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This project began in June, 2012 and has proceeded for the past 6 months until the prédisént.
scheduled to be completed in May, 2013 he objective of the project is to develop methods and
electronics for teting multtGHzdigital components (such as DDRmories), using loweost methods

based on statef-the-art field programmable gate arrays (FPGASs). A further objective is to incorporate
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(performance) in order to optimize the quality of the test signals. Therefore this project seeks to realize

two major benefits as compared to traditional testing methods: (1)elot@st equipment cost and (2)
improvedtest signal quality(especially for higispeed signals). This report describes the activities and
preliminary results obtained during the first six months of this project.

Objectives

(1) Develop an approach for testing muttiHz digital components, using l@med FPGAs and
minimal additional electronics components.

(2) Incorporate seHadaptive capabilities that allow the test electronics to monitor its own
performance, and to adapt its characteristics so as to optimize the test signal quality.

Approach

Our approacho solving this problem is based on the realization that FPGA technology has progressed
dramatically in the recent several years, to the point where in many ways it has become a leader of the
technology. Today FPGAs are available that utilize 28nm CM®&otegy and support /O rates of
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for these new FPGAs. Furthermotige cost of FPGASs is very low as compared with custom electronics,
assuming lowolume applications such as ATE. Of course FPGAs have always had the significant
advantage of rgprogrammability, so that design changes and improvements can be realized without
incurring significant réabrication costs. Therefe our main focus is tteverage these features of state
of-the-art FPGAs in order to create a lawst, but highperformance test system.

However advanced and capable the FPGAs may be, we recognize that (1) they too have limitations and
that (2) we may need additional circuitry thieve the performance targets for testing. Furthermore,

we realize (3) that some modifications to traditional test strategies might be needed in order to enable
full utilization of FPGA technology for testing, and (4) that significant performancecgairze obtained

by innovative techniques for setfionitoring andself-correcting test signals.



With these issues in mind, vwaslopt the following in our approach:

(1) Select an appropriate FPGA, based upon leading (yet available) technology.
(2) Determine the capailities and limitations of the FPGA with respect to the testing application.
(3) Complement the FPGA features with additional (but minimal) circuitry in order to realize the
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(4) Selectivelyenhance the PE to provide difie and online selfmonitoring and
correction/optimization capabilities for improved test signal performance.

Our project, therefore, includes the following tasks:

(1) FPGA evaluation and selection

(2) Pin electronics design, protgpe, evaluation

(3) Test module electronics systelavel design and integration

(4) Development of selmonitoring/optimizing enhancements

(5) Incorporation ofcontrol and analysis algorithms (working with Prof. Chatterjee et al)

(6) Characterization and demonstraton@®fK S (1SaG aeaisSyQa OF LI oAt AGASE

Summary of Activities and Results

(1) FPGA evaluation and selectigseealso Appendix A)

In our proposal for this project we identified the Xilinx Virle¥PGA as a good candidate for use in this
application. Therefore, early in the project we more carefully reviewed this possibility. We quickly

found that, while the technology was very ahced,it appeared to be difficult to obtain. We found

very limited (if any) availability of these FPGAs from standard component suppliers. Mostly it appeared
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configuratiors, it appeared that only a very small subset was actually in production and/or otherwise
available. In all cases the prices for Virt@&xwere vey high (several thousand dollars per part).
Furthermore, we found that the available design documentation from Xilinx was lacking, so that it was
difficult to predict some performance aspects.

Due to the difficulties in obtaining iex-7 at the time, welooked for alternatives with the
understanding that our initial prototype efforts did not necessarily need all the features of \firte&o
initially we utilized an available Virték evaluation board that we had obtained during the previous
project with Samsung. Virte& has many similar functional features as Viffexexcept that it is built
using the older 40nm process (a bit slower, and tsmsse). So, we were able to experiment with the
virtex-6 and gain an understanding of how it or vidéxoud be used for our application.

About the same time that we decided to try virtéxwe also found that Xilinx offea product similar to
Virtex-7 called Kintex7, which is based on the same 28nm process. The main difference that we saw
between Virtex7 and Kintex7 was that the Kintex product line wasore readilyavailable in smaller
packages with fewer 1/0O and somewhat lower gataint, at lower cost Fran the initial specs, it looked



like Kintex7 had a good combination of features suitable for ownjpct. The fact that it was closely
related to Virtex7 meant that we would have a convenient development path (to VifeX we chose
Kintex7 for our initial prototype efforts. At the time (July, 2012) we did find Kilt@omponents were
availablethrough suppliers, andilso an evaluation boartvas available. Therefore, we decideul
choose the kintext FPGAor our initial prototype development, while leveragisgme work with the
Virtex-6 and leaving open the possibility of migrating to Vister the future.

After first working with the VirteX6 evaluation board, we obtained the kint@xevaluation board and

performed several experiments to determine and/or verify its performance. In almost all respects we

found that the part performed extremglwell and was well suited to our application. There were some

minor anomalies noted, but none that would significantly impact our progr&miilar to the Virtexs,

some documentation was lackinyVe have attached examples of measurements made on ithie7

in Appendix Ap ¢tKSaS YSIFadaNBYSyda 3IF@3S dza (GKS dzyRSNEG I
needed to confirm its selection for this project.

The evaluation of the Kintex FPGA is summarized as follows &ppendix Afor more details):

The @'X transmitters worked exceptionally well at 3.2Gbps, and very well up-12 I8bps.
Overall signal quality was remarkably good up tel20Gbps

Min/Max singleendedswing was measured a440m\~620mVwith ~50mV resolution
Jitter was measured at 121ps peakto-peak at BER=T0

QuadPLL works best at higher frequencies (>6Ghps)

RiséFall times were ~4f@s (2080%)

=A =4 =4 =4 -4 4

Figure 1¢ Kintex7 Evaluation (photod Shown connected to PE Proto#1. Lab equipment used for
evaluation includes Agilent 86100c Oscilloscope and Agilent 81133a signal generator.



(2) Pin electronics design and prototype #deealsoAppendix B)

In parallel with the evaluation of Virte& andKintex7, we began developing initial designs for the PE
that would be needed to suppothese FPGAs for signal generation and capture and for the added self
monitoring functions. The first prototype design was built using standard FR4 PCB material with
standard layout approaches, and without fully optimizing all design features. The purpose of this
prototype was mainly to validate our choice of components and to check for unforeseen problems in the
basic design. In fact, we ended up spending a gooduatnaf time using this prototype to characterize

the individual components (especially the Driver IC). We did this beyond the level that was planned, and
to the point where we realized that these measurements were limited by the materials and layout
detais of the PCB hardware, as well as some minor design de&dswhile the initial measurements
looked very promising, we decided that a second (improved) prototype was needed in order to make
sure that we fully understood the PE capabilities (see thg section).

The first PE prototype included the basic PE functions of Driver and Compare, but also some enhanced

PE features such as Driver e/ LK aA & O2y G NRft | y'Rparhllel doinpatat@rias ¢ &l YL
undersampling, eyemonitoring, calibratio, and diagnostics). At the time its design, we assumed that

the general test channel would be (a) bidirectional, and (b) siegted (as opposed to differential).

There were two competing scenarios regarding the transmission line connection to/frenDUiT,

namely (1) Singlransmission line, and (2) dunsmission line. The dual transmission line has a
significant disadvantage in that it greatly complicates the test/DUT interface. There is also the question

2F GKS aailidzoé S mInfsan lingskcEnNGst tolthé BUTIpia. 2ThdiabMantage to the dual
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found using the singlransmission line approachLater (at the Intl Test Conf Movember) we found a

variation of the singleéi NI yaYA aairzy €AyS | LIWINRFOK OFffSR aaAyYd
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the dual transmission linemethod. Therefore,we have been concentrating on the single transmission

line approach since then, while keeping the dlirsé¢ approach as a baalp.

We also found that the Xilinx Kintex or Virtex FPGAs do not provide a convenient was to adjust skew o

the transmitters over a moderately large range (several nanoseconds is needed). Therefore, a

programmable delay IC was included in the PE design to allow us to control the Driver signal timing. The
same IC was used to program the shaekasnpler clock pase, to a resolution of 5ps.

A summary of key features for the PE Proto#1 components is as follows:

Driver ¢ The Driver must be able to handle I/O rates of at least 3.2Gbps without significant distortion. It
must have a programmable output swing of ~100m0 ~1.5V andbout 1.5V DC offset range. It must

not add significant jitter (<1ps RMS, <10ps DDJ). In addition to these basic properties, the device must
have a small footprint (<1cf)) and not dissipate too much power (<1Watt). These properties are
needed in order to allow for highensity (high pircount) interfaces. Later we added the requirement

that the Driver provide differential output signal§equired for implementing the simultaneous
bidirectional signaling method)Other features that aralesirable include: premphasis control, jitter



injection, pulsewidth distortion adjustment, rise/fall time adjustment, and lesost (although the
Driver IC cost is hot a major concerihjeeting all the requirementand many of the desired features is
the Micrel SY58626 device, which we have tentatively selected for this projdtich of the
measurement activity shown iAppendix Bwas devoted to checking the Driver performance while
embedded in a typical PE configtion that included a power splitter, two comparators, and typical
transmission lines to SMA connectors.

Primary Comparatoc ¢ KS at NAYF NBEé O2YLI NI 02NJ A& daAaSR Ay {(KS
it based upon a usedefined threshold voltageand to produce futswing differential output to the

FPGA GTX receivers (RX). Therefore this comparator must be able to operate witbrsindlénput

signals and produce fulifferential outputs for the FPGAL i Y dzad 2LISNI 4SS Aeg GG NI Y
without clocking. It further must be very sensitive to small (<50mV) sirggided input signals, while

supporting ~10GHz bandwiddmd low jitter. It must be small (~3x3mmand dissipate minimal power
(<100mW). Meeting these needs is the Hittite HIMIE, which we have chosen for the project.

{ SO2YRINEB 06 d{ KI &mhig device is As¥d_fisr dddsardphtily the DUT response signal in
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additionally requies lowjitter clock input(s) for latching the sampled data bit. We found that the Hittite
HMC874 device works well for this component.

Delay IC¢ This device must have a resolution of ~5ps or less, and support a range of at least a few
nanoseconds. Likide other components, it must be small, lesost, lowjitter, low-power. We found
that the Micrel SY89297 device satisfied these needs.

The evaluation of the initial prototype is summarized as follows fggEendix Bfor more details):

1 When evaluated segrately, the Driver IC performed well at 3.2Gbps and even up to 6.4Gbps (its
spec). However, some signal degradation was noted due to the lossy FR4, the SMA launch, and
especially the power splitter.

1 When the power splitter was configured to connect toethComparators, we rnied
degradation of thesignal.

T 2S KFIR NBOMdINNAY3I LINRPoO6fSYada 6A0GK 620K GKS WecTn |
input protection circuits to powesupply biasing sequence (NOT specified by Hittite). This
actually cost dot of time since we had to remove and replace these parts several times during
the course of our development and evaluation. We also had numerous conversationa with
Hittite applications engineerabout this problem, in which we started to get a better
understanding of the problem. However, it is still not completely resolved. We now suspect
that the parts are being damaged during the powsr or power down sequence. We are now
taking steps to further protect the inputs against these conditions.
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Figure 2¢ PE Protg; Circuit Diagranfsee Apendix Bfor detailed diagram
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FPGAbased MulttGbpsSeltmonitoring PinElectronics Evaluation Board

v 4
AL | ""'“‘“"' LIAfE Note: This is a prototype,

'i '"‘i ‘] for initial evaluation only.
(FR4 material, etc)

Figure 4¢ PE Proto#1FR4), Photo¢ The 3 red circles highlight the Drive and two Comparators
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Figure6 ¢ PE Proto#%; Driver performance 10 Gbps; No Preemphasis

(3) Pin electronics design and prototype #2eealsoAppendix G




As noted above, during the evaluation of the initial PE prototype weadahat the full capability of the

Driver was not realized completely due to the limited desigtimization and choice of FR4 as the PCB
material. Therefore, in a second PE prototype, we improved several aspects of the design as well as
used lowloss delectrics (Rogers 4350) in the PCB filba second (improved) prototype#2 we made the
following changes:

(a) Replaced FR4 with Rogers 4350 (loss dielectric) for the outer.
(b) Improved the grounding via arrangement and pad geometry of the dalgech SMAonnector.
(c) Changed the Driver and Delay IC DC bias to better match the DUT operating range.
(d) Improved/optimized the powesplitter geometry to reduce pasitic effectsand make a better
impedance match to Z0=50 Ohmes.
(e) Replaced the ~100 Ohtransmissiorlinesto the comparators with 50 Ohms.
() Improved the power distribution and decoupling for the Driver and other ICs.
(9) Built a similar PE, except with the Dual Transmission line arrangement.
(hy! RRSR o60AlaAy3d NBaradzNAR FT2NJ 0KS Wyrtn Of201 AyL

As a result we dlained better performance and more fully realized the full capabilities of the Driver and
Comparator components. These are summarized below (seéplsendix Gor more details):

9 The Driver was demonstrated at 3.2Gbps with excellent performance.

1 The Drier was found to workverywell at 6.4Gbps (its spec), but showed a tendency for pulse
width distortion.

9 Surprisingly the Driver was able to handle signals up to 12 Gbps, with some degradation in
quality (slightly higher jitter above 10 Gbps)

 ThecomparatblBh Ff a2 @2N] SR ¢Sff dzJ 62 mnDoOLA 6WecTno
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damage of the input protection circuitry, even though the device continued tatfon it was
degraded.

9 Overall signal quality was noticeably improved (sharper edges, less overshoot, less
ringing/reflections) as compared to PE Prot#1.

9 The Driver biasing to match the DUT/Comparator range worked as expected.

9 The Driver still showed a tdency for pulsevidth distortion. We will investigate this issue and
look for a way to improve it.

1 The optimized signal splitter worked much better at matching teC#0ns, and accounts for at
least some of the observed improvement in the Driver outpunaiguality.

T ! yF2Nldzyl iSte ¢S O2yliAydzSR (G2 KI @S GNRBdzomtS 44
We strongly suspect that this is a result of sensitivity to the pewersequence. We will
continue to explore this issue. One possible solutiony ha to use additional protection
elements that keep the inputs safebjased during powedzLJ® 2S5S0@¢S |t NBFRé& R2
WYytn Of201 AylLdzias FyR AG FLIWSEFNR G2 KFGS 62N



Figure 8¢ PE Proto#2, Driver performance 10 Gbps
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Figurel0 ¢ Driver Output at 3.2Gbps witho pre-emphasis
Notice that pp jitter is 20.8ps, signal amplitude480mV.
Notice that the rising edge does not reach the upper rail.



Figure 11¢ Driver Output at 3.2Gbps witminimal pre-emphasis(60ps, 10%).
Jitter and signaamplitude are the same as in Fig.1
Notice that both rising and falling edges swing betwésanrails.

Figure 12 Driver Output at 3.2Gbps wittminimal pre-emphasis(60ps, 10%).
Expanded timescale (39ps/div).
Notice that pp Jitter is 18.2ps at-Rhits.



Figure 13; Driver Output at 3.2Gbps wittminimal pre-emphasis(60ps, 10%).
Expandedime-scale (39ps/div), and longer dad&quisition (6€khits), jitter is 24ps.
Effect of increasing premphasis duration (60ps to 100ps)

Figure 14¢ Driver Output at 3.2Gbps wittminimal pre-emphasis(60ps 10%).
Timescale (79ps/div), datacquisition(2-khits), jitter is 24.6ps.
Compare to Fig.130 see the effects of longer prmphasis duration.



Figure 15 Driver Output at 3.2Gbps witlonger pre-emphasis(100ps 10%).
Timescale (79ps/div), datacquisition (2khits), jitter is 21.1ps.
Compareo Fig.14 to see the effects of longer prmphasis duration.



(4) Test module systerevel design and integrationé a Ay¢ . 21 NR 0648SS ! LIWSYRAE

As a result of our successful evaluation of the KimdXPGA, we were confidertitwould work well in
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and up to 16 PE cards within an ATE system (specified by SEC). The Main board receives power and
control signals through several higim-count connectors near its bottom edge (see the flpdain

diagram inFig.1§. The board is divided into 4 sections, each of which supgodonnectors for PE
modules/cards. Initially we plan that each PE card will have 4 channels, so the total woGid be
channels. In this prototype design, we actually connect only 4 of these to a single KIRR&A, which

is located to the right of the board center. The other areas show that expansion to 64 I/O channels is
straightforward. The 16 PE card connestare arranged across the top of the Main Board so that each

PE card will be perpendicular to thidain Board. @Gnnections to the DUT interfackoard will be
through4 SMP connectors pointing upwards from each PE.cémdh fullyconfigured arrangement #re

will be 64 SMP blinchate connectors pointing upwards from the PE cards to the bottom side of the

DUT interface board. During the prototype evaluation we will limit this to 16 channels, maximum.
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Schematics for the Main Board have been developed and are shown in Appendix D. The layout of the
Main Board has been subcontracted, and is currently underway. Preliminary estimates are that it will be
fabricated using ~20 layers, 3mm thick, @seither blindvias or bacldrilled to avoid stubs, and using
Nelco lowloss dielectric material for the critical signal layel&§e expect the board to be fabricatan

January 2013.



(5) Design of £hannel PE card (preliminary)

Largely as a result oluo experiments with PE proto#1 and #2, we are now confident that we can build a
successful PE card with multiple channels. We will be completing the design/layout in early January, and
fabricating the PCBs around the end of January. Most of the cilitigial will be similar to the earlier
RSaA3Iyao | 26 SOSNE ¢S oAttt 0S FNNIy3IAy3a GKS OANDd
floor-plan for this card is shown in Fig.170n the bottom edge of the card is a Samtec-pddedge

mounted connetor. This will be used to connection to the Main Board for signals, grounds and power.

On the right side edgare four blindmate SMP connectors that carry the main signals to/from the DUT.

The logic design of each channel will be similar to PE Prow#?the following changes:

(a) Addition of a mechanical RF relay to allow switching between-sypgied and DC test.

(b) Substitute seriaprogrammable DACs for previous potentiometers (for Driver and Comparator
control voltages).

(c) Provide a higkeurrent DAC for antrol of the Driver D@ffset (VTerm), replacing an external
power supply input.

Mt NEGARS |y 2LJWA2Yy F2NJ AYLX SYSYdGAy3a (GKS daAiyd
0KS LINAYIFNE O2YLINFG2N 6WcTno® ¢ K Atavitheuh £ £ | £ f
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(e) Replace SMA connection to the DUT with SMP connectors.

DACs Delay Driver Relay SMP
i i Compare | Spliter  SMP§ dzf £ S a¢
i v * * * * * To/from DUT
RX1 U _'l_b<—>DUT /0 1
J—DUTI/O2
De—DUT /O 3
de—puT /04

Samtecl04-pin
Edgemount connector

Figure 17¢ 4-Channel PE Card floor plan (preliminary).

(6) Selfmonitoring/optimization enhancements




The main enabler for seW2 Yy A G 2NAY 3 Ay 2dzNJ AYyAGAlIf RSaA3dly Aa
sampler. Because this measurement element operates independently from the primary samgaer, it

be used to gather channeharacterization irdrmation even while the normal functional testing is
performed (by the primary sampler). Therefore it does not impede the normal functional test process.
On the other hand, while the primary sampler will normally sample in the middle of the data eye, the
shadow sampler can be programmed to observe the signal characteristics near theydataundaries.

This is where distortions in the signal will first occur, and is where information abostieahoperating
characteristics is available. In an extresitgiation, a failing channel can be quickly identified. However,
even slightlydegraded channels may be detected with the shadow sampler. Furthermore, since we are
not planning to implement the simultaneous bidirectional signaling approach in the shealoywler, we

will have access to other information that is hidden from the primary sampler (namely the Driver signal).
So we can use the shadowrspler to observehe Driver signal quality and the DUT signal quality, as
well as distortions from defectivehannel transmission lines. In an-tiffe mode, the shadow sampler

will facilitate TDR measurementBriver/Comparator deskew and voltage calibration, and channel
length calibration. Therefore, while the addition of a shadow sampler, at first appedusdant, in fact

it is very effective at enabling many channel characterization techniques.

The choice of the Micrel driver, with amplitude/offsebltage/phase/preemphasis adjustments also
means that we can use the shadow sampler information to coweenhance the Driver signal quality.

We have already demonstrated (in PE proto#l and #2) that a small amount -@mpleasis can
improve the signal. We are looking forward to further developing these techniques when we have the
4-channel PE cards coacted to the Main board in 2013.
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Figure 18&; Data Eye Monitoring.

(7) Introduction to new material (Januarg April 2013)




Review- During the first 6 months of the proje¢iulyDec 2012We concentrated on:
(a) Establishing the systelavel approach.
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and clock distribution.

(d) Fab, assembly, and test of two PE prototype evaluaticnitst

(e) Evaluation of Kintex7 capabilities.

(f) Preliminary development of TDR and egenitor algorithms.

(9) Initial floor plan and tofevel circuit design for a-dhannel PE card.

(h) Interim Report preparation.

Progress SummarxyDuring the la¢st 4 months (JaApril) we completed the following tasks:

(a) Completion and update of the main board design (Janu@@MPLETE
(b) Completion of the first<€hannel PE card design (Janu@®MPLETE
(c) Fab and Assembly of the main board (Febr@@MPLETE

(d) Fab and Assembly of the firsthannel PE card (FebruaGOMPLETE
(e) Debug and evaluation of the main board (Feb/MaC®OMPLETE

(f) Test of the first PE4 card (FApri- COMPLETE

(g) Develop and apply TDR and-ayenitor algorithms using the Main Board and PE4 card

(March/Aprit COMPLETE

ardy 2F GKS dGalAy o2l

OYAYOSE

0t 90

(h) Redesign the PE4 card to correctdSet error and other improvement@iarch/Aprit COMPLETE)

(i) Fab the second PE4 card (AEIODMPLETDE
(i) Assemble/Test the second PE4 card (late Ap#iragress)

(k) Test and evaluate the TDR and-ayenitor performance (April, iprogress)

() Final Report preparatioffpri-t COMPLETE

(8) Main Board design

OK



The Main Board design was comigd in January.

It was designed using ala3@r PCB stackup

configuration that supports 8 signal layers, 8 ground planes, and 4psgie power supply layers. The
dielectric was NELCO. The total designed board thickness was 3mm (about 120 neifs)s Wwhice as

KA O]
include:

= =4 =4 =4 -4 4 -8 -4

=

I a

aidl yRINR

OondncHEEDL

Xilinx Kintex7 FPGA used as a central controller
Digilent JTAG interface module
Cypress USB 2.0 interface
SMAs for clock and egRiation signals
Utility LEDs and uselefinable DIP switches
Positions for 16 Samtec 14Mn highdensity connectors (10Gbps capable)
4 populated Samtec connectofsach for supporting one of the PE4 channel cards)
Twomulti-pin connectors for providing aitiple power supplies from the host tester
Two multipin connectors for providing logic signals to/from the host tester
Auxiliary power connectors (for ben¢bp operation during prototype development)

t /.

aao !

Big.19 (TOeke 2 F

0K

A photograph of the Main Board is showrFig.20 Uodated schematics are includedAppendix Eand

GKS FTAYI f
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4x SMPs 4x SMPs 110 4x SMPs 4x SMPs 111 and J112
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| 2y
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Jol Jo2 AUX Jo3 J94 | < reiLK
GND [ (A) (B) POWER © (D) :: Di;‘_’_irbé‘go"
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VeevaEr Aux—PovE;ggi)E Modules F;(()BA
Vee3v3 ?? Veelv2
VeeN3v0 _Vcc2v5Vcclv8Vcc1v \Vcclvo Vcc2vs Coﬁﬁ:cto
T T T 1T T %
10, SampleClks/Datal USB > pg27
POWer 14, Control Bus A FPGA Ry Vee2vs
] GND Ul2etc
Bypass Kintex-7 o ang] Comesto]
Caps 8, TX[0.3x2 Ul Veevs Usetc ;96104
Cxxd yy 8, RX[0.3]x2 Pg3-11 \{\fg—l—_ ;:ﬁ;H pgl4 __IGED
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Figure 19 Main Board key features.
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Figure 20; Main Board Photograph.

After developing the schematics for the Main Board,"aparty contractor was used to perform the

layout of the 20layer board. This occurred in Novemilamuary. Then the layouts were sent to

another PCB fabrication company, which built the boards in January. Two copies were delivered to
Georgia Tech in earé  CS 6 NHzl NB & hyidt2 BPREKBASEAKFRNIGIKG] Y2al
other did not. Since we were concerned that the bddking might have damaged the vias, we chose

to try the nonbackdrilled version first. We assembled the MainaB using our irfhouse prototyping

facilities, including the mounting of the 94all FPGA, using stenpilinted solderpaste. Some photos

of this handassembly process are shownhkig.21 The irhouse hand assembly process allowed us to
incrementallybuild/test portions of the Main Board, so that each section could be checked before
proceeding. In most cases we were able to proceed from one step to the next without significant
rework. Some of the finguitch devices required some rework. We alsarfd a problem with the
LI26SN) LIAya 2F (GKS {FYUSO a201Si4x 6KAOK gSNB AydS
twice that thickness, these pins did not extend far enough through the board to allow-d$@ddring.

We eventually got good solder mpections using a very fingpped iron and a lot of heat. Otherwise,

the main board assembly/test proceeded smoothly.
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Figure 21¢ Main Board Assembly proce@b.15, 2013)



(9) PE4 (Revl) Design

Figure22illustrates one (ofour) channels inthe first (Revl) PE4 circuilt consists of a programmable
Delay chip (Ul) that takes higipeed differential data from the Xilinx Kintéxvia a SamTec mufin
connector (J1), and provides a delayed version of that data to the DO@v€U2) The Driver output

LI 3aSa GKNRBdAAK | NBaAaAdGA@BS aGaLXt AGGSNE 2dzyOitAzy
I NBE GLINRPOSRé dzaAy3d Hogether wikhY50 @henN@rrBidationsBviihin dhée 2wk
comparator ICs (U3 and U4These 200/50 Ohm resistors form a 5:1 resistive divider with an effective
impedance of 250 Ohms, so each comparator receives an attenuated version of the voltage at the
splitter junction. Most of the signal energy passes through the tweOhfh series restors, then
through the relay (U5) and SMP to the deviswlertest. For signals returning from the DUT, the active
Driver forms part of the termination structure (along with the resistive dividers of the two comparators).
The symmetric arrangement of éhjunction resistors provides a Dhm impedance match looking into

the junction either from the Driver or from the DUT. Therefore, the {sigbed logic signals pass
through the junction in either direction without significant distortions or reflectioris. practice, the
junction is made up of neiteal resistor elements (with parasitic inductance and capacitancahese

is a small distortion.

+3.3V
Page I Channel 1 T
J ve
5.9,12,16
QMS052D-EM2PC4 03/07/2013 .
Connector RX1 1 __l
GTX I~ LVPECL LVPECL 138 -3.0v
O ¢-()  U3ghme6741
wosis [N 1w 3¢ hm! .
(1.2V term) 15 150 Primary Receiver
115
Ny 2|M34—1 CH1_LS
Vref3 +2.5V - 'GND
) T amn T L vren I
PreEmphasis Control [0.4] 10.1117.18323 vce Vref4 | PR
9,15,26,29 RXonly
[DRV_EN N 19,22——,— (Gifset) s no N4 SMP1
= +2.5V" 210 CH1_IO
20 (O-9—> 1 -
| DEIAY SCLK +2.5V 1k |vtH U2¢ 586261 cwml ive | U5¢RF312L
DELAY.SDI | T i [ DRIVER 2% > 3 RELAYDPDT GNP
IX1 oft 2228 VEC [T I 4 R=60 ° § SMR2
Pl100 1215 oM g T No
GTX Hz 16,19 Pt O_,C <53ML VEE *Gx 7 CH2_IO
LIV?\%'B 3,6,16,25,EF 6 |NC oD
(2vees) | yTA— U1¢ 892971 T o8y VRef2 |
VTB_|s DELAYdual) OV 43.3v T cH2 Ls o
Shadow /s 14 . Shadow i%Eﬁ 6 2l 3t ]
CLKL, (Y100 M O—i ,ALK;;M:” tp % 1815 1
=» 18,
C6 24 X.Eizo 1 Optional 3 %50 50 GND
AC coupling
Lsioam+ [ oov +33v 433V
U4¢hme8741 ve
Lvpsis  [¢ Shadow Ll\iPEthadOW Samp'\iE i
(1.2V term) O4Jlalal LVPECL o 10 13E 3.0V
OV Eig
= +5.0V 1uF: T NOTES
DAC_SDI T ¥ oD *1* - Shadow clocks are on page 6
vce 5 VIN,Veontrol
011 g9 2 VReflf - J7ureone *2* - VRef4 provides higburrent (~100mA)
g > VRef2 to DRIVER output stage
U19¢LTC26564121 ¢ —>VRef3 U21CLT308910Ur for DGoffset control
DAC(8-output) »|SET ORAMP 12, —v—_L—'VREM *3* - See Page 5 for Relay Drive circuit
TSSOP 4 50 —=2.2uF *4* - All supplies are decoupled to
o P o (required for stabilty) GND with 0.001, 0.022, 0.1, LuF
89 = EP (21) (not shown in these diagrams)
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l oo CS/LD1 GND GND loads on thePogNegDriver outputs

Figure 22; Block diagram of the PEREV1ghannel #1 circuit.
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The Driver comptnent output is shown with a terminating load resistor (R=60), so that the differential

CML circuit remains balanced. In fact we found out experimentally that the CML outputs do not work so

well with the termination set to Ground. In the final versiontlué circuit(see later sectionthe design

gra OKIFy3aSR a2 GKIG GKS GSNXYAYlLGA2Y gla (G2 +NBFn:
this reason, most of our measurements on the first PE4 circuit were done with-anuling capacitor

replacing the first 180hm series resistor, and also-8@upling the complimentary Driver output signal.

Also shown in the figure ismaoptional210 Ohm resistor that connects some of the Driver Compliment

signal to the leg of the junction that produces theh 3y | £ F2NJ G KS dat NAYFNEB¢ O2Y
should cancel the attenuated Driver signal for the primary comparator. The only remaining signal
O2YLRYSyil 62dfR 0SS (GKIG 2F (G4KS 5! ¢o ¢CKAA A& Iy |
GKFIG Fft26a GKS LINAYIFINE NBOSAGSNI G2 aasSSe 2yfte
Therefore the Driver can send data even at the same time that the primary comparator is receiving data

from the DUT. In this way the PE and the DUT can sharsingle transmission line for bidirectional
O2YYdzyAOI A2y S 6KAES | @2AR &RSli)Rve ha2eyN®T imichn¥hiesr 3 02 v
this optional arrangement in the PE4 prototype. Instead, we have left off the 210 Ohm resistor, and
tested the channel in one direction at a timeLater experiments will determine how well the
simultaneous bidirectional signaling will work in this arrangement.

The Primary receiver (U3) is a very hagimsitivity comparator, capable of detecting logic sigriaks
than 10mV. It is used to detect and amplify the higleed signal coming from the DUT, and to create
the differential logic signals needed for the Xilinx KiatexX his comparator (form Hittite) is intended for
applications up to 10Gbps.

The Secodary receiver (U4) is also a very higgnsitivity comparator, capable of detecting logic signals

less than 10mV. However, unlike the primary receiver, the secondary receiver has amiggkyed

GO0t 201¢ AylLdzi GKFG RSTAY 8aw (d5ps). $He dloclsiglsipdducedia NI & | Y
the Kintex7 FPGA, and is optionally delayed usingDeday IC (U1) with 5ps resolution and 5ns range.

¢tKS aASO2yRIFNE NBOSAOSNI A& AYyUSYyRSR (G2 aal YL S¢ @K
Driver output or the DUT output signals. This sampler may gather test information without interrupting

GKS y2NXIf FdzyOQlAzylt GSaid aSljdsSyoSo {AYyOS AG g2

Some minor modifications to this PE4 design water made in the Rev2 version that is described later,
and is currently under evaluation. The main change (form Revl to Rev2) was to provide more flexibility
for changing the termination voltage for signals coming from the Driver. This was dbe&¢omatch

the Driver CML output loading conditions. See the later section for some information on Rev2.



(10)Main Board Performance (up to 1@&bps)

The Main Board serves as a central controller for the -Bjgged signals provided to, and obtained from

the DUT. Based on the Xilinx KintleFPGA, it can produce up to 16 hipeed differential inputs and

Mc KAIK &ALISSR RAFFSNBYUGAIFE 2dzilLdziz Fft2y3 gAGK &4ASJ
section we demonstrate the ability of the MaBoard to produce highuality signals at 3.2Gbps (the

target speed for our project) and even as high as 12.5Gbps (well above targetksignals shown below

were obtained by programming the Kint&xGTX transmitters to output a pseudandom bit sequeoe

at the desired frequency. These signals were transmitted from the FPGA to the SamTec connectors
using 1060hm differential striplines within the Main Board. After passing through the SamTec and its
mating connector, the signals traveled through abdubr 5 inches of microstrip transmission line on a
Rogers4350 PCB that we had designed for making convenient connection to the high speed signals. This
G. NBF12dzié 0621 NR 02 yjuaysMa laundh&s fod dorvghierft donnéclon & ted K
instruments (we used GORE SMA cables and an Agilent 86100D 50GHz sampling Oscilloscope). See the
photograph of this arrangement iRig.30 The resulting signals at 3.2Gbps, 6.4Gbps, 10.0Gbps, and
12.0Gbps are shown Figures 31, 32, 33, and 3respectivéy.

Fig.30c Photograph of the higid I YRGARGK & . NBF 1 2dzié 0621 NR Y2dzy i S



Oscilloscope
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Fig.31¢ Data eye diagram &.2 Gbpdrom the Main Board156ps/div)
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Fig.32¢ Data eye diagram &@.4 Gbpgrom the Main Board78ps/div)



Fig.33¢ Data eye diagram at 10.0 Gbps from the Main B¢&fps/div)

Fig.34¢ Data eye diagram at 12.0 Gbps from the Main Bqaaps/div)



(11) PEA4 (Revl) Performange6 Gbps to 5.0 Gbps)
(a) Driver Optimization using RPeenphasis adjustments

In the folbwing figures we show how adjustment of the Rmmphasis parameters can be used to

optimize the Driver signalwaMe@ K I LJS | YR (2 &2 LISy dzLX-emphalsisatidéd S& S
to boost the highspeed signal amplitude shortly following logic ts#ions in order to partially
compensate for losses in the transmission line. The Micrel Driver has 5 digital programming bits for
adjusting the voltageamplitude and timeduration of the preemphasis added to the nominal signal
waveshape. Three bits &t from 0%, 10%, 15%, 25%, or 33% amplitudes, and two bits are used to set

the time-duration as 60ps, 100ps, 200ps, or 400ps. For out PE card, we found that only 10% or 15% was
needed to obtain optimal performance, and thi0ps or 200ps was the optittme duration for the

frequencies of interest (1 to 5 Gbps). Using too large of amplitude (25% or 33%) results in unwanted
G2PSNBK220G¢ @ [ Saa OGKIFYy wmnnlla FRepkés BMPsfiowNSEBmedz Ga A
examples of 3.2 Gbps with diffant combinations of premphasis.
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\ 1581 sl \um.ola

2 i g

./ Measure 4 I }
gﬁ[»aml mini i is}gl neas
Rise time( ) 50.3 ps 4%.3 ps ggﬁ ps Setup
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Fig.35¢ Data eye diagram at 3.2 Gbps from HEe/1 No preemphasiy.



Fig.36¢ Data eye diagram at 3.2 Gbps from HEey1 {0% 60ppre-emphasis.

Fig.37¢ Data eye diagram at 3.2 Gbps from A1 {0% 100ppre-emphasiy.



Fig.38¢ Data eye diagram at 3.2 Ghbps from HEel/1 {0% 200ppre-emphasiy.

Fig.39¢ Data eye diagram at 3.2 Gbps from HEel/1 {5% 60ppre-emphasis.



Fig.40¢ Data eye diagram at 3.2 Ghps from HEel/1 {5% 100ppre-emphasiy.

Fig.41¢ Data eye diagram at 3.2 Gbps from HEel/1 {5% 200ppre-emphasiy.



(b) Driver Performance at 1.6 Gbps900mV)

In this section we show the ability to program the Driver amplitude (SiISgeRSR G aA gAYy I£€ 0 @
accomplished by programming RAC voltage within about 1 Volt range. The resulting signal swing
varies, nearly linearly, from near zero to about 700nRigures 456 show he change in signal swing

from 50mV to 700mV in 50mV increments. For these measurements, the premphasis twwasl8&6

with 200ps duration, except for 650mvp0mVand 900m\ivhere no preemphasis is applied.
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Fig.42¢ Data eye diagram at 1.6 Gbps from FEel/1 {0% 200ps premphasi350mV swing
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Fig.43¢ Data eye diagram at 1.6 Gbps from FHE/1 {0% 200ppre-emphasi3 100mV swing



Fig.45¢ Data eye diagram at 1.6 Gbps from HEel/1 {0% 200ps premphasi$200mV swing



Fig.47¢ Data eye diagram at 1.6 Gbps from HEel/1 {0% 200ps premphasi$3300mV swing



Fig.48¢ Data eye diagram at 1.6 Gbps from FEe/1 {0% 200ps premphasi$ 350mV swing

Fig.49¢ Data eye diagram at 1.6 Gbps from HEel/1 {0% 200ps premphasi3400mV swing



Fig.50¢ Data eye diagram at 1.6 Gbps from FEel/1 {0% 200ps premphasiy 450mV swing

Fig.51¢ Data eye diagram at 1.6 Gbps from HEel/1 {0% 200ps premphasi3500mV swing



Fig.52¢ Data eye diagram at 1.6 Gbps from FEe¥/1 {0% 200ps premphasi$ 550mV swing

Fig.53¢ Data eye diagram at 1.6 Gbps from HEel/1 {0% 200ps premphasi3600mV swing



Fig.54¢ Data eye diagram at 1.6 Gbps from FE&V/1 (Ngre-emphasi 650mV swing

Fig.55¢ Data eye diagram at 1.6 Gbps from HEe1 (Ngre-emphasi3 700mV swing
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Fig.56¢ Data eye diagram at 1.6 Ghps from FEel/1 (Ngre-emphasi3 900mV swing

ForFig.56 we reduced the junction series resistarfoem 26 Ohms to 15 Ohms. This change reduced
the resistivedivider effect for the Driver output through the splitter junction, and allowed more of the
Driver signal energy to be transmitted through the junction to the oscilloscope. It also appearbdhat t
impedance mismatch is reduced by this change. It may be necessary to optimize the junction series
resistance experimentally, since it appears that the parasitics of the junction components are not
negligible.



(c) Driver Performance at 3.2 @b(G700mV)

In Figures 5771 the Driver output is shown at 3.2Gbps using 10% and 2pdpemphasis, starting with
50mV swing and incrementirig 50mV steps up to 700mV.

Fig.57¢ Data eye diagram at 3.2 Gbps from HEel/1 {0% 200ps premphasi350mV swing

Fig.58¢ Data eye diagram at 3.2 Gbps from A1 {0% 200ps premphasi3 100mV swing



Fig.60¢ Data eye diagram at 3.2 Ghps from HEel/1 {0% 200ps premphasig 200mV swing



Fig.62¢ Data eye diagram at 3.2 Ghps from HEel/1 {0% 200ps premphasi3300mV swing



Fig.63¢ Data eye diagram at 3.2 Gbps from FEel/1 {0% 200ps premphasiy 350mV swing

Fig.64¢ Data eye diagram at 3.2 Ghps from HEel/1 {0% 200ps premphasi3400mV swing



Fig.65¢ Data eye diagram at 3.2 Gbps from FEel/1 {0% 200ps premphasi3450mV swing

Fig.66¢ Data eye diagram at 3.2 Ghbps from HEel/1 {0% 200ps premphasi3500mV swing



Fig.67¢ Data eye diagram at 3.2 Gbps from FEe/1 {0% 200ps premphasiy 550mV swing

Fig.68¢ Data eye diagram at 3.2 Ghps from HEel/1 {0%200ps preemphasi3600mV swing



Fig.69¢ Data eye diagram at 3.2 Gbps from FE&V/1 (Ngre-emphasiy 650mV swing

Fig.70¢ Data eye diagram at 3.2 Gbps from HEel1 (N@re-emphasi$ 700mV swing
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Fig.71¢c Data eye diagram at 3.2 Ghps from FEel/1 (Ngre-emphasi3 900mV swing

ForFig.71 we reduced the junction series resistance from 26 Ohms to 15 Ohms. This change reduced
the resistivedivider effect for the Driver output through the splitter junction, and allowed more of the
Driver signaknergy to be transmitted through the junction to the oscilloscope. There is however, some
additional jitter observed using this arrangement, as shown in the Figure.



(d) Driver Performance at 5.0 GbpsA@0OmV)

While the project requirements were tdevelop the capability to test up to 3.2 Gbps, we designed the
system to support even faster rates. The following figurég.A{2-85) show the PE&Rev1 Driver output

at 5.0 Gbps, which is nearly at its maximum rate. This data rate is limited by thamrogble Delay IC
used in the PERev1 design. All the other components (Driver, Comparators, Relay, Connectors, Kintex
7) support data rates above 10.0 Gbps.

e Convol Setp Measwe Calbrate Uiltes fops tep 1) @) 3) 4 - | =
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Fig.72¢ Data eye diagram at 5.0 Gbps from HEe/1 {0% 200ps premphasi350mV swing
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Fig.73¢ Data eye diagram at 5.0 Gbps from HE4/1 {0% 200ps premphasi$100mV swing




Fig.75¢ Data eye diagram at 5.0 Gbps from HEel/1 {0% 200ppre-emphasiy200mV swing



Fig.76¢ Data eye diagram at 5.0 Ghps from FEe/1 {0% 200ps premphasiy 250mV swing

Fig.77¢ Data eye diagram at 5.0 Ghps from HEe/1 {0% 200ps premphasi$3300mV swing



