merit are devised to form a quantitative basis 

for comparing potential solutions.   



• Parts count – Reliability, cost and package density 

• Power factor 

• Efficiency  

• Suitability for eGaN 

• Scalability – Adaptability to 100Amps up to 1000 Amps or more 

• Dynamic performance – Large signal transient concerns 

• dI/dt – A measure of electromagnetic fields/EMI 

• Other significant considerations 

 

Simplified simulation models are developed for three potential converter topologies that are 

considered in this paper. The three converters are all normalized to a 1V, 150Amp output.  Each 

of the simulation models is adapted to simulate both 48V input and 12V input to assess whether 

the topology is suited for existing 12V intermediate voltage, as well as, the 48V that is becoming 

popular.  Data display equations are used to compute the figures of merit for each topology as 

shown in in Figure 1.  A general discussion of the pros and cons of each topology is also 

included for each topology. 

 

 
 

Figure 1 Data display equations used to calculate the figures of merit for each topology. 

 

Non-Isolated Synchronous Step Down (step-down) 

The step-down regulator is currently the dominant topology used to provide power to CPUs, 

FPGAs, and other high-power cores.  A simplified schematic of the step-down regulator power 

stage is shown in Figure 2. 

 
Figure 2 Simplified schematic of the step-down DC-DC converter. 



With an output voltage of 1V and an input voltage of 48V the operating duty cycle is 

approximately 2%, meaning that Q1 is on for 2% of the switching period and off for 98% of the 

period.  During this on-time current flows through from the 48V input to the output through the 

output inductor, L1.  The magnitude of this current is approximately equal to the output current.  

 

Since the lowest RDSon 60V Mosfet is 1.3mOhms, three parallel devices are used for Q2 to 

reduce the RDSon.  The upper and lower switch current, output voltage and output capacitor 

current waveforms are shown in Figure 3. 

 

   
Figure 3 Steady state waveforms for MOSFET switches, output voltage, and output capacitor 

current. 

 

Multi-Phase 

Many manufactures now offer multi-phase controllers to improve the performance of the step-

down regulator.  Controllers are currently available with support for 16 phases or more.  A 

simplified schematic for two phases is shown in Figure 4.   

 



 
Figure 4 Two-phase implementation of step-down DC-DC converter. 

In this two-phase configuration, Q1 and Q2 act as in the single-phase controller, but now carry 

only half the output current.  Q3 and Q4 act similarly, but 180 degrees out of phase from Q1 and 

Q2 and providing the other half of the output current. 

 

The current waveform for each of the two MOSFET switches, output voltage, and output 

capacitor current are shown in Figure 5. 

 

 
Figure 5 Steady state waveforms for MOSFET switches, output voltage, and output capacitor 

current in the two-phase implementation step-down DC-DC converter. 



More recently, manufacturers have been providing controllers that can support up to 32 phases.  

An additional simulation model was created for 12 phases and the resulting Mosfet current 

waveforms, output voltage, and output capacitor current are shown in Figure 6.  The switching 

frequency is reduced to 300kHz per phase to provide a more typical, and higher efficiency result. 

 
 

Figure 6 Steady state waveforms for MOSFET switches, output voltage, and output capacitor 

current in a twelve-phase implementation step-down DC-DC converter. 

 

The relevant figures of merit are shown in Figure 7 for both the one-phase and two-phase 

implementations of the step-down regulator with 48V input.  Similar results are shown in Figure 

8 for a modified 12V input design. These figure of merit results were obtained from a transient 

simulation assuming a 48Vinput and a 1V/150Amp output.  These conditions are maintained for 

all simulations in this paper. 

 

A comparison of all simulation results are included and discussed in the conclusions. 

 

  



One Phase 48Vin Two Phase 48Vin 

  
Figure 7 Figure of merit simulations for the 1-phase and 2-phase implementations of the step-

down DC-DC converter. 

The one-phase and two-phase step-down regulators are modified to scale the duty cycle, 

MOSFET selection and output inductor selection for operation at 12V.  The 12V simulation 

results are shown in Figure 8. 

 

One Phase 12Vin Two Phase 12Vin 

  
Figure 8 Figure of merit simulations for the 1-phase and 2-phase implementations of the step-

down DC-DC converter scaled for 12V operation. 

 

12 Phase 48Vin 12 Phase 12Vin 

  
Figure 9 Figure of merit simulations for a twelve-phase step-down DC-DC converter scaled for 

12V and 48V operation. 



Other considerations 

If Q1 and Q2 turn on simultaneously then there would be a short across the input through Q1 and 

Q2.  To avoid this short circuit, both transistors are turned off and after a delay, Q2 is turned on.  

During this delay the inductor continues to flow through L1 and since Q2 is off the current flows 

through the internal body diode of Q2.  The diode forward voltage is typically 0.75V for silicon 

switches and more than 3V for GaN devices, making this condition highly dissipative. 

 

The low operating duty cycle results in poor dynamic range, which can result in excessive 

voltage transients, due to large signal performance. 

 

Advantages and Disadvantages 

The advantages and disadvantages of the step-down DC-DC converter are summarized in Table 

1. 

 

Table 1 Advantages and disadvantages of the step-down DC-DC converter. 

Advantages Disadvantages 

Many controllers available Very poor power factor 

Low output capacitor ripple current/voltage Conducts body diode – not suitable for GaN 

 Large die Mosfets = high capacitance 

 Poor dynamic range 

 High parts count for multi-phase 

 Complex control 

 

 

Resonant Current Multiplier 

The resonant current multiplier is essentially a resonant DC transformer.  Lacking regulation, it 

provides a scaled, fixed ratio, reducing the voltage and increasing the current. Regulation is 

provided by a separate front-end regulator, providing input to the current multiplier. A simplified 

schematic is shown in Figure 10.  The front-end regulator can be any DC-DC topology. 

 



 
Figure 10 Simplified schematic of the resonant current multiplier DC-DC converter. 

The power stage can be half-wave (shown) or full-wave.  In either case, the circuit uses a tuned 

resonator, comprised in part by the capacitance of Q1 and Q2 and transformer leakage 

inductance to yield a sinusoidal primary current in the transformer.  The secondary is rectified by 

Q3 and Q4.  The sinusoidal current provides lossless switching, low EMI, and much higher 

power factor than the step-down regulator.  The converter waveforms are shown in Figure 11. 



 
Figure 11 Steady state waveforms for MOSFET switches, output voltage, and output capacitor 

current of the resonant current multiplier DC-DC converter. 

 

The relevant figures of merit are shown in Figure 12 for the resonant current multiplier DC-DC 

converter.  NOTE THAT THESE EFFICIENCY CALCULATIONS ARE ONLY FOR THE 

POWER STAGE AND DO NOT INCLUDE THE INPUT STAGE. 

 

Resonant 48Vin Resonant 12Vin 

  
Figure 12 Figure of merit simulations for the resonant current multiplier DC-DC converter 

operating at 48Vin and 12Vin. 

 



Other Considerations 

The resonant current multiplier topology also requires dead time to prevent short circuit current 

through Q1 and Q2 though owing to the resonant nature, very little current flows through the 

Mosfet body diode.  This makes the topology eGaN friendly, which offers the benefits of lower 

capacitance, lower RDSon, smaller size, and near-zero inductance.   

 

The power stage is maintained in resonance by a resonant controller, and is less complex than a 

multi-phase step-down controller.  The resonant nature means that each converter operates at its 

own frequency and so multiple converters cannot be synchronized and some filtering is often 

required to limit the impact of low frequency beat frequencies. 

 

The sinusoidal current waveform also results in significant current in the input and output 

capacitors.  Multiple parallel capacitors are used to support this ripple current.  Since these 

capacitors are typically high Q ceramic, external damping is often required, particularly at the 

input.  

 

The step-down front-end regulator operates with much higher duty cycle and lower output 

current than the power stages yielding very high efficiency operation.  The higher duty cycle also 

improves the dynamic range and utilizes a simple one-phase or two-phase controller.   

 

Due to the transformer, it is possible to operate this topology with input to output isolation. 

 

 

Advantages and Disadvantages 

The advantages and disadvantages of the resonant current multiplier DC-DC converter are 

summarized in Table 2. 

  



Table 2 Advantages and disadvantages of the resonant current multiplier DC-DC converter. 

Advantages Disadvantages 

Low EMI Two cascaded stages 

Greatly improved power factor/efficiency Asynchronous switching/beat frequencies 

Suitable for GaN High output cap ripple current 

Highly scalable/multiple power stages Moderate complexity controller 

Greatly improved dynamic range  

All low side drive in power stage  

Allows isolation  

Lower voltage switches on high current side  

 

Valley Switching Current-Fed Push-Push (proposed) 

A proposed topology, referred to here as the Valley-switched, current-fed, push-push DC-DC 

converter, is shown schematically in Figure 13.  Like the resonant current multiplier, this 

topology also lacks regulation, providing a scaled, fixed ratio, reducing the voltage, and 

increasing the current.  

 

Regulation is provided by a separate front-end step-down regulator, providing input to the 

current multiplier.  

 

 
Figure 13 Simplified schematic of the Valley switching current-fed push-push DC-DC converter. 

 

This topology uses two out of phase pulse transformers, each at approximately 50% duty cycle.  

The front-end step-down regulator operates at high duty cycle, resulting in a power stage input of 

approximately 35-40V.  The converter waveforms are shown in Figure 12. 



 
Figure 14 Steady state waveforms for MOSFET switches, output voltage, and output capacitor 

current for the Valley-switched current-fed push-push DC-DC converter. 

 

The figures of merit for the proposed valley-switched current-fed push-push DC-DC converter 

are shown in Figure 15. NOTE THAT THESE EFFICIENCY CALCULATIONS ARE ONLY 

FOR THE POWER STAGE AND DO NOT INCLUDE THE INPUT STAGE. 

 

Proposed 48Vin Proposed 12Vin 

  
Figure 15 Figure of merit simulations for the proposed Valley-switched current-fed push-push 

DC-DC converter operating at 48Vin and 12Vin. 

 

 



Other Considerations 

The Valley switched, current-fed, push-push DC-DC converter topology does not require any 

dead time and it is acceptable for the power stage to switches to either underlap or overlap.  This 

makes the topology eGaN friendly, which offers the benefits of lower capacitance, lower RDSon, 

smaller size, and near-zero inductance.   

 

The power stage is driven by a simple square wave, making this the simplest controller.  An 

additional benefit in the power stage is that all switches are ground referenced, reducing the cost 

of the driver.  Power stages can be synchronized and phase shifted eliminating beat frequencies.  

The front-end step-down regulator is also synchronous at twice the frequency of the power stage, 

enabling the valley switching which improves efficiency and reduces EMI.  The efficiency also 

held up well for both 12V and 48V input designs. 

 

The trapezoidal current waveform results in lower ripple current in the output capacitor, while 

the input capacitor is removed entirely.  Multiple parallel output capacitors are used to support 

this ripple current.   

 

The step-down front-end regulator operates with much higher duty cycle and lower output 

current than the power stages yielding very high efficiency operation.  The higher duty cycle also 

improves the dynamic range and utilizes a simple one-phase or two-phase controller.   

 

Due to the transformer, it is possible to operate this topology with input to output isolation. 

 

Advantages and Disadvantages 

The advantages and disadvantages of the Valley-switched current-fed push-push DC-DC 

converter are summarized in Table 3. 

 

Table 3 Advantages and disadvantages of the Valley-switched current-fed push-push DC-DC 

converter. 

Advantages Disadvantages 

Moderate EMI two cascaded stages 

Greatly improved power factor/efficiency Moderate output cap ripple current 

Suitable for GaN 2 winding regulator inductor 

Highly scalable/multiple power stages  

Greatly improved dynamic range  

Synchronized switching frequency  

No input capacitor in power stage  

All low side drive in power stage  

No dead time required in power stage  

Allows isolation  

Lower voltage switches on high current side  

Simple controller  

 

 



Conclusions 

While this assessment is crude, using simple models it provides a great deal of insight into the 

tradeoffs of the two existing topologies as well as the proposed topology. Each of the topologies 

is summarized here. 

 

The traditional step-down regulator has many disadvantages, including poor power factor and the 

and poor dynamic range. Technology improvements, including digital and non-linear control and 

high phase-count controls have kept it viable, though as input voltage increases, the topology 

performance degrades further.  The body diode conduction, during the necessary dead-time, 

discourages implementation of eGaN switches even further limiting performance gains.  The 

step-down converter performance can be significantly improved by increasing the number of 

phases, though at the expense of much higher parts count.  Increasing the number of phases is 

unable to make up for the poor dynamic range.   

 

High density resonant converter topologies, such as the Vicor VTM current multiplier module, 

offer significant performance improvements.  The near zero switching current easily 

accommodates eGaN switches further enhancing performance.  The topology performs well in 

both the existing 12V and trending 48V input applications.  While two cascaded switching stages 

are required, the front-end converter can perform at up to 98% efficiency and can power multiple 

parallel current amplifier modules.  Downsides include non-synchronized switching frequency 

that results in low frequency beats and high output capacitor ripple current.  

 

The proposed valley-switched, current-fed, push-push topology offers many improvements over 

both the step-down and resonant topologies, including higher operating efficiency and power 

factor, moderate capacitor ripple current, synchronized switching frequency and eGaN 

compatibility.  The push-push switches are all ground referenced, resulting in lower cost, higher 

performance gate drive.  The input converter doesn’t require an output capacitor and the push-

push module doesn’t require an input capacitor.  The biggest disadvantages are the requirement 

for two pulse transformers and more complex clamp circuits for the FET switches. 

 

I hope to collaborate with manufacturers in the near future to develop a prototype in order to 

further assess this proposed topology. 

 

  



All of the simulations are compared for 48V operation in Figure 16 and for 12V operation in 

Figure 17.  Note that the efficiency shown for the resonant and proposed topologies do not 

include the input stage. 

 

 
Figure 16 All topologies compared for 48V input operation. 

 

 

Figure 17 All topologies compared for 12V input operation. 

The simulation models used in this paper are greatly simplified and many estimates and 

assumptions have been made.  The Keysight ADS simulation workspace is available on request 

if you would like to modify the models for your own application or to otherwise evaluate or 

modify the assumptions. 
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Resonant Proposed Units

1 phase 2 phase 12 phase

Efficiency 75.2 77.8 86.7 84.4 92.2 %

Power Factor 0.166 0.234 0.527 0.63 0.87 -

Iin rms 25.1 18.1 6.9 7.8 4.7 Amps

Peak Sw 7980 4196 770.64 584 325 Watts

Cout rms 9.4 4.7 1.2 78.0 56.0 Amps

dI/dt 3.70E+11 1.83E+11 3.08E+10 1.86E+11 7.10E+10 Amps/sec

Synchronize YES YES YES NO YES -

eGan suitable NO NO NO YES YES -

Step Down

Vin=48 Vout=1V Iout=150Amp

Resonant Proposed Units

1 phase 2 phase 12 phase

Efficiency 86.4 89.8 89.2 82.4 91.7 %

Power Factor 0.31 0.44 0.97 0.65 0.84 -

Iin rms 46.4 33.6 14.7 24.8 18.3 Amps

Peak Sw 1974 1042 164.5 587 296 Watts

Cout rms 8.7 4.0 0.7 69.0 46.0 Amps

dI/dt 3.60E+11 1.80E+11 3.00E+10 1.90E+10 3.30E+11 Amps/sec

Synchronize YES YES YES NO YES -

eGan suitable NO NO NO YES YES -

Vin=12 Vout=1V Iout=150Amp

Step Down


