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MOSFET Basics

• A MOSFET is a Switch.

• Three Terminals – Gate, Drain, 
Source.

• Two Types
– N-Channel: + V from Gate to Source 

turns on.
– P-Channel: – V from Gate to Source 

turns on.

• On State is Resistive.

• Off State is Diode.
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Important MOSFET Parameters

• VDS – Drain to Source Breakdown Voltage.

• VGS – Gate to Source Breakdown Voltage.

• VGSTH – Gate to Source Voltage where the MOSFET is no 
longer completely off.

• RDSON – Resistance from Drain to Source in the On-State.

• QGD – Charge for Gate to Drain Capacitor.

• QGS – Charge for Gate to Source Capacitor.

• QG – Total Gate Charge

• RG – Series Gate Resistance.

• QRR – Diode Reverse Recovery Charge.
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Buck Converter

Microprocessor
1.2V, 25A per Phase12V

AC-DC Power Supply

VOUT
VIN

IOUT
+

-

+

-
tON

T

L

Rectifier Switch

Control Switch

VGS

VGS

• A Buck Converter supplies a voltage lower than the input voltage.
• Two Switches – Control Switch, Rectifier Switch.

– FOM = RDSON x QGD.

– TI has best R DSON x QGD.

• Frequency (f) = 1/T.
• Duty Cycle (DC) = tON/T, =VOUT/VIN.
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Synchronous Buck Converter –
Power Loss Contributors

Conduction Losses
MOSFETs
Inductor
PCB Copper Trace Losses

Switching Losses
MOSFETs
Inductor
Gate drive

Static Losses
Control Circuit
Feedback Circuit



Switch MOSFET Selection

• Base initial MOSFET selection on power loss
~1/3 of desired losses in supply for power MOSFET

• Power loss in a switching MOSFET consists of:

– Conduction losses, PCON

– Switching losses, PSW

– Gate losses, PGATE

GATESWCONQSW
PPPP ++=



MOSFET Conduction Losses
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Control FET switching losses
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• Switching losses are more complex

• Steps to derive loss 
equation
– Et1 = (VDS x ID/2) x t1
– Et2 = (VDS/2 x ID) x t2
– PSW = 2 x (Et1 + Et2) x FS

– t1 = Qgs2/Ig
– t2 = Qgd/Ig
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Control MOSFET Gate Losses

SgtotgGATE FVQ ××= )(P

• Gate losses due to energy required to charge the gate. 
Qg(tot) at the gate voltage of circuit

• Turn on and turn off gate losses

• Most of this power is in the MOSFET gate driver
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2

• Over 5x Gate Drive Losses @ 12V vs. 5V
• All Technologies

• Equiv of Adding 1m Ω I2R Losses per Phase
• Std Trench 12V vs TI 5V

• 3.3V Drive Voltage 2.4x Lower Losses vs. 5V

Gate Drive Power Loss Only.

E=½CVGS
2 for charge and discharge of gate
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Gate Drive Loss Increases with 
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Linear Relationship to Voltage and Charge
Gate Drive Loss = VGS x Freq x Total QG

• >13x Gate Drive Power Loss for 12V
• 5V Drive + NexFET Low Q G

– Drastic Reduction Gate Drive Losses

Gate Drive Power Loss Only.
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Efficiency Delivering Cooler Systems

NexFET Devices

Industry Standard Devices

•Up to 30% cooler operation of 
MOSFET

•Up to 15% cooler driver operation

•Increased Reliability

74°C
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44°C

80°C

25°C

75°C

88°C

52°C

80°C

25°C

25A , 500kHz, VIN = 12V, VOUT = 1.3V, VGS = 5V



Vgs Summary

• 5VGS Systems Delivers Highest Overall Efficiency

• NexFET Devices are Optimized for 5VGS Gate Drive 
Systems

• NexFET Devices Enable Higher System Efficiency or 
Frequency Running @ 5VGS versus @ 12VGS.

• Gate Drive Losses are Frequently Omitted from Efficiency 
Measurements.



Rectifier MOSFET Total Losses
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• Conduction losses are simple I2R losses when the 
MOSFET channel conducts.
– R is the RDS(ON) of the selected MOSFET
– I is the root mean square current through the MOSFET
– tDLYUpLo is the delay between upper MOSFET turning off and 

lower MOSFET turning on.
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Rectifier FET Body Diode Losses
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Average body diode current should be calculated
– Derive average current in body diode.

– Approximate using:

– Reverse Recovery Losses

SWRRINRR FQVP ××=



Rectifier MOSFET Gate Losses

Sg)tot(gGATE FVQP ××=

• Gate losses are calculated in the same manner as 
switching MOSFET.

• Due to higher gate charge losses can be significant.
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N-Ch devices
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P-Channel devices
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30V Product Offering
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NexFET
CSD17303Q5

Fairchild
FDMS8670AS

International Rectifier 
IRF6716M

Infineon Optimos 3 
BSC020N03LS

Renesas 
RJK0328

FOM

Manufacturer

R*Qgd

R*Qg

• Same Performance as Industry 
Leading CSD163xx series
• < ½ gate charge for same resistance 
as competition
• Optimized for 5V drive systems
• Ultra Low Qgd & Qg – Excellent light 
load performance
• Low Resistance
• Increased converter frequency

@8V @4.5V @3V
CSD17312Q5 30 10 SON5x6 1.20 1.4 1.8 28.0 6.0 Jan-10 Q1 CY10
CSD17311Q5 30 10 SON5x6 1.60 1.8 2.3 22.5 4.8 Jan-10 Q1 CY10
CSD17303Q5 30 10 SON5x6 1.80 2.1 2.7 18.0 3.8 Nov-09 Dec-09

CSD17301Q5A 30 10 SON5x6 2.00 2.3 2.8 17.5 3.7 Oct-09 Dec-09
CSD17305Q5A 30 10 SON5x6 2.40 2.8 3.5 13.8 3.0 Nov-09 Q1 CY10
CSD17306Q5A 30 10 SON5x6 2.80 3.3 4.3 11.8 2.5 Nov-09 Q1 CY10
CSD17310Q5A 30 10 SON5x6 3.60 4.2 5.5 8.3 1.8 Nov-09 Q1 CY10
CSD17309Q3 30 10 SON3x3 4.00 4.6 6.0 7.6 1.6 Jan-10 Q1 CY10
CSD17304Q3 30 10 SON3x3 5.60 6.6 8.7 5.0 1.1 Jan-10 Q1 CY10

CSD17302Q5A 30 10 SON5x6 6.20 7.2 9.2 4.9 1.0 Oct-09 Dec-09
CSD17308Q3 30 10 SON3x3 7.80 9.2 12.1 3.6 0.8 Jan-10 Q1 CY10

CSD17307Q5A 30 10 SON5x6 8.20 9.7 13.0 3.6 0.8 Nov-09 Q1 CY10
CSD17313Q2 30 10 SON2x2 23.00 26.0 32.0 1.7 0.4 Jan-10 Q1 CY10

Part No BVdss Vgs
Package 

Size
Resistance

Qg(4.5) Qgd Samples Production



Exposed Source Heat Sink

Top View

Exposed DRAIN Pad

Bottom View

S
S

Next Gen: DualCool TM QFN

G
S

D S

Part No Size VDS VGS R @ 10V R@ 4.5V Qg Qgd Sample Prod

CSD16407Q5C 5x6 25V 16V 1.8mΩ 2.5mΩ 13.3nC 3.5nC Now Now

CSD16408Q5C 5x6 25V 16V 3.7mΩ 5.4mΩ 6.5nC 1.9nC Now Now

CSD16325Q5C 5x6 25V 10V - 1.7mΩ 18nC 2.9nC Now Now

CSD16321Q5C 5x6 25V 10V - 2.1mΩ 14nC 2.5nC Now Now

CSD16322Q5C 5x6 25V 10V - 4.5mΩ 6.5nC 1.2nC Now Now

CSD16323Q3C 3x3 25V 10V - 4.4mΩ 6.2nC 1.1nC Now Now

R
θJT 1.2°C/W

R
θJC 1.0°C/W

Excellent thermal capability through top and bottom of package
Up to 50% Higher Current Capability



Current Package OfferingCurrent Package Offering
Q5A

Wirebond

Q5

Clip

Construction

Outline

5x6 5x6

Profile <1mm <1mm

RoHS 
Compliant

Yes Yes

Package 
Resistance

0.7mΩ 0.3mΩ

Ls ~0.8nH ~0.4nH



Clip Q5 Discrete Power Device

Copper Lead Frame

4 mil NexFET Silicon Die

Conductive Die attach
• Solder
• Epoxy 

Vertical Current Flow

Back Metal

Top MetalCopper Clip Frame

• Optimized for lowest Resistance to minimize 
package contribution to power loss
•Thermal Engineering critical for reliability
•Production Status



DualCool ™ NexFET™
cross-section view with 
exposed clip 

Standard QFN package 
with non-exposed copper 
clip

Package comparison highlights 
top -side cooling capability



Tj=58C

Thermal comparison under actual 
operating conditions (CSD16321Q5C)
(PD = 2.1W, Air Flow = 300LFM)

DualCool™ NexFET™ Std package

Tj=71C



Excellent Thermal Capability

Same Thermal Performance as DirectFET package

Thermal Performance Comparison
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DualCool TM NexFET Summary

• Industry Leading Electrical Performance Now Coupled with Industry 
Leading Discrete Thermal Performance

• Up to 50% Increase in Current Capability in a standard SON5x6 
Footprint

• Up to 50% Reduced Footprint Delivering Increased Power Density
– Lower Phase Count

– Less MOSFETs per phase – no need to parallel FETs

– 2 SON5x6 MOSFETs Replaced by 1

• Ability to Upgrade Existing SON5x6 Designs as Current Requirements 
Increase without a PCB Change

• Better Thermal Management of the end System as can control amount 
of Power Dissipated into the PCB with Dual Sided Cooling



Buck Control Switch
Noise Control

• Turn On of Control 
Switch Causes 
Noise.

• Slowing the Turn 
On Reduces Noise.

• Bootstrap Resistor 
Slows Turn On but 
Not Turn Off.

Gate
Driver
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RSink

G
D

S
CGS

CGD

RG

CBootstrap

DBootstrap

VDrive VIN

RBootstrap
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Why Does the Switch Node Ring?

• Simple Answer:
– Parasitics form L-C tank with very low resistance.

– L-C Tanks resonate when exposed to a step change.
– Switch Node is exposed to a step change at Turn_ON and Turn_OFF



The Devil is in the Details



When the MOSFET is “ON ”

• Drain Carrying Full 
Current

• Gate Voltage at Drive 
Voltage

• Parasitics:
– Drain-Source Capacitor 

& Zener Diode shorted 
by Rdson Resistor

– Lead/Trace Inductance



When the MOSFET is “OFF ”

• Drain Current = 0A

• Gate Voltage = 0V

• Parasitics
– Capacitor from Drain to 

Source
– Zener Diode Source to 

Drain
– Lead/Trace Inductors
– Gate Resistance



12V to 1.2V @ 20A 600kHz

• Base Layout
– 27.6V peak rining
– > 184ns Ring Out
– 65MHz Frequency



How High? The Math

• Current in Inductance
– Rate of charge of CSW

– When VSW = VIN

• Energy Transfers to Capacitor
– Peak Voltage when IIND = 0A

• Assume No Loss
– EIND = ECAP

• What can we learn?
– Faster Switching = More 

Ringing
– Reduce Inductance

– Reduce Capacitance
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How Can We Reduce Ringing?

• Slow the Switch Node
– IL = C dV/dt

• Reduces Energy – Can improve efficiency (to a point)

– Add Resistors
• Boot Strap – Only slows Rising Edge

– Don’t Starve Boot Voltage!
– 1Ω – 3.3Ω typically

• Gate Drive – Slows both Rising & Falling
– Can Interfere with dead-time sensing
– Avoid if possible.  2Ω Max if necessary

• Switching Node – Slows Falling or Rising & Falling
– Falling Only if Boot Cap return on IC side of resistor
– Can also protect IC from negative voltage damage



Conclusions

• MOSFET & Board Parasitics Ring
– Ringing will Generate EMI
– Ringing is not a MOSFET Failure concern

• Ringing could contribute to failure of other devices.

• Ringing Can be Reduced
– Layout, Layout, Layout – Inductive Loops
– Small, High Frequency Bypass Caps
– Boot Strap Resistors
– Snubbers
– Clamping Diodes



Shoot Through – Very Bad

• Shoot Through is when the Control Switch and Rectifier Switch are 
Both turned on at the Same Time.
– Shoot Through allows an uncontrolled amount of energy to be dissipated 

in the MOSFETs.

• How to Prevent Shoot Through:
– Low QG – Rectifier Switch turns off fast.
– Low QGD/QGS – Stops dV/dt turn on.

VGS

VDSVGS

VDS

Rectifier Switch Waveforms
High QG

Low QG

High QGD/QGS`

Low QGD/QGS

TI has the Lowest QG
and QGD/QGS.
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More on Shoot Through

• Control Switch Turn On makes Voltage rise on the Low 
Side Switch.

• dV/dt is coupled into the Gate
– CGD pulls the Gate up.
– CGS holds the Gate off.
– Voltage Spike measured Outside Package is Much Smaller than 

Actual Voltage on Chip

• C≈Q, Low QGD/QGS Prevents Shoot Through.

G

D

S

CGS

CGD +
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VDS
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RGRsink (drive)

LG

LS
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Optimized Layout for NexFETs

3 x 3 SON Layout

5 x 6 SON Layout

VIN

Noisy
Switch
Node

VOUT

GND VIN GND

Noisy
Switch
Node VOUT

HS-FET

LS-FET



NEW

Power Block   &  Power Stage
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Definition of TI Product Terms

Power Block
•Optimized Control FET
•Optimized Sync FET

Power Stage
•Optimized Control FET
•Optimized Sync FET
•Optimized Driver IC

Products start to become Switching Functions
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Game Changing Performance
CSD86350Q5D
NexFETTM Power Block for Discrete FET Replacement

• 90% @ 25A, 500kHz, VIN 12V, VOUT 1.3V

• 93% Peak Efficiency @ 12 – 15A

• 5x6 QFN Outline

• Layout Optimized

VIN

TI Driver

BG

VSW

GNDTG

TGR

VIN

VOUT

Ease of placement of input caps

Flexibility to use TI any driver
High side low impedance 

gate drive path

Minimal source inductance
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CSD86350Q5D – Cross-sectional View

Gen 2 Silicon Improvements
• Reduced Resistance

• Optimized for Low Gate Drive

• Reduced Qrr 
• Minimal Source Inductance

Gen 2 Packaging Improvements
• Increased Power Density

• Reduced parasitics

Improved overall Switching Function

TI Confidential - NDA Restrictions
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Control

FET

Sync

FET

Input 

Supply

LO

IL
CO

Load

Driver

CINPUT

Switch 

Node

CESR
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Driver

LDRAIN
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CTOTAL

Power Block – Next generation NexFETTM

X

X

X

A significant step in reducing package parasitics.

VIN  / 
Cu Clip

High Side Die / 
Control FET

Low Side Die / 
Sync FET

GND / 
Cu Lead frame / 

PAD

VSW / 
Cu Clip

Power Block

Minimized by
Copper Clip



Control FET Switching Waveforms

CSD86350Q5DCompetitor

≈≈≈≈ 35% 
Reduction
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CSD86350Q5D

CSD16404x1 CSD16321x1

90% Efficiency @ 25A

TI Confidential - NDA Restrictions

Solution

Resistance @ 4.5V

High Side Low Side

CSD86350Q5D 5.0mΩ 2.1mΩ

CSD16404Q5A/
CSD16321Q5

5.7mΩ 2.1mΩ
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Up to 40A Capable in a Single 5x6 Outline!!

TI Confidential - NDA Restrictions
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Double Frequency Same Efficiency

TI Confidential - NDA Restrictions
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Power Block Delivers –
Size, Cost, Ease of Use & Efficiency

• >90% High Current Converter Designs
• 1-2% Efficiency Gain vs Benchmark Competition Discretes
• ½ PCB area vs Discretes – up to 30mm2 saved
• Layout Simplification – power optimized, standardized footprint
• Increased Frequency Capability – 35% faster switching
• Cost Effective Solution – Minimal Material Content
• Flexibility – High Performance Small Solution with any IC
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Power Block 3x3 – Up to 15A in 9mm 2

CSD86330Q3D
NexFET Power Block for Discrete FET Replacement

• >90% @ 15A, 500kHz, VIN 12V, VOUT 1.3V

• 94% Peak Efficiency

• 3x3 QFN Outline

• Layout Optimized

• Sampling Q3 CY10

TI Confidential - NDA Restrictions

VIN

TI Driver

BG

VSW

GNDTG

TGR

VIN

VOUT

Higher 
Density

30mm2 Multichip Regulator

9mm2 Controller + 
30mm2 5x6 Dual FET

OR

9mm2 Controller + 
10mm2 3x3 Powerblock
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Power Stage – CSD96370Q5M

• 91% @ 25A, 500kHz, VIN 12V, VOUT 1.3V, LOUT 300nH

• 5x6 QFN Outline

• Patent pending

• Samples Q3 CY10

VIN

TI Controller

GND

VIN

VOUT

Ease of placement of input caps

VSW

New Benchmark for a Switching Function

Ease of PCB 
Layout Design

GND
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CSD96370Q5M

CSD86350Q5D

CSD16404x1 CSD16321x1

Power Block and Power Stage Efficiency
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Power Block solves the cooling / EMI challenge

TG
TGR

BG

VSW

VIN

PGND

Solution with Power Block

• Cooling PAD is noise free ,
SOURCE of the Sync FET

• Noisy Switch Node not used 
for cooling, 
Switch Node copper area can 
be minimized. 

Solution with 2 separate FETs or dual FETs

• DRAINs of both FETs needs cooling. 
DRAIN of  Sync FET is noisy switch node, 
needing maximized copper area
on board for cooling !!!

Power Block



0.53 Sq In
35% Reduction!20A Power Stage

5 x 6 SON FETs0.83 Sq In

20A Power Stage
Power Block FET

Power Block uses 
GROUND for cooling !

Area for switch 
node reduced 
(lower EMI)

CSD86350 Power Block saves space / eases EMI



Thank You!


