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Today's Topicsoday s op cs
• Power Distribution

– Power Line ResistancePower Line Resistance
– Power Line Inductance

• Power PlanesPower Planes
– Decoupling Capacitors
– PWR-GND Plane as Decoupling Capacitorp g p
– Layer Stack Up
– Split Planes

• Grounding Techniques
– One Point Groundingg
– Grounding for Mixed signal ICs
– Slots in Ground Planes
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Noise: Cumulative OverviewNo se: Cu u at ve Ove v ew
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Elements of Power DistributionElements of Power Distribution

Ref: Dennis Herrell and Benjamin Beker, “Modeling of Power Distribution Systems in PCs”, pp. 159 – 162,
EPEP ’98
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EPEP 98.



Typical Digital Circuityp ca g ta C cu t

• Typically in 100Mhz Digital device with average current of 
4A, actual current may exceed 20 A in first few ns of clock 

lcycle.
• We can’t effort 20 A supply??
• Other Factors• Other Factors

– Supply(VCC. GND) Trace Resistance
– Supply(VCC GND) Trace Inductance
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– Supply(VCC. GND) Trace Inductance

Resistive DropResistive Drop

• DC current flows to the chip

• PCB and Package metallization have DC resistanceg

• Current flows from Vdd into Gnd

• Causes voltage drop IR
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g p



Inductive Drop
Pkg/PCB Chip

L

Inductive Drop

Vsupply
PMOS Transistor

VddL1

Vsupply

R

I

GndL2

• All physical connections contain inductance
• Vsupply is on the corner of the PCB
• L1 and L2 are the package and PCB inductances
• Chip is a switch (as discussed earlier)
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Inductive Effect

VL

Pkg/PCB Chip

Inductive Effect

Vsupply
PMOS Transistor

VddL1

supply

R

I

Vload

GndL2

Vload

)()1()( /
sup tueVtV t

plyload
τ−−=

R

LL 21 +=τ

ti

Chip
Voltage
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timeDelay



Inductive Effect – An Example

)()1()( /
sup tueVtV t

plyload
τ−−=

R

LL 21 +=τ

Inductive Effect An Example

R

For Vsupply = 5V, R = 50Ω , L1 = 1nH , L2 = 1nH

ps40=τ

Vload • Chip voltage rises slowly

• Requires 400ps to reach 4.5V

Chip
Voltage

4.5V • Causes delay in the circuit

• Due to the inductive effect

timeDelay

Voltage

400ps0
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Effective Inductance
Pkg/PCB Chip

V

L1

Vsupply
Leff

L2

• Leff is the effective inductance for the current loop

• It is the inductance seen by the chip• It is the inductance seen by the chip

• Leff = L1 + L2
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Effective Inductance
Pkg/PCB Chip

L1

Vsupply
Leff

L2

• L1 and L2 are the inductances of the voltage and ground connections

• Physical proximity of connections causes a mutual inductance

d h di i f i h i d h l i d• Based on the direction of current in the inductors, the mutual inductance  

contribution to Leff can be either additive or subtractive

• For voltage and ground connections mutual inductance has a subtractive effect
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For voltage and ground connections, mutual inductance has a subtractive effect

Effective Inductance - Example

L

Pkg/PCB Chip

p

Vsupply

L1

M
supply

Leff

L2

F V 5V R 50Ω L 1 H L 1 H M 0 5 HFor Vsupply = 5V, R = 50Ω , L1 = 1nH , L2 = 1nH, M=0.5nH

ps20=τ
L L L 2M 1 HLeff = L1 + L2 - 2M = 1nH

• Voltage and ground connections (via, planes…) should have large mutual
i d t b t th t d th ff ti i d t f th i it
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inductance between them to reduce the effective inductance of the circuit



Supply Noise - Inside IC
Noise produced 
due to logic gate 

VL

Chip

Supp y No se s de C

g g
switching within 
a chip

Vdd
PMOS Transistor

VddL1

ΔVdd ΔV

C (load Capacitor)

ΔI

GndL2

Q = CVdd Charge required to charge the load capacitorQ  CVdd g q g p

ΔI = C Vdd/Δt Supplied by a change in current in the circuit

ΔItotal = NC Vdd/Δt Current change for N gates

eff

tV
L

2)(ΔΔ
≤ Acceptable Leff for the Core
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dd

eff NCV
eff

Supply Noise - Inside IC

VddL1

Chip

pp y

Vdd
PMOS Transistor

VddL1

ΔVΔI ΔV

C (load Capacitor)

ΔI

GndL2

C 1 F ΔV 10%V S it hi ti 100 L i t 1000C = 1pF ; ΔV = 10%Vdd ; Switching time = 100ps ; Logic gates = 1000

eff NCV

tV
L

2)(ΔΔ
≤

ddNCV

Effective inductance desired = 1pH !!!!!
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Supply Noise - PCB
Chip

VL

Pkg/PCB

Supp y No se C

Vdd
PMOS Transistor

VddL1

ΔVdd ΔV
To
other
chips

Transmission Line

ΔI

GndL2

p

Current launched on the transmission line (forward wave)I = V/Z0

0Z

V
I dd=Δ Current drawn from the supply 

( )
0

V

0Z

V
NI dd

total =Δ Current drawn for N transmission lines

V
N

VZ
L

dd
eff

Δ
≤ 0

Acceptable Leff for the I/O
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t

N
Δ

Supply Noise - PCB

ChipVLPkg/PCB

pp y

Chip

Vdd
PMOS Transistor

VddL1
Pkg/PCB

dd ΔV
To
other
chips

Transmission Line

ΔI

GndL2

chips

VZ
L ff

Δ
≤ 0

N = 64 (bit wide bus) ; ΔV = 10%Vdd ; Switching time = 1ns ; Z0 = 50Ω

t
V

N
L

dd
eff

Δ

≤

Effective inductance desired = 78pH, Impossible!!!
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p , p



Target Impedance Trendsa get peda ce e ds
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What To Do?W at o o?

• Want to Reduce the Resistance & Inductance 
of Power Supply Network?

• Solution• Solution
– Decoupling capacitor 

– Power and GND Planes
a a

d
h

w

d

Parallel Wires Wire above plane Parallel Planes
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p



System Supply DesignSyste Supp y es g
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Typical Board Decouplingyp ca oa d ecoup g
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Decoupling Capacitor

ChipPkg/PCB

ecoup g Capac to

VddL1

Vdd
PMOS Transistor

ΔV

C (load Capacitor)

Cd
ΔI

GndL2

C (load Capacitor)

•Charge Q is required to charge the load

Thi lt i t h I i th l•This results in a current change ΔI in the loop

•This is supplies by the decoupling capacitor Cd

•Capacitor therefore reduces the size of the current loop thereby reducing ΔV
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Typical Board Decouplingyp ca oa d ecoup g
Tantalum Ceramic or Mica

+V

B d10uF .1uF .001uF+

GND

Board
Power

A PC th b d ith b d

Low
Frequency

High
F

Very High
Frequency

A PC mother board with board 
level by-pass filter (use parallel 
capacitors to make a big one: 

reduce leg inductance; save size 
d tFrequency Frequency Frequency and cost

Low ESR 0.1uf and .001uf 
Capacitors with IC
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Total Impedenceota pede ce
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Effectiveness of Decoupling Capacitor

VL

Chip
Pkg/PCB

L

ect ve ess o ecoup g Capac to

Vdd
PMOS Transistor

VddLPCB Lpkg

dd ΔV

C (load Capacitor)

ΔICdcoup

GndLPCB Lpkg

Z

• Size of the loop and effective inductance in the• Size of the loop and effective inductance in the 

loop dictates the smallest ΔV that can be achieved

• Parasitic of the capacitor limits its effectiveness

• Capacitors come in three categories:CL
fSR

2

1
=

frequency

• Capacitors come in three categories:

High frequency, mid frequency and low frequency
Resonance

C it b i d ti t th t f

CLESL

SR π2
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Capacitor becomes inductive past the resonant frequency



Ideal vs. Real Capacitordea vs. ea Capac to

•ESR: Effective Series resistance

•ESL: Effective Series Inductance
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Design Guide Lines Below 500MHzes g Gu de es e ow 500
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By Pass Capacitor Physical Layouty ass Capac to ys ca ayout

All are workable Solution dictated by Space available.
O i dd 1 H f I d t
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One via adds 1nH of Inductance.

Decoupling High Pin Count Chipsecoup g g Cou t C ps
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Decoupling BGA Packagesecoup g G ac ages
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Decoupling BGA Packagesecoup g G ac ages

30High Speed PCB Design:Lecture-8 © Rashad.M.Ramzan 2010-11



Low Inductance Packagesow ducta ce ac ages
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Typical Case: After Decouplingyp ca Case: te ecoup g
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Recommendationeco e dat o

• For Boards of up to 500MHz
– For High Pin Count ICs

• Use 10-22uf tantalum Cap with Every 20-50 PWR-p y
GND Pins

• Use 0.1-0.001uf Ceramic (X7R etc)Capacitor with 
Every 1-5 Pins for decoupling. 

– For Low Count General Purpose ICp
• One one 10-22uf tantalum Cap for every 50mA of 

Current.

• Use 0.1-0.001uf Ceramic (X7R etc)Capacitor with 
Every 1-3 Pins for decoupling. 
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On-Chip Decoupling CapacitorO C p ecoup g Capac to
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On-Module CapacitanceO odu e Capac ta ce
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Power and Ground PlanesPower and Ground Planes 
andand

Split planesSplit planes
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Power Planesowe a es

• Power-GND Plane pair is very High Quality p y g Q y
capacitor with extremely Low ESR and ESL.

• Gives a lot of ease for Power and Ground• Gives a lot of ease for Power and Ground 
Distribution

• Shields from EMI and enhances EMC 
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Power Distribution Systemowe st but o Syste

Each Component Supply the Current in Certain Frequency range and 
ll d i d i fl t li
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overall desired response is flat line.



Popular Layer Stack-upopu a aye Stac up

• No of Layers
BusDataorAddressD

fDN CLKnL

=
= ]log[4

• This is very Optimistic empirical Formula and good for frequencies 
> 50MHz

BusDataorAddressDn =

• 66MHz, 32 Bit => 12 Layers, we can live with 8 or 10 layer if 
Component density is not too high.

• T pical La er Stack p• Typical Layer Stackup
– 4 layers: layer 2,3 are power-ground

6 layers: layer 2 5 are power ground– 6 layers: layer 2,5 are power-ground
– 8 layers: Layer 2,7 are power-ground
– 8 layers: Layer 2 4 5 7 are power-ground8 layers: Layer 2,4,5,7 are power-ground
– 10 layer 2,8 are power-ground
– 10 layer 2,4,7,9 are power-ground
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10 layer 2,4,7,9 are power ground

Typical 4-Layer Stackyp ca aye Stac
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6 Layers: Comparison6 aye s: Co pa so

–EMI: The signal layers should be 
close to GND Plane

Manufacturability: The GND and–Manufacturability: The GND and 
PWR planes should be symmetrical
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Typical 10-Layer Stack
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Idealized Circuit Segmentationdea ed C cu t Seg e tat o
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Corresponding Split GND-PWR Planesp g p
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Split GND-PWR Planes: 100 Mils, No Holep ,
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GND PlanesGN a es

• Functions of ground planes
GND plane

– Provide stable reference voltages

– Distribute power to devices

– Control cross-talk between signals

• At high speed , the inductance of its Return currentg p
return path is far more important than 
its resistance.

GND plane

Return current
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GND Planes are MandatoryGN a es a e a dato y
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Grounding TopologiesG ou d g opo og es

• Single Pointg

• Multipoint

H b id• Hybrid
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Grounding Techniques: One-Point GNDg q
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Grounding Techniques: Back Planeg q
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Separation of Digital and Analog GNDSepa at o o g ta a d a og GN
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Mixed Signal IC Grounding: Same Boardg g
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Mixed Signal IC Grounding-1: Different Boardg g
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Mixed Signal IC Grounding-2: Different Boardg g
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FPGA or DSP with Internal PLLG o S w t te a
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Mixed Signal Board Portioninged S g a oa d o t o g
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CLK from DGND to AGNDC o GN to GN
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Slots in GND PlanesSlots in GND Planes
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SummarySu a y
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Wakeup Please lets havep
Some Food….
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