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Power Distribution Design

J Power means V,, and GND
» Not available easily at all locations in chip

1 Clock should be routed from input pad to all flip flops

 Power Distribution (Multi-dimensional problem)
» Off-chip
= DC-DC converters
= Power planes
= Packages
= Sockets
= Power pins
» On-Chip
= Connection to the gates
= On-chip distribution
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Power Distribution Design

1 Much of the complexity of power distribution systems arises due to the
large number of transistors on a chip, the RLC nature of interconnect, and the
frequency of operation.

 Today’s state-of-the-art designs have the following specs:
» Clock frequency: Over 1GHz
» Power: over 100 W
» Current levels: 100A
» Supply voltage: 1.2V and below

[ Fluctuations in the power system lead to timing variations and design failure

1 Rule-of-thumb: For gates to functionally operate correctly max voltage
noise/fluctuation on the supply should be less than 10% of (V,,-GND)
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Power Distribution Design

 Noise/fluctuation on the supply is due to resistance and inductance along the

current path
» IR Drop

di
> Ldi/dt Drop at package pins VoltageDrop:AV =IR + La

J Voltage drops affects:
» Clock Skew
» Gate Performance
» Clock lJitter
» Overall timing and functionality

 Another dimension is about the “power intensity” issues
» Power grid electromigration b/c of the large currents that affect long-term reliability
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Power Supply Isolation

[ Chips often contain

» Noisy circuits
e Pad-drivers
e Clock generators
e Large RAM arrays

» Noise-sensitive circuits
e PLLs and DLLs
e Receive amplifiers

1 We would like to isolate the noise sensitive circuits from the noise generated by the
noisy circuits

1 To do this we need to make sure the two circuits share as little of the power
distribution network as possible

O Typically provide separate power and/or GND pins
» Quiet GND and VDD
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IR Drop

M IR drop is mainly due to the resistance on VDD lines.

1 Basic concept with an example:

» Two buffers connected to a resistive power supply
» As the large driver, inv2, begins to switch, the demand for current reduces the

voltage in the power grid.
» The voltage remains high near the VDD connection at the periphery of the chip,

but drops by AV at the connection to inv2.

supply

IR drop reduces the VDD Vop Vpp— AV

and increases the GND W —W—Wy 3

(ground bounce) over
their respective paths. Voo () ﬂ —-L_Ij
" 1 1 T

invl inv2
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IR Drop

IR drop is caused by simultaneous switching of

» Clock buffers
» Bus drivers
» Memory decoder drivers

1 IR Drop Effects:
1) Reduces the drive capability of the gates and increases the overall delay
= A 5% drop in supply voltage can affect delay by 10-15%, which is serious when
managing clock skews in the range of 100 ps.

2) Compromises the noise margins of the logic gates due to the voltage

drop in the power grid and increase in voltage in the ground grid.
= VDD in deep submicron processes has been scaled down, which has resulted in
very small noise margins. With IR drop, the margins are reduced even further!
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How to avoid IR Drop?

1 IR drop reduces the drive capability of the gates and increases the overall delay
» Typically a 5% drop in supply voltage can affect delay by 10-15% or more!

» Very serious when managing clock skews in the range of 100 picoseconds.

1 To avoid IR drop:
» Widen the lines that experience the largest voltage drops since increasing the
width decreases the resistance (and the IR drop).
= May not be always feasible due to the routing area constraints.
» Add/remove metal straps.

» Reduce buffer sizes if possible.
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How to avoid IR Drop?

[ The number of pins assigned to VDD and GND can also be increased to reduce IR
drop. By providing more supply pins, the current requirements for a given section can
be satisfied from a number of sources.

O This would limit the number of pins available for 1/0.

1 One effective solution may be to use a ball-grid array where the power supply
connections can be placed at various points within the chip. The key design issue is the
proper placement of the bumps around the chip.

1 Note that solder bumps cannot be used in sensitive areas such as memories and
dynamic logic as they generate alpha-particles that may cause logic value upsets on

the sensitive nodes.
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Ldi/dt Drop

 Ldi/dt drop is mainly because of the package pin inductance
» Typically around 1-2 nH

1 The inductance arises from the bonding wire used to connect the chip I/O

pads to the lead frame in the traditional dual-inline package (DIP).

[ Today many companies have moved to ceramic ball-grid array (BGA) packaging

due to the large number of chip I/O and power/ground connections
[ The inductance of each solder bump is of the order of 0.1 nH.

Flip-chip sold\iz bumps I/ 1p
- m i Solder balls
Ceramic base /
QRQQAVOIQVQQQFI

Board

Ball Grid Array Packaging
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Ldi/dt Drop

Package via

*» Example: A current level of 25mA is supplied i

time interval. If the bump and via generate 0.2

by V;,p and flows into the circuit over a 100ps Dl
nH of inductance, then the total voltage drop Ves — v [%t #ﬁ

X Z

due to the inductance on both rails is ol

di 25mA
V, =2xL— = 2x0.2nHx >

dt 100ps

=100mV

[ This is a significant drop considering that the supply voltage may only be 1.2V.
J General Case:

» Packaging Inductances R ﬁ

» Power Grid Inductance -

» Power Grid Resistances O ﬂa_l_? i i I_E_L

» RLC model of the interconnect L | ] Tﬁ
N MWA—AW— T AW —
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Electromigration

[ The migration of metal molecules due to the high current densities and
narrow line widths leading to a short or open in the metal line.

1 Once electromigration happens, the chip may not operate properly

Time Zero

6 Months

10 Months

2 Years

© M. Shabany, ASIC/FPGA Chip Design




Electromigration

[ The current density in each wire segment is computed &
using the wire dimensions (W: width, T: thickness)

|
aVv
) =2

M OWxT

1 The electromigration failure happens if:

Javg > Jmax

1 The width of the metal segments with the failure
should be adjusted to meet this criterion.
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How to Avoid Electromigration ?

M The electromigration failure can be reduced in several ways. The basic idea
in all approaches is to reduce the average current density experienced by any
metal segment.

» The simplest approach is to widen the metal lines.
= Costs area and can reduce yields.

» Changing the current flow in the power grid itself by adding jumpers

and straps between different points in the grid.
" [t reroutes current from the affected areas but should be verified to
confirm the problem has not been moved to another part of the chip.
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Power Routing Considerations

O An IC designer has to design a chip power system with having the IR drop, Ldi/dt drop
and electromigration in mind.

O A simplified model for the power distribution:
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Power Routing Considerations

1 Power routing options/strategies for several blocks:

Block A Block B

Solution |

= A large IR drop in block B
= Power consumed by A before it reaches B
= More blocks more complications

Block A Block B

= Larger metal trucks to handle the current
= Better power management (+)
= More silicon area required (-)
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Power Routing Considerations

 Power routing options/strategies for several blocks:

» Current from both sides of the block thus minimizing IR drop in the middle
» Main trunks should be wide enough to handle current

Block A Block B Block A Block B

Solution Il
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Power Routing Considerations

 Power routing options/strategies for several blocks:

Block A Block B Block A Block B
ocC

Solution Il

= Main trunks should be wide enough to handle current
= Electromigration problem should be be checked in T junctions,
which have a high current density, specially around the bends
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Power Routing Considerations

 Power routing options/strategies for several blocks:

» A grid of two metal layers

Metal 4

Via arrays

Metal 5

Removed to route
some signals

Connected to Vpp
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Decoupling Capacitances (Decaps)

(1 On-chip decoupling capacitances (decaps) are commonly used to keep the
power supply within the noise budget, especially during peak demand periods in
high-frequency switching applications.

] Decaps: large-valued capacitances, holding a reservoir of charge, located near
the power pins and any large driver.

(J Decaps can reduce the amount of metal needed for distribution
» Change peak requirement to average requirement

L

Vpp rﬂnm MWM—W— A
T !

o M 1S

Vss — VN MA—AMWA—T ANy
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Decoupling Capacitances (Decaps)

1 When large buffers switch from low to high, these decaps are the first line of
defense for IR drop and Ldi/dt effects. The needed current for the switching
process is obtained from the local decap.

 Later, current flows from the V,, pad to refill the reservoir of charge for the
next switching operation.

Vpp TV V- T M—WAV—— MN—r

o -1

Vss m——— MW—MW—r— L A —

1]
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Decoupling Capacitances (Decaps)

1 The on-chip decoupling capacitance is usually implemented using an NMOS
transistor with the gate connected to V,, and the S/D connected to V..

 The device is therefore in the linear region of operation.

 The parallel-plate capacitor is formed by the poly on one side and the channel
inversion layer on the other side.

1

VSS
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Decoupling Capacitances (Decaps)

[ The two main design issues are to decide how much decoupling capacitance to include
and where to place them.

U These are determined through the large amount of simulations on the target chip.

U The location of the decaps should be based on the location of the large buffers that are
switching during the peak demand periods.

1 Simulations can be carried out on a representative patch of the power grid between
power bumps, which are the solder bumps connected to V.

O Any buffer and driver can be connected to the grid.

Power bump

Patch of chip area

| — Power grid
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Decoupling Capacitances (Decaps)

O There are many factors to consider when deciding how much capacitance to employ
and where to place them.

O There is a certain amount of decoupling that is already present in the circuit due to the
devices that do not switch. This includes gate and S/D capacitances as well as wire
capacitances for all nodes that are charged up to VDD. This value may be subtracted off
the target decoupling capacitance needed in the circuit. (Symbiotic Bypass Caps.)

[ The decaps are placed near the power pins to offset any effect of inductance due to
solder bumps or bonding wires.

1 The decaps should be placed in as many open areas of the chip as possible.

L Normally the amount of decoupling capacitance used is 10 times the amount of
capacitance switched on every cycle.
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Decoupling Capacitances (Decaps)

d We need a bypass capacitor of about 0.25nF for each 1mm? area
of the chip

J For comparison, an MOS capacitor covering a 1Imm? area has a
capacitance of about 5nF/mm?

[ So, our bypass capacitor uses 5% of the silicon area!

1 Can be made much smaller with local regulation
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Decoupling Capacitances (Symbiotic)

(1 Where are the bypass capacitors in this picture?
(J Gates that are not switching at a given instant in time act as symbiotic decaps

 If only one gate in 60 switches at a given instant, the bypass capacitance is 30
times the switched capacitance

II_L Jg_ I
II_L JB_ |
II_L _J)_ |
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Noise on Clock

__‘ D Q — Noiseé 5
a4 S T

D
D

Glitch on Clock input Glitch on data input
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Noise on Clock: Layout solutions to coupling

M There is a potential for noise events due to the coupling capacitances.

i

1
T
B

Clk

Spacing

\ T T
Shielding T T
B

HHVoo[HIH ¢k Hi-ona

——

@ |-

I— ci

 The spacing has a lower capacitance and thus reduces power to some degree.

[ Shielding is beneficial for both capacitive and inductive coupling. Typically clocks are
shielded to protect them from unwanted noise and also to protect other sensitive
signals from mutual coupling to the clock.

L The price of shielding is the increased capacitance and power dissipation.
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J PLL/DLL Architecture
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Clock Synchronization with PLL & DLL

 Remember that clock buffers are used to route clock, which incurs clock delay/latency

1 Synchronization of an externally supplied master clock with the internal clock of the chip.

O Synchronization is needed:
» When a master clock is distributed to several chips on PCB
» To synchronize a local clock with an external clock because the data transfers are
synchronized with the local clocks, data may be sampled at a wrong time
» Clock latency value may differ from chip to chip or module to module

L Synchronization is done using phase-locked loop (PLL) or delay-locked loop (DLL).

 PPL are mainly used for:
» Locking to external signals
» Phase control
» Frequency multiplication
» Frequency division
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Clock Synchronization with PLL & DLL

1 Clock latency between different points in design

Combinational

Different delays FF1 Logic

(0] que—

o J T T

Clk1

| | |
:<->| Dellav (D1)
I

o LT LI 1

I I
I I
~— Delay (D2)

© M. Shabany, ASIC/FPGA Chip Design

Taie

FF2




PLL/DLL Idea

[ Create enough delay to match the phase/delay of the master clock with the local clock
through a feedback line. (insert enough delay to clock line up!)

FF1

Taia P

Variable Delay Line

o —TLL >

YYYY
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PLL/DLL Idea

[ Create enough delay to match the phase/delay of the master clock with the local clock
through a feedback line. (Insert enough delay so that clocks line up!)

Clk _l |

Clk1 —
| |

Delay (D1) II<->|

|

Adddelay | \

More delay

More delay

~—

Synchronized!
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PLL & DLL

( DLL and PLL circuits are closely related. Both use feedback control to lock
output clock to the incoming clock.

1 PLLs must lock on to the frequency and phase of the reference clock
1 DLLs simply lock to a constant phase of the reference clock

1 Therefore, locking process in a PLL requires more time than a DLL

O If we simply want synchronization, we could use a DLL

O If we needed the internal clock to run at a multiple of external clock
frequency we must use a PLL
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PLL & DLL in FPGAs

1 Most FPGAs have PLLs and DLLs already designed in their hardware, which can be
instantiated as a core to your design.

U For instance, Virtex has up to 8 fully digital DLLs that provide zero propagation delay
and low clock skew between output clock signals distributed throughout the device.

 In addition to providing zero delay with respect to a user source clock, the DLL can
provide multiple phases of the source clock. The DLL can also act as a clock doubler or
can divide the user source clock by up to 16.

[ Clock multiplication gives the designer a number of design alternatives. For instance,
a 50 MHz source clock doubled by the DLL can drive an FPGA design operating at 100
MHz. This technique can simplify board design b/c the clock path on the board no longer
distributes such a high-speed signal.
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PLL & DLL in Virtex FPGAs

O CLKDLL
IBUFG
CLKDLL
I O
CLKIN CLKO
CLK90 |—
CLKFB CLK180 [—
CLK270 |—
CLK2X [—
CLKDV  |—
RST LOCKED |—
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PLL & DLL in Virtex FPGAs

1 Various possible outputs:

 The DLL clock outputs can drive a
buffer, a global clock buffer, or they can
route directly to destination clock pins

0O 90 180 270 0 90 180 270
- t -

CLKIN

CLK2X

CLKDV_DIVIDE=2

CLKDV

DUTY_CYCLE_CORRECTION=FALSE
CLKO

CLK90

CLK180

CLK270

DUTY_CYCLE_CORRECTION=TRUE
CLKO

CLK90

CLK180

CLK270
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PLL/DLL Architecture

O A PLL consists of:
» Phase/frequency detector (PFD)
» A charge pump
» A loop filter (LP)
» A voltage-controlled oscillator (VCO)

Up

INPUL e

PFD

Charge
pump

Down

LPF
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PLL/DLL Architecture : PFD

[ The phase/frequency detector detects the difference between the edges of

the reference clock and the feedback clock.

[ The role of this block is to control the VCO by moving its frequency up or

down depending on the edges of the incoming clocks.

 If the feedback clock switches ahead
(behind) of the reference clock, a down RefClk —P>

Up

Up

— o | = |

(b)

L ||
(up) signal is generated to slow down | {—
(speed up) the VCO. ~ 9y
FBCk —>
QIf both up and down are high, it is @
viewed as a reset condition. Rcfc.kj
w 1
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PLL/DLL Architecture : Charge Pump

1 Up/down signals are applied to a charge pump.

O The up signal will switch on the upper current
source and raise the output voltage.

1 The down signal will discharge the output
capacitance and lower the control voltage.

1 In case that both are high, the current flows
harmlessly from VDD to GND. 'R |
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PLL/DLL Architecture : Loop Filter

[ The filter F(s) determines the order and stability of the overall PLL
system. Its role is to filter out the high-frequency switching components
in the up/down signals and deliver a slowly changing control voltage to
the VCO.

(d Can be modeled using a linear system.

1 The phase is the loop variable and the phase difference is
determined and amplified.
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PLL/DLL Architecture : VCO

(1 VCO acts as an integrator and generates a periodic output based on a

control voltage input.
[ Basic principle: a ring oscillator with a controllable delay ©

U The delay of each stage is adjusted by the control voltage V..
Odd number of stages

[ The control voltage adjusts the amount of current delivered Ve—o
to the inverter to charge and discharge the next stage FO‘
Vin Vout
[ As the current varies, the delay through the inverter varies as Li
well.
vc_i
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PLL/DLL Architecture :

d The PLL can be modified to implement a DLL by a substitution of the VCO
with a voltage-controlled delay line (VCDL).

[ The circuit utilizes the control signal to vary the delay of each inverter.

1 DLL is more stable and much easier to design.

1 Widely used in clock and data recovery.

N Ip

PD ——¢
refclk h L2
N
. i i
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PLL vs. DLL

1 When it comes to choosing between a PLL or a DLL for a particular
application, the differences in the architectures must be understood.

1 The oscillator used in the PLL inherently introduces instability and an
accumulation of phase error. This in turn degrades the performance of the
PLL when attempting to compensate for the delay of the clock distribution
network.

[ Conversely, the unconditionally stable DLL architecture does not accumulate
phase error. For this reason, for delay compensation and clock conditioning, DLL
architecture should be used. On the other hand, the PLL typically has an
advantage when it comes to frequency synthesis (frequency
multiplication/division).
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Low Power Design Techniques

J Two major types of techniques to lower the dissipated power:
» Circuit-oriented techniques
» Fabrication-oriented techniques

 Circuit-oriented techniques:
Multi-voltage Design
Gated Clock

Lower Frequency
Utilizing Decaps
Dynamic Voltage Scaling
RAM Partitioning

VVYVYVYYVYY
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Low Power Design Techniques

J Two major types of techniques to lower the dissipated power:
» Circuit-oriented techniques
» Fabrication-oriented techniques

(J Process-oriented techniques:
» Multi-threshold Design

» Well Biasing
» Process Techniques
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Low Power Design Techniques

Low Power Design

Circuit-oriented

Process-oriented

D .
Multi-voltage Gated Clock Lower Freq. ynamic
voltage
RAM
e Decaps
Partitioning

Multi Threshhold

Well Biasing
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Low Power Design: Multi-Voltage Design

Low Power Design

Circuit-oriented

Process-oriented

. D ,
Multi-voltage Gated Clock Lower Freq. ynamic
voltage
RAM
e Decaps
Partitioning

Multi Threshhold

Well Biasing
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Low Power Design: Multi-Voltage Design

dsland) calizes loond @ 1) cax a5 conl opl (Bras ol 2als j8 ge lodg, 5 o W
Gl Liend cpl 51 SO yo oS oS st (VOItage Domains) sty sla=oje> L
stad mals sl (Low-voltage) skls o sledshe 51 s, cal 5o i Jglite slasldy
b sldsbs 5l Sl @bl sl (NomInal voltage) ol 55 L sledshs 51 e b Sl

Sgim oo ooliiwl Sl o e bl sl (High voltage) Y 5ty

I-Cache D-Cache
| Level Shifter I DDR
1 CPU
Multi-Voltage
Design Example BT |[AETE LI

DSP

DAC
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Low Power Design: Multi-Voltage Design

58 b gble. ol hgels ol jeka aslei= oo wigim cod ooliiwl aSsle; o5ty slamo i U
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Low Power Design: Multi-Voltage Design

Lol g ol slaasls g5ty s b st W
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Low Power Design: Clock Control

Low Power Design

Circuit-oriented

Process-oriented

D .
Multi-voltage Gated Clock Lower Freq. ynamic
voltage
RAM
e Decaps
Partitioning

Multi Threshhold

Well Biasing
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Low Power Design: Clock Control
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Low Power Design: Clock Control/ Sleep Mode
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Low Power Design: Clock Control/ Sleep Mode

ol woluw Sialidl ol 0eg i ob,> o FOOter ¢ Header L. ... Tradeoff <, U
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Low Power Design: Decap Insertion

Low Power Design

Circuit-oriented

Process-oriented

D .
Multi-voltage Gated Clock Lower Freq. ynamic
voltage
o Decaps
Partitioning p

Multi Threshhold

Well Biasing
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Low Power Design: Decap Insertion
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Low Power Design: Dynamic Voltage Scaling

Low Power Design

Circuit-oriented

Process-oriented

D .
Multi-voltage Gated Clock Lower Freq. e
voltage
RAM
e Decaps
Partitioning

Multi Threshhold

Well Biasing
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Low Power Design: Dynamic Voltage Scaling
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Low Power Design: RAM Partitioning

Low Power Design

Circuit-oriented

Process-oriented

D .
Multi-voltage Gated Clock Lower Freq. ynamic
voltage
RAM
o Decaps
Partitioning

Multi Threshhold

Well Biasing

© M. Shabany, ASIC/FPGA Chip Design

Process
Techniques




Low Power Design: RAM Partitioning
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Low Power Design: Multi-Threshold
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Low Power Design: Multi-Threshold
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Low Power Design: Multi-Threshold
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Low Power Design: Well Biasing
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Low Power Design: Well Biasing
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Low Power Design: Well Biasing

See Voltage storm manual to complete this slide series.
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