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IntroductionIntroduction

Power delivery network (PDN) is a criticalPower delivery network (PDN) is a critical
design componentdesign componentdesign component design component 
PDN design comprises of three steps:PDN design comprises of three steps:
–– Establishing a PDN target impedanceEstablishing a PDN target impedanceEstablishing a PDN target impedanceEstablishing a PDN target impedance

–– Designing a proper systemDesigning a proper system--level decoupling level decoupling 
networknetwork

Needed to achieve target impedance over a broadNeeded to achieve target impedance over a broadNeeded to achieve target impedance over a broadNeeded to achieve target impedance over a broad
frequency bandfrequency band

–– Selecting the right voltage regulator modules Selecting the right voltage regulator modules 
(VRM’s)(VRM’s)(VRM s)(VRM s)

VRM provides constant DC output voltageVRM provides constant DC output voltage



Voltage Regulator Modules (VRM’s)Voltage Regulator Modules (VRM’s)

VRM tasksVRM tasks
Voltage regulationVoltage regulation VoutV–– Voltage regulationVoltage regulation

Achieved by a feedback loopAchieved by a feedback loop
–– DCDC--DC conversionDC conversion

VRM

out

t

Vin

t

ILoadDCDC DC conversionDC conversion
StepStep--down (Buck)down (Buck)
StepStep--up (Boost)up (Boost)
B kB k B tB t

Load

BuckBuck--BoostBoost

Power efficiencyPower efficiencyPower efficiencyPower efficiency



Different Types of VRM’sDifferent Types of VRM’s

InductorInductor--based VRM’sbased VRM’s
Inductors are energy storageInductors are energy storage

Vin

Lgy ggy g
–– Requires offRequires off--chip inductorchip inductor

ChargeCharge pump VRM’spump VRM’s
↓C Iout

Vout
L

PWM/
PFM

ChargeCharge--pump VRM spump VRM s
Capacitors are energy storage Capacitors are energy storage 

–– Suitable for handheld devicesSuitable for handheld devices Charge
pumpVCO

Vref

Vin

−

+

Linear VRM’sLinear VRM’s
Require few or no reactive Require few or no reactive 

tt

pump

↓C Iout

Vout

componentscomponents
–– More integrable compared to More integrable compared to 

switching VRM’sswitching VRM’s
Efficiency limited by VEfficiency limited by Voutout/V/Vinin

Vref

Vin
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+y yy y outout// inin
–– Most efficient form: lowMost efficient form: low--

dropout regulator (LDO)dropout regulator (LDO) ↓C Iout

Vout



Voltage Regulator Module TreeVoltage Regulator Module Tree

Multiple voltage domains on SoCMultiple voltage domains on SoC
–– Different functional blocks (FB’s) have differentDifferent functional blocks (FB’s) have differentDifferent functional blocks (FB s) have different Different functional blocks (FB s) have different 

voltage and current demandvoltage and current demand
A topology of VRM’s needed to deliver powerA topology of VRM’s needed to deliver power

T i ll t t l f VRM i dT i ll t t l f VRM i d–– Typically a star topology of VRM is usedTypically a star topology of VRM is used
–– A tree topology of VRM may be more power efficient A tree topology of VRM may be more power efficient 
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VRM Tree Optimization for Min 
Power Loss
VRM Tree Optimization for Min 
Power LossPower LossPower Loss

VRM Tree Optimization (RMTO) Problem: VRM Tree Optimization (RMTO) Problem: 
Given is:Given is:–– Given is:Given is:

A library A library RR of VRM’s;of VRM’s; ∀ ∀rr∈∈RR::
–– VVoutout, min and max , min and max VVinin, max , max IIoutout

–– efficiencyefficiency ηη ==ff ((VV II ))–– efficiency efficiency ηηrr==f f ((VVin in , I, Ioutout) ) 
A set A set LL loads; loads; ∀∀ll∈∈LL:: ((VVl l ,,IIll) ) 
A power source A power source PP, with the nominal voltage of , with the nominal voltage of VVPP

Objective isObjective is–– Objective isObjective is
Build a VRM tree b/w Build a VRM tree b/w PP and loads to minimize the power and loads to minimize the power 
consumptionconsumption
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RMTO ProblemRMTO Problem

RMTO problem definition does not put any constraint on RMTO problem definition does not put any constraint on 
VRM tree depthVRM tree depthVRM tree depthVRM tree depth
In practice such a constraint is useful to manage costIn practice such a constraint is useful to manage cost
–– Up to two level regulator in VRM treeUp to two level regulator in VRM tree

To make a balancedTo make a balanced--height VRM treeheight VRM tree
–– Insert ideal VRM’sInsert ideal VRM’s

Assumption: Each VRM’s produce a single VAssumption: Each VRM’s produce a single Voutout
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RMTO-FM ProblemRMTO-FM Problem

Monotone input current property (MICP) of a VRMMonotone input current property (MICP) of a VRM
–– II is a monotone increasing function of Iis a monotone increasing function of I independentindependent–– IIinin is a monotone increasing function of Iis a monotone increasing function of Ioutout independentindependent

of Vof Vinin

If tree topology is fixed and MICP holds, RMTOIf tree topology is fixed and MICP holds, RMTO--FM is FM is 
solved using dynamic programmingsolved using dynamic programmingsolved using dynamic programmingsolved using dynamic programming
–– Performing BFS starting from leavesPerforming BFS starting from leaves
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RMTO-FM AlgorithmRMTO-FM Algorithm

U: Set of all output voltages of VRM’s
Candidate VRM’s for n4: {R1, R2, R3, R4}
U: Set of all output voltages of VRM s

R2*: V3 I2*
R1*: V1  I1*

Vout Iin

For each second level node n

RMTO-FM Algorithm

6

P

IP
R2 : V3  I2

Vin

R1’: V1’  I1’

Iin

R2’ V2’ I2’

Vin

R1: V1  I1

Iin

R2: V2 I2

Iin

V1=V1’

For each second level node n2
∃v∈U

Find  VRM which minimizes 
Iin(n2)

n6

54 R2’: V2’  I2’R2: V2  I2
R3: V3  I3 V3=V2’For each first level node n1

∃v∈∩Vm: m∈Fanout(n)
Find VRM which minimizes Iin(n1)

Return best VRM assignment

n5

n2 n3

n4

n1

Vn: Set of all candidate Vin for node n

Return best VRM assignment   



RMTO-VM AlgorithmRMTO-VM Algorithm

If tree topology is varied and MICP holds, RMTOIf tree topology is varied and MICP holds, RMTO--VM is VM is 
solved by enumerating allsolved by enumerating all feasiblefeasible treestrees

RMTORMTO--VMVM ((RR, , LL, , VVPP))

solved by enumerating all solved by enumerating all feasiblefeasible treestrees

BeginBegin
1. 1. ForFor each each TT∈∈TT22((nn))
2.    2.    IfIf TT is is feasiblefeasible
33 RMTORMTO FMFM ((RR LL TT VV ))3.      3.      RMTORMTO--FM FM ((RR, , LL, , TT, , VVPP))
4.    4.    EndEnd
5. 5. EndEnd
66 ReturnReturn bestbest RMTORMTO--FMFM ((RR LL TT VVPP))

RR: set of VRM’s: set of VRM’s

6. 6. ReturnReturn best best RMTORMTO FM FM ((RR, , LL, , TT, , VVPP))
EndEnd

LL: set of loads: set of loads
TT22((nn): All trees with exactly two internal nodes and ): All trees with exactly two internal nodes and nn leavesleaves



Tree GenerationTree Generation

A VRM tree topology is A VRM tree topology is feasiblefeasible if if 
–– Its depth is exactly fourIts depth is exactly fourIts depth is exactly fourIts depth is exactly four
–– Leaf nodes under any secondLeaf nodes under any second--level internal node have level internal node have 

same voltage assignments.same voltage assignments.

N b f f ibl t ithN b f f ibl t ith l i it ll i it lNumber of feasible trees with Number of feasible trees with nn leaves is quite large leaves is quite large 
In RMTO problem, many feasible trees are In RMTO problem, many feasible trees are 
isomorphicisomorphicisomorphic isomorphic 
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Tree Generation (cont’d)Tree Generation (cont’d)
Two VRM trees are Two VRM trees are interinter--isomorphicisomorphic if if 
they become equal by a change of they become equal by a change of 
l b li i i t di t til b li i i t di t ti

P P

labeling in intermediate vertices labeling in intermediate vertices 

Number of nonNumber of non--interinter--isomorphic trees isomorphic trees R2R1

R3

R2R1

R3

pp
with exactly with exactly nn leaf nodes and two leaf nodes and two 
intermediate nodes:intermediate nodes: FB2 FB3FB1 FB2 FB3FB1

: Stirling number of second kind: Stirling number of second kind n 1 2 3 4 5gg

Set of nonSet of non--interinter--isomorphic trees isomorphic trees 
generated usinggenerated using restricted growthrestricted growth

|T2 (n)|
1 2 3 4 5

1      3      12      60   358

generated using generated using restricted growth restricted growth 
strings  strings  (RGS)(RGS)



Practical Issue I: 
Effect of Non-Monotone Input Current
Practical Issue I: 
Effect of Non-Monotone Input CurrentEffect of Non Monotone Input CurrentEffect of Non Monotone Input Current

MICP holds if VRM has a single modeMICP holds if VRM has a single mode

Some VRM’s operate at Some VRM’s operate at 
different modes dependingdifferent modes depending 60

80

100

(%
)

different modes depending different modes depending 
on applied Von applied Vinin
–– NonNon--monotone input current monotone input current 
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vs. output current behaviorvs. output current behavior
–– Principle of dynamic Principle of dynamic 

programming is brokenprogramming is broken LDO 2/3X CP 1/2X CP 1/3X CP

0
2 3 4 5 6

Vin(V)

p g gp g g
RMTORMTO--FN/VN require FN/VN require 
exhaustive searchexhaustive search

–– Change in RMTOChange in RMTO--VMVM

LDO 2/3X CP 1/2X CP 1/3X CP

Change in RMTOChange in RMTO VMVM
Lookup tables in levelLookup tables in level--2 2 
nodes become 2nodes become 2--DD



Practical Issue II: 
Effect of Current Profile of Loads
Practical Issue II: 
Effect of Current Profile of LoadsEffect of Current Profile of LoadsEffect of Current Profile of Loads

Current profiles play a key role in optimal VRM selectionCurrent profiles play a key role in optimal VRM selection

100100
VRM1 VRM2

Motivational example:Motivational example:
–– VRM1 and VRM2 are candidate VRM’s for FB1VRM1 and VRM2 are candidate VRM’s for FB1
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Practical Issue II: 
Effect of Current Profile of Loads (cont’d)
Practical Issue II: 
Effect of Current Profile of Loads (cont’d)Effect of Current Profile of Loads (cont d)Effect of Current Profile of Loads (cont d)

Change in RMTOChange in RMTO--FM algorithm to account for effect FM algorithm to account for effect 
of current profile:of current profile:of current profile:of current profile:
–– Efficiency and IEfficiency and Iinin of a candidate VRM becomeof a candidate VRM become

PWL function PWL function 
Assumption: profiles of different FB’s are Assumption: profiles of different FB’s are 
independent of one anotherindependent of one another
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Practical Issue III: 
Effect of Current Profile Correlations
Practical Issue III: 
Effect of Current Profile CorrelationsEffect of Current Profile CorrelationsEffect of Current Profile Correlations

Correlation b/w load profiles could Correlation b/w load profiles could 
be used to design more efficientbe used to design more efficient

Current FB2

be used to design more efficient be used to design more efficient 
VRM treeVRM tree
Motivational example:Motivational example:

time

FB1

–– Positively correlated FB’sPositively correlated FB’s
Parallel processor coresParallel processor cores

–– Negatively correlated FB’sNegatively correlated FB’s

timet0
Current FB2

–– Negatively correlated FB s Negatively correlated FB s 
Activity migrationActivity migration

Efficiency and IEfficiency and Iinin of a candidate of a candidate timet0

FB1

yy inin
VRM become PWL functionVRM become PWL function



Experimental SetupExperimental Setup

ProposedProposed algorithmsalgorithms implementedimplemented inin C++C++
AA tt ff 3030 i li l VRM’VRM’ ff TT I t tI t tAA setset ofof 3030 commercialcommercial VRM’sVRM’s fromfrom TexasTexas InstrumentsInstruments
andand NationalNational SemiconductorsSemiconductors usedused asas librarylibrary ofof VRM’sVRM’s..
ResultsResults ofof RMTORMTO--VMVM comparedcompared withwith resultsresults ofof optimaloptimalResultsResults ofof RMTORMTO VMVM comparedcompared withwith resultsresults ofof optimaloptimal
VRMVRM assignmentassignment inin aa starstar topologytopology (RMTO(RMTO--SM)SM)

CircuitCircuit VV NN II II VV VV
Benchmark Characteristics

CircuitCircuit VVPP NN IIminmin IImaxmax VVminmin VVmaxmax

TB1TB1 2.52.5 66 50m50m 100m100m 1.11.1 1.81.8
TB2TB2 2.52.5 77 50m50m 200m200m 1.31.3 1.81.8
TB3TB3 2 52 5 55 60m60m 200m200m 1 31 3 3 03 0TB3TB3 2.52.5 55 60m60m 200m200m 1.31.3 3.03.0
TB4TB4 2.52.5 88 50m50m 200m200m 1.31.3 3.33.3
TB5TB5 3.33.3 66 30m30m 100m100m 1.21.2 1.81.8
TB6TB6 3 33 3 1010 50m50m 300m300m 1 11 1 2 72 7TB6TB6 3.33.3 1010 50m50m 300m300m 1.11.1 2.72.7
TB7TB7 3.33.3 1212 30m30m 350m350m 1.11.1 3.03.0
TB8TB8 3.33.3 88 50m50m 200m200m 1.31.3 3.33.3



Experimental ResultsExperimental Results

VRM Tree Power Loss VRM Tree Power Loss VRM Tree  VRM Tree  
CircuitCircuit (mW)(mW) Power Dissipation Power Dissipation 

Reduction (%)Reduction (%)RMTORMTO--SMSM RMTORMTO--VMVM
TB1TB1 114114 8989 21.921.9
TB2TB2 7272 5555 23.623.6
TB3TB3 110110 9494 14.514.5
TB4TB4 381381 345345 9.49.4
TB5TB5 144144 123123 14.614.6
TB6TB6 242242 190190 21.521.5
TB7TB7 621621 545545 12.312.3

88 3 03 0 99

RMTORMTO--VMVM reducesreduces powerpower dissipationdissipation inin VRMVRM treetree byby anan
averageaverage ofof 1717 99%%

TB8TB8 451451 370370 17.917.9

averageaverage ofof 1717..99%%



Experimental Results (cont’d)Experimental Results (cont’d)

OptimalOptimal VRMVRM TreeTree forfor TBTB11
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η=92%VRM1
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FB5
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FB4
100mA@1.8V

21.9% power reduction in VRM tree



ConclusionConclusion

Using a multiUsing a multi--level VRM tree and optimally selecting level VRM tree and optimally selecting 
VRM is beneficial for power reduction in PDNVRM is beneficial for power reduction in PDNVRM is beneficial for power reduction in PDNVRM is beneficial for power reduction in PDN

Modeled VRM tree optimization problem as aModeled VRM tree optimization problem as aModeled VRM tree optimization problem as a Modeled VRM tree optimization problem as a 
dynamic program and efficiently solved itdynamic program and efficiently solved it

On average about 18% power reduction in the VRM On average about 18% power reduction in the VRM 
tree can be achieved by using a VRM tree topologytree can be achieved by using a VRM tree topology



Thank You!Thank You!


