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Presenter
Presentation Notes
Multitest contactor group has spent significant time and energy attempting to understand the inductance environment of the contactor.  We know that the inductance is not just a constant value that you can apply to a single probe.  We understand that it depends on the pitch of the device, and the ground locations. So we can quantify the inductance environment through the contactor, but the question that remains is what value of inductance is required for a specific application? As it turns out this is a difficult question to answer, but here we wanted to provide a high level introduction to the way the inductance requirement is determined.


Agenda SAN JOSE

e Introduction to Power Delivery Network (PDN)
e Defining the Required Impedance

e Optimizing the Contactor

e Contactor Example
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Presentation Notes
First I will show you the power delivery network inside a semiconductor test environment.  There are multiple areas of focus inside this environment and each must be considered at different frequency ranges

Next with the help of Industry experts like Eric Bogatin and Howard Johnson I will introduce a simple way to calculate the required impedance of the power delivery network. 

After the general concept it defined, we will show you some ways to reduce the inductance of the contactor by modifying the ground return path

Finally I will end by showing an example that uses an actual DDR3 device pinout and reduces the inductance to meet the impedance requirements across the required frequency band. 
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Introduction to the Power Delivery Network SAN JOSE
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e Goal of Power Delivery Network (PDN) ¢ Challenges of Semiconductor Test
— Provide constant voltage to DUT in Environment

high dV/dt environment — Fast switching
e Requirement of PDN — Dense signals
— Maintain low impedance path — Limited space for decoupling
from tester to DUT across all — Cost — Capacitors, Material,
frequencies Contactor
Tester | Contactor

e
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Device Interface Board  IC Device (DUT)
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Ok from a high level lets consider the Power delivery network and its purpose.  The goal of the power delivery network is to source voltage/current from the tester to the device under test. It is more difficult that it sounds.  The power must be stable and clean. This creates design challenges because the device is constantly requiring different levels of current. 

If the device load switches quickly the power source has a difficult time keeping up with the demand.  To maximize the efficiency of the power delivery network we must design it to have an impedance low enough so the power supply can compensate for changing loads of the device.

Think of all the switching that occurs inside any digital device each switch draws current.  Many transistors switching together draws significant levels of current all at once.

Dense signals create a noisy environment that can lead to fluctuations in the ground reference if not properly decoupled.

Simply stated the more decoupling capacitors in parallel the lower the impedance so the more space the better, unfortunately space is a premium in the test enviornment.

Finally the cost.  Lower impedance comes at a cost.  There are a multitute of ways to reduce the impedance of the test environment, different capacitors, more space, more power/ground device i/os, All these come at an associated cost, so it is imporatant not to overdesign as it can lead to wasted resources.
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Introduction to the Power Delivery Network SAN JOSE

 Power nets are transmission lines similar to signal nets
— Optimal impedance of power nets is 0 Q (instead of 50 Q)

— Low impedance - constant voltage
L
Z =+ (7) << 50

e |nductance increases impedance and limits response
time of power supply

e Capacitance reduces impedance and improves response
time of power supply
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So how does the power delivery network compare and contrast with the high speed signal lines inside the test environment?
The same theory applies. They are both tranmission lines and there is an associated optimal impedance of both signal lines and power delivery nets.  The power planes and signal traces relate to the ground planes to create an impedance.  The major difference is that the optimal impedance is different for power nets.
The goal is now not to provide a 50 ohm impedance environment, but to minimize the impedance.  Get it as close to zero as possible.

This provides the least resistance to current flow and allows the power source to react to the change in load instantaneously.  You will always have the power you need at the device. Wouldn’t that be nice.  

As you can see here the impedance equation includes the inductance and the capacitance associated with the power delivery network.  

As the inductance increases the impedance increases and as a result the response time of the power supply slows.
Lower the inductance and you increase the response time

The capacitance has the oposite impact. As you increase the capacitance the impedance drops and the response time decreases.

This suggests you want the lowest inductance and highest capacitance possible.  However these two characteristics and not mutually exclusive. 
There is a relationship that limits the impedance. Higher capacitance levels typically lead to more inductance. We will see this impact in a couple slides.


Path of Power Delivery Network
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Now lets look at the physical path that makes up the power delivery network.  At the top is a simplified schematic of the power delivery network.
The components that impact the impedance of the path are described as inductors and capacitors.
First is the VRM or the Voltage Regulator Modules, or the Power Supply.  Next are the Bulk decopuling capacitors, then the decoupling capacitors, the planes of the pcb, the socket and finally the package and die.

From right to left of this schematic the capacitance and inductance values decrease as seen from the device.  As the frequency increases less and less of the circuit has any impact of the quality of the power delivery network.  We will next define those regions.


Impedance Profile of PDN 5&1\1}(}5}3

VRM/CABLING  BULK  PLANES DECOUPLING PLANES SOCKET PACKAGE DIE Reglons

Power supply wiring (sub 500kHz)

2. Bulk capacitors (500kHz - 10MHz)

3. Decoupling caps (1MHz - 100MHz)

4. Power planes (100MHz - 300MHz)

5. On die decoupling (300MHz+)

Aggregate Response

.-_'.’T;'U[tIfQSf ***Adapted from “High-Speed Digital Design”, Howard Johnson, 1993, p277.
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Here we see that the board and contactor combination have an impact up to approximately 300 MHz.  Any frequencies higher than this are handled by the package and die decoupling.  

Power supply decoupling handles the lowest frequency range. The capacitance is high but thes power supply is a long distance from the device. The inductance of this path limits the frequncy range of power supply decoupling
�Next is the Bulk capacitors on the board.  They take over were the power supply impedance reaches the limit.
They are on board and have high capacitance but again are a significant distance from the device and have high inductance packages

Then we have the decoupling capacitors. The are the closest descrete capacitor components to the device in the test equipment.  

It is interesting to note that the decoupling capacitor impedance is limited by the socket inductance. The structures between the decoupling capacitors and the device includes vias, planes, and socket.

Frequencies above 100MHz are decoupled through the power ground plance capacitance.  However this is only applicable to approximately 300MHz.  

As stated previously any frequencies above this level are decoupled on chip.



Real Capacitors and ESL SAN JOSE
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e I|deal capacitors have no resonance point
* Real capacitors become inductors above resonance point

e Equivalent Series Inductance (ESL) limits the useful frequency range
of capacitors

Capacitor Impedance Id?al Real
10 i
£
S 1
g 1
3
a
£
— Ideal Capacitor
—Real Capacitor L
A -
A 1

Frequency (GHz) i
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One point to clarify before we move on.  The previous slide showed a plot of the system level impedance. We will look at this system level impedance in the following examples so it is important to understand what is being ploted.

We are really looking at the impact of the capacitance and inductance of each of the 5 regions in the last slide.  If each region only had a capacitance value it would look like the red line plotted here.  The higher the frequency the lower the impedance it would have.  However as the frequency increases the inductance takes over and a real capacitor starts looking like and inductor.  This increases the impedance as seen in the blue plot of a real capacitor.

The ESL is simply the inductance of the structure as seen from the device.  This includes not only the decoupling capacitor inductance, but the inductance from all structures between the capacitor and the device. Hense the name Equivalent Series Inductance.


Decoupling Capacitor Loop AN JOSE
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DECOUPLING PLANES SOCKET PACKAGE DIE

Die/Package

Contactor
DUT Vias
Plane

Al S

Vias/Capacitor

EmUZtlej% ***Adapted from “Best Board Design Practices for PDN”, Eric Bogatin, 2006.
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So lets look closer at the decoupling capacitor part of the power delivery network. This is were the majority of on board decoupling occurs and it is the circuit which is impacted by the socket inductance.

There are five independent structures here we will consider.
1 package and die
2 contactor or socket
3 the DUT vias
4 the power ground net from the DUT vias to the deocoupling capacitor vias
5 the decoupling capacitor vias pads, and the capacitor characteristics



Defining the Required Impedance SAN JOSE

 Required impedance is application specific
— Every device has its own unique current profile

— Difficult to apply a standard to PDN design
e Device specification dependent

— Impedance calculated from datasheet specifications

e Various methods based on:
— Maximum transient currents
— Maximum power consumption
— Simulated IC models
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Ok now for the most challenging part of power integrity analysis.  Defining what value of impedance is necessary across the frequency ranges of the signals in the device.

This is difficult because it is application specific. Unlike Signal integrity analysis where standards can be created and used generically across various platforms, every device has a unique power profile.  Standards cannot be defined.  To be most efficient each test interface designed should be specifically analysed based on the devices unique power profile.  

This is not exactly practical so most engineers attempt to make the PDN as low impedance as possible. This leads to overdesign and excess expense, but many companies expect this cost and live with it.

Today powerful simulation tools allow more efficient design and higher frequency more dense devices require more attention to the PDN.

Here we make some assumptions based on the device datasheet to define the required impedance.  There are multiple methods to analyse the PDN and various assumptions that go along with each.  
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Impedance Derivation Method SAN JOSE
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e Use device datasheet information to derive
impedance value

— Estimate based on maximum transient current

— Zgequirep = Voo X RIPPLE(%) / lrgansient
(Assume Irgansient = 0-5 X lygax)

— Znequiren = 5V X 0.05 /(0.5 x 0.5A)

_ ZREQUIRED =1Q Absolute Maximum Ratings
Supply Voltage 5 W
Power Control Voltage (Vrec) 3.3 W
O Supply Current SO0 A
nput RF Power +5 dBm
Cperating Ambient Temperature -40 o +85 "C
Storage Ternperature -4 ta +150 "

Y multitest
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Here is an excerpt from a device datasheet.  It describes the supply voltage and current.  We assume the allowable voltage ripple for the supply voltage is 5%.  This is typical for most semiconductor devices.  
Then we assume the highest transient current is going to be 1 half the maximum current level.
Making these assumptions we can calculate the required impedance of the PDN to be 1 Ohm.

Note what to look for on a datasheet to determine if impedance will be low.  This is a simple V=IR relationship. Low voltage and high current will lead to a low imedance requirement.



Impedance Derivation Method SAN JOSE
e Decoupling capacitors * Number of Caps
— ~.5nH (14%), 0.01uF — N> 271 x Fyax X (ESL/Zgeq)

— Power plane ~ 128pH/sqin (3%)
, .225nF/sqin

— DUT Vias ~ 300pH (8%)

— Capacitor vias ~ 338pH (9%) WW%
J

DECOUPLING PLANES SOCKET PACKAGE DIE

Socket

— ~ 1.5nH/probe pair (40%), 1pF
e Package

— ~1nH/lead pair (26%), 250pF

-
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Alright. Lets use that impedance target and determine the number of capacitors required to meet it.
First lets define the values for the capacitance and inductance of each individual structure in the the decoupling capacitor network.
Here we pay particular attention to the inductance values as they will combine to create the ESL of the network and limit the frequency range of signals that can be decoupled. 
A low inductance decoupling capacitor will have approximately 0.5nH inductance.  The power ground planes will create approximately 128pH per square inch. The DUT and capacitor vias will account for ~650pH inductance.

Notice the significant percentage of the socket inductance.  A standard socket having 1.5nH inductance is 40% of the ESL of this network. 

Finally there is the package inductance that adds an additional 1nH per power/ground lead pair.

We add all these inductance values together to get the ESL and use an equation based on the maximum frequency that can be decoupled by the board (300 MHz).


Impedance Profile of Decoupling Loop  SAN JOSE
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e Original impedance profile e
e QFN package with one power pin (" Jontiew A

VBIAS 1 [==——-- ': 8 VPOS
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PORT . D D IN2 :Exposed Pad: rout
iéu b IDipackagel Igzioilzgeté Igz?igge;{ NC 3 | | 6 NC
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ID=package
R=0.010

RES
ID=plans
R=0.0293

Impedance of decoupling cap loop
100
RES
CAD CAP o1
ID=package ID=sockeb ID=plans R=0 ohm
=260 pF c=1 pF | C=225 pF 10
P 8 J‘
o
— — — I=
B B 3
2 1
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D=1 E v
C=1000T pF
A
.01
001 .01 A 1 10
Frequency (GHz)
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We just defined the impedance target for this particular device and we determined the values of inductance and capacitance for each component within the path from the device to the decoupling capacitor.

Using the values defined in our schematic for the PDN we get the impedance profile found in the lower right plot.  You can see that the target is violated at below less than 100 MHz.  So what do we do about this.  



o

How to Optimize the Impedance Profile

SAN JOSE

 Must consider physical limitations of semiconductor test

environment

Tl

 Distance to Cap
 (Contactor
e Number of capacitors

¥ nmultitest

Capacitor via
location/quantity

Via diameter
Power plane layer
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There are many things that can be done, but the physical limitations of the test envrionment must be considered when deciding how to reduce the impedance of the PDN

We can reduce the distance from the device to the capacitor, but this may be limited by the board space available, the contactor/stiffener hardware, the board thickness etc.

We can add capacitor vias in parallel to reduce the ESL, but this cannot be done once the board hardware is fabricated.

We can increase the via diameters to reduce the inductance, but they are limited by the device pitch and the diameter of the cap vias is overwhelmed by the distance between them.

The bigest impact comes from attacking those structures with the biggest ESL’s.

This can be done by changing the contactor and adding capacitors in parallel.


How to Optimize the Impedance Profile  SAN JOSE
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 Minimize loop inductance E—
— Use short, low inductance contactor j j
— Minimize area of current loops jﬂ—mﬁ L H

e Use low ESL capacitors
* Place power/ground vias as close to each other as possible
* Place bypass capacitors as close to DUT as possible

— Maximize width of conductors
* Wide traces, wide planes

— Minimize spacing between ground and power planes

— Use multiple parallel paths, pairs of vias, pairs of planes

— Alternate polarity of capacitors

¥ nmultitest
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In general here is a list of what can be done to reduce the impedance of the PDN

Use low inductance socket
Minimize the current loop by using thin power ground cores, placing caps as close to dut as possibl, and minimzing ESL of capacitors

Other things that should be considered are Maximizing the plane width. 
Sometimes multiple power supplies require splitting the power planes – make sure not to neck down the power plane between the cap and the DUT array, this would increase the power plane inductance

Use multiple paralles paths (capacitors) multiple vias, multiple power ground plane pairs.
Alternate the polarity of the capacitors to power ground coupling regions between caps.


Optimized Impedance Profile SAN JOSE
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e Modifications
— Added capacitors
— Used low inductance contactor

Impedance of decoupling cap loop
100
10
8 )
[ =
o
2 1
[= %
£
A
01
.001 .01 A 1 10
Frequency (GHz)
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So lets see how applying a couple concepts improves the power delivery network. 
Here we are looking at a redesigned PDN for the QFN device we saw eariler.  Notice we have reduced the impedance below the target value.
We did this by adding parallel capacitors and using a lower inductance socket.
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Optimizing the Contactor SAN JOSE
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e Contactor impact on the PDN
— Lifts device from ground plane of PCB
— Adds inductance to decoupling loop

e Actual contactor inductance values

— Always use loop inductance, not self inductance
— Changes with pitch of device, length/width of probe, ground locations

e Reducing contactor inductance
— Optimize package 1/0O configuration
— Use short, fat probes

— Use coaxial sockets if possible

Y multitest
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Lets look closer at the socket/contactor.
The reason there is a significant impact from this socket is that it lifts the device from the PCB ground plane.  Reducing the ground reference from a plane to a few contacotr pins significantly increases the inductance.

A common misconception in the test industry is that a contactor inductance is the inductance of a single probe and that it can be added like inductors in parallel.  This is not the case. The inductance through the socket has everything to do with the size of the loop from the power probes to the ground probes. Length, diameter and gorund probe location impacts the inductance.
You cannot apply datasheet values unless the power ground probe configuration matches the typical GSG config used in the datasheets of contactors.
That being stated there are ways to minimize the inductance added by the socket.
Use paralles p/g i/o config
Use short probes
Use coaxial contactors.


Optimizing the Contactor SAN JOSE
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e Reducing contactor inductance (continued...)
— Place ground pins close to signal pins, on perimeter of ground pad

— Excessive ground probes in center of ground array will provide little or
no benefit to lower loop inductance while adding cost

GROUND
PROBES ‘© ECT
‘ .

ZTOI0N, ©
D r. 'Y Y .1 | g@ &
= o A= 7o
) |e ol C 8
g : ooe0e : g Z .
\ ﬂ ﬂ ﬂ ﬂ ﬂ ﬂ / \ GEMOSO-0048R106
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Arrange ground probes around periphery of the contactor


Optimizing the Contactor SAN JOSE
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e Reducing contactor inductance (continued...)
— Use ground slug
— Signal will couple to nearest conductor
— Ground slug brings conductor close to lead
— Improves performance through contactor
— May also improve performance through device

Loop Size Reduced|

¥ multitest
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Add a ground slug to the contactor.


Example: Contactor Inductance
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Impedance environment using different contactor solutions

e Comparing contactor inductance in a BGA

VDD1 Simulation Models
CSP080

@ Power pins
[ 1 T 2 T 3 T & Jslel[z] 8 [ o [ 10 Tl @ Ground pins

% Cwe T we 1] [ we ] [we ] [ nc NC | GEMO040
c| [me [ we | | ne | [ ne | [ mc NC |
o]
€| .
L F| [ e vss VDD NC nc vss VDD NC | [ A
G | VsS v§SQ DOo oM vssa | vooo | B |
M| vooa | Doz Dos DQ1 D03 vssa lc |
| J | VSSQ NC Dast VDD VSS VssQ | o |
K| VREFDQ | vDDO NC NC NC voDQ L€ |
L NC vss RASY cK vss NC =
n oot VDD CAs# CKe VDD CKE |6 |
N NC cst | wEs At04p | z0 NC [ H ] DDR3 - VDD1 - Inductance
P vss BAD BAZ A15 | VREFCA | Vss [ 3
R VDD A3 AD A12BCE | BA1 VDD | K |
T Vss AS A2 At Y] vss L 25
LU VDD AT A9 A1 MG VDD | M _ — C3P080 (nH)
v | [ e vss | RESETE | A13 A14 AS vss Ne | [ N] L 2 — GEMO4O (nH)
| W — — g s
LY | VDD1/VDDQ1 VYDD2/VDDQ2 g
aal | we | we | | we | NC | S NC | 3
m =
lac| [ nc NC NC NC NC NC |

1 2 3 i|s]s 7 8 9 0%
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As an example lets look at a DDR application that uses two different socket types.
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CSP080 - Imp edance of decoupling cap

loop
0 A /
i)
=]
=
]
o
£

oo o1 1 1 10
Frequency (GHz)

* \oltage
e 1.5V
* Max Frequency
e 1066MHz
e Max current

Impedance of decoupling cap loop

e 400mA /
e Impedance required 488 v
e 5Q

Freguency (GHz)
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Here we can see that by applying our target impedance calculations and ploting the impedance profile with each socket the better solution is the lower inductance socket solution.


Conclusions SAN JOSE

e Power Delivery Network Design is complicated
e Devices have unique impedance profile requirements

 Most difficult tasks are to define target impedance and model
PDN accurately

e Vias, PCB, contactor, package all play a role in the PDN

 Understanding how each component impacts the overall
performance of the PDN is required to design a quality system

e With a lot of manual work or high power simulation tools you
can save cost by designing your PDN to match the device
requirements

Y multitest
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