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Abstract

At the Laboratory for Laser Energetics, a complex network of electronics serves to direct
and monitor the operation of the OMEGA laser system. Some of these components, like the
Master Timing Generator, are aging and incompatible with modern techgoldge Master
Timing Generator, or MTG, first introduced in the 1990s, is a logic device responsible for
keeping all of the laser system triggéos diagnostichardware such as computers, cameras,
and sensors tightly synchronized to the laser pulse. Ptace thepresentR S @ A Cye&d&ld H n
technology, a new MTG was designed on a modern Complex Programmable Logic Device chip
known for its low power consumption and high reliability. An Ethernet interface was also
developed so that the LLE network coularmrounicate directly with the MTG, integrating with
existing protocols and speeding error diagnosis. Oscilloscope traces verify that-thelate
MTGF I AGKTdzf £ 8 NBLINRBRdAzOS& Ittt 2F GKS 0SKI JA2NEH
web page add to its utility as LLE proceeds with its systems renewal.

1. Introduction

1.1 Master Timing Generator

TheMaster Timing GeneratoMTQ is an inputoutput digital logic device that serves as
a source of synchronizing signals for the thousands of laseamsymponents in OMEGA,
such as the video cameras, laser source, flash lamps, and shot diagnostics. $uend DG
signals are generated continuously, to provide a time base or periodic reset for digital systems;
others are generated in response to anstilus from the Shot Executive to coordinate processes
before, during, and after a laser shot. The Shot Executive is the computer system in the main
control room responsible for coordinating all laboratory activities related to a laser shot
accordingo the instructions from theShotDirectorand other LLE staff. Located in the rear of
ha9D! Qa tdRigni8g\Office2tlfe centralliocated MTG distributes its signals via a
series of cables, fiber optics and amplifiers throughout the laser bay and cootmol. The
signals are accessible to technicians and equipment from standardized sets of ports at key
locations. The MTG has four primary inputs and six primary ou{pigsl), summarized below.

Continuous Inputs Continuous Outputs

1 38MHz 1 H-Sync
Gating Inputs 1 V-Sync

1 T-10 Enable 1 FiveHz

1 T-0 Enate 1 TenthHz
Other Inputs Gating Outputs

1 Reset 1 T-10

T TO

38MHz.YY 28y O2fft2ljdzAlftte |a GKS MHSHnAIsaSH G 27F
exceptionallystable sinusoidadignal used as a time base forlabboratory operations. Its actual
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frequercy is approximatly 37.8MHz. Its period is 26&ns. It is generated by a temperature
controlled, vibrationdamped source, and distributed universally in the OMEGA system and the
surrounding research laboratories.

T-10 EnableThe Shot Executive computer enables the MTG to assert a gdt@giilse with
the T-10 Enable signal. The input is normally low, and is driven high by thé%bcutive for
approximately 1Geconds so that it overlaps a singlenthrHzpulse at whichtime the F10
pulse is asserted(g.2).

T-0 EnableAs for the T10 Enable signalhe Shot Executive computer enables the MTG to
assert a gated-U pulse with the 30 Enable signal. The input is active high and is driven by the
Shd Executie for approximately 1@econds so that it overlapsT@nth-Hzpulse, at which time
the T-0 pulse is asserted-10 Enable and-U Enable allow the MTG to function as a
synchronized intermediary between the Shot Execusindthe OMEGA laser system.

Reset.The reset signal is issued by the Shot Executive, or by pressing the associated button on
the MTG readout. It is active high. All outputs return to their default states for the duration of
0KS NBaSi Lz aSs FyR (GKSy NXBlingat§e. y 2 NYI 2 LISNI

HSyncH{ @ y O 2 NJ &l 2 NA I 2igdnladivddwcgniriadi®yyererated A 2 v T ¢
periodicdigital signal used exclusively by cameras. It has a frequency of approximatdiz58

and a pulse width of 6.9ds. The rising edges of$¥ngprecede the rising edges denthHzby

200ns to make them coincident with-/ 8 y O Q& NIBecduged is Sommdh o all LLE
cameras, FBync ensures that all horizontal lines are synchronous. See Appendix A for details on
analog video signals at LLE

V-SyncV-{ 8 y O 2 NJ & + S NI Aidn activiadvycenKnNa@islidehekaiedi pRri6dicé

digital signal used exclusively by cameras. It has a frequency of approximatei0.2

significantly lower than ¥sync, and a pulse width of 568, or 9H-Sync cycles. The rising edges

of \-Sync are always coincident with a rising edge-&yHc. Because it is common to all LLE
cameras, €y O Sy adza2NBa GKIG Fff FASEtRa FyR FTNIYSa
synchronous. See Appendix A for detaitsamalog video signals at LLE.

FiveHz FiveHzis a continuouslgenerated periodidligital signal primarily used to trigger
human interfaces and displays to refresh at a rate comfortable for viewing. It hasa of
200msand a pulse width o400ns.

Tenth-Hz Arguably the most important synchronization signal at LLET#mh-Hzpulse is a
continuouslygenerated periodidigital signal used by instruments, computers and other
equipment to trigger lowfrequency tasks such as data dumps, resetsaurtdmatic self
diagnostic routines. It haseriodof 10s and a pulse width ¢gf00ns. The rising edges tfie
TenthHzpulsesare always precisely coincident with every"JtveHzpulse.
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T-10. The sequence of events immediately before, during, ater éfradiation of the target,
200dzNNAY I | LIWINREAYI GStfée 2y0S LISNI K2dzNJ Fd [[ 9=
exactly one 710 pulse is asserted 10 seconds amd$(oneTenth-Hzperiod and the shot

delay) prior to irradiation, indicatindhait a shot is imminent. Upon receiving this signal, all

laboratory devices initialize final preparation for the laser shot, including calibration,

positioning and priming. Devices may also begin timing routines. With a pulse width n§422

the T-10 pulseis identical to and occurs coincidently witiranth-Hzpulse.

T-0. During a shot cycle, exactly ond®Pulse is assertedrs prior to irradiation. Upon
receiving this signal, laboratory devices initiate fine timing routines for triggering extremely
time-sensitive instruments like streak cameras. With a pulse width oh42the TO pulse is
identical to and occurs coincidently withT&nth-Hzpulse.

Unlike a computer or microprocessor, the MTG does not have an internal clock signal; it
is a purely ombinational logic device. In general, the MTG utilizes digital counters to syzghes
its continuouslygenerated signals at integ multiples of 38VIHz. Its shotyclerelated signals
are derived from and synchronous with its continuous signals and &eel g the Shot
Executive.

1.2 Rate Regenerator Modules (RRMs)

RRMs are complementary devices to the MTG in that they regenerate other relevant
timing signals locally by monitorinige TenthHz signafrom the MTG and the laboratory
universal 38MHzsignal RRMs are placed in strategic locations throughout OMEGA. All RRMs
are slaved to the MTG, and are thus synchronized, but the signals they produce are more
specialized for nearby applications and suffer from less noise due to long cabling. An RRM
served asn important prototyping platform for the new MTG.

1.3 The Old MTG

¢tKS a¢D OdNNBylute AyadalttSR Ay ha9bD! I KSNB
introduced inthe 19909Fig. 3) At its heart is &tamp microcontroller.

The old MTG is out of date invariety of ways. While the industry standard for
integrated circuit (IC) packaging has progresse@%mm pins or, even more recently,
microdot array, the MTG continues to utilize components with teimth-pin packaging. This
discrepancy makes the partifficult to replace because the ICs are no longer readily available.
Its central logic device, the Stanmpicrocontroller, has its own set of limitations:
microcontrollers have been replaced with combinational loglih as Field Programmable
Gate ArraygFPGAsand Complex Prommmable Logic DeviceGRLDy in applications such as
this one; fewer programmers are now proficient wilhk S { prégvamifidg language,
BASICand(i KS Y A ONZ déezelpmki® tbals &ridibdonger produced. Many newer
devices in the OMEGA systelike RRMs, have a network interface and error reporting
capability, features that the old MTG markedly lacKksese issues were addressed in the design
of the new MTG.
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T-10 Enable is brought high, then low, gt overlapping & enth-Hzpulse

ATenth-Hzpulse occurs after-I0 Enable went low, withat ever receiving a-0

Enable

1 T-0 Enablas brought high, then low, whibut overlapping & enthrHzpulse.

1
1

All of these conditions indicate that a shot was initiated by the Shot Executive, but was
aborted short of completion. This functionality was consetewhen designing the new MTG.

1.4 Gods

The principal aim of the work undertaken was to replicate the old MTG on a new
platform. The new platform was required to be modern, so that its replacement parts would be
available in case of failure and maintenance would be simpler; flexible, sanga¥1 TG
behavioral changes required in the future would be implementable on stable hardware; and
industry-standard, so that the hardware and corresponding backup hardware could be
manufactured without the necessity of specialty fabrication services.

Seconary goals included safeguarding, error detection, and network communication
capabilities for the MTG. Safeguards against noisy environmental conditions and incorrect shot
cycle signaling were implemented. Several modes of error detection were pursued and
evaluated, and two were implemented, in order to increase reliability and traceability of faults:
shot error and clock error. Network communication was an objective because LLE is in the
midst of a laser control system update and renewal in which older corapts are outfitted
gAGK GKS YSlIya G2 02YYdzyAOIFIGS 20SNI[[9Q4a Lt Yy
status and error messages to querying technicians and computer systems.

2. Designing a New MTG

2.1 Complex Programmable Logic Device

A CompleXrogrammable Logic Device, or CRED. 4, was chosen as the platform for
the new MTG. A CPLD is a medicomplexity digital logic device with newolatile
configuration memory constructed from an array of macrocells, each of which is a gate array
that can be reconfigured arbitrarily. Whereas the old MTG utilized multiple interconnected
discrete integrated circuitghe CPLD is a sindl&mm-squareintegrated circuit. All of the logic
in the old MTG was condensed into one CPLD chip. Additionally, th@b@Red MTG can be
reprogrammed taadd features in the future.

The Xilinx 25@6nacrocell CoolRunnédi-series CPLD was used because of its low
propagation delay, low power consumption and high reliability. The OMEGA laser system, being
by nature a lighispeed arrangement, demands exceptional timing precision on the order of
tens of nanoseconds from the MTG. The 288 CoolRunnell pinto-pin delay of 5.fismet
the application requirements. Though power consumption is not itselfj@fstant design
parameter, heat production due to power dissipation should be minimized in each component
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of the OMEGA system because of the environment's temperature sensitivityCddiRunneil
CPLD dissipatemmparativelynegligibleheatduring contnuous operation. CoolRunndis are
more reliable because of their low heatoduction A CPLD is an excellent choice of platform
for redesigning the MTG.

2.2 ReverseEngineering

The first step in redesigning the MTG was full characterization of the ©@.M\ backup
old MTG was connected to the laboratory B8z signal, and oscilloscope traces of its outputs
revealedtheir characteristics. Analysis of the old MTG documentatinaluding wiring
diagramswas also utilized.

It was deduced that the signgtsoduced by the old MTG that are named with Hertz
numbers are in fact approximations, not precise frequencies; for exampleghHzwas
defined by the circuit architecture a878000,000counts of the heartbeat signal, or 0.106&.
Consequently, the LLfEcility's equipment connected to theld MTG functions on an isolated,
non-standard timebase that is similar to but divergent from the universal standard for time.

The resultof the old MTG characterizaticare summarized ifable 1.

Table 1. Output Sigal Characteristics of the Old MTG

Actual Period Pulse Width
Signal  Frequency Period (38MHz cycles, Pulse Width | (38 MHz cycles
H-Sync 60.2Hz 63.3us 2400 6.94us 264
V-Sync 15.8kHz 16.6ms 630,000 569us 21,622
Five 5.01Hz 199.2ms 7,560,000 400ns 16
Hz
Tenth- 0.1003Hz 9.97s 378,000,000 400ns 16
Hz
T-10 -- - - 400ns 16
T-0 -- - - 400ns 16

Had the MTG counted the 38Hz signal to the precise number of cycles@ssary to
produce universallgonsistentFiveHzand TenthtHzsignals, itsounters would seem to be
arbitrarily configuredfor example the TenthrHzcounter would need to count t878,000,378,
an unwieldy relativelyprime number Instead the aforementionecapproximations allovor
significant architectural simplifications

2.3 Counter Nesting

Rather than count eacbutput signal independently, the MTG mpyoduceits outputs
more efficiently using a system of nested counters. The first tier in #steclcounter
architecturedividesits38a | T Of 201 (G2 | GHEBbODEED P2WNYR{ FRC
which is of much lower frequency; in this system, the GCF was found to berg#a0d@ing the
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GCF frequency to 31Kz Because there are four signals to be counted, every additional bit
used in the GCF counter saves diaitn all four counters, dest casel:3 spaceon-chip
optimization. Similarly, the TemHz count is an integer multiple of th@veHzcount, so it may
use the latter signal as its increment signal instead of the &fad€tively nesting Tentiiz

within FiveHz andsaving yet more bitsAs such, the TentHz counter need only count to 50
FiveHz cycles as opposed to 315,000 GCF cycles. Tedegaires the number of bits
necessary to count each continuously generated signal with and without counter gestin
showing significant improvement in total required biBsy nesting counters, an optimal
arrangement with the smallest number bits may be reached~g.5).

Table 2. Comparison of Counter Sizes Before and AREFCounter Nesting

Period Period Counter Period with GCF Period Counter
Signal (38 MHz cycles) Bits (Period/1200) Bits with GCF
H-Sync 2400 12 2 1
V-Sync 630,000 20 525 10
FiveHz 7,560,000 23 6300 13
TenthHz 378,000,000 29 50* 6
GCF -- -- 1200 11
Total Bits 84 41

*actuallyTenth-Hzperiod/(1200*6300Q

2.4 Pre-Loaded Kick-Through

Counter nesting comes with its own drawbacks related to propagation speed. A raw
counter, clocked directly by the 38Hz signal, is limited in its inpuise-to-output-rise speed
only by the string of logic ges in the threshold comparison operation that signifies the end of
its count. On a device of the speed grade possessed by CoolRUGRLDs, the combinational
delay is a matter of a few tens of nanoseconds, but if the counters are nested, with each
counter's output signalbecomingthe increment signabf the next, the propagation delais
compounded With three layers of nested counters, the combinational delay reaches a
magnitude approaching the leadiragige transition time of the old MTG's signals, aitg the
output measurably and rendering the approach unsuitable. However, further optimization
solves the propagation delay problem.

The lowlevel logic okach counter was specializéal minimize propagation delay. The
customized counters take advantaggthe relatively long time between GCF counts to prime
themselves for quick signal throughput upon reaching their counter thresholds. In this report,
GKAAa O2dzy G SNJ I f ( SNI (-Loaded Kick (KIN2 @ KNBE H$ NNB R ol 2 KIS
counter reaches a count preceding its threshold by one, it sets an internal flag that denotes that
the next increment signal will be the threshold. The tiloasuming threshold comparison
operation is finished on the previous iteration. A single AND gate, takinigip@nd the
increment signal as inputs, is the only contributor to propagation delay. On CoolRUnner
CPLDs, AN[ates have a standard delay b2 ns, making counters implementing PLKT an
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order of magnitude faster than standard counters. Combiningetsbunters with PLKT, it is
possible to generate trigger signals of the correct frequearay with acceptably low delay.

2.5 Triggered Pulsers

In order to recreate the pulse widths of the old MTG, another logic component was
developed.Though no OMEGAsgm device relies on the MTG pulses to be of precise
duration, an effort was made to replicate this aspect of the old MTG in order to maximize
compatibility.¢ KS O2YLRYySy iz KSNB @dcéptaSriggetinput oA 33 S NB R
one of the PLKT caters and outputs a signal that stays high for a specified number bft38
cycles. These counter thresholds are hprdgrammed to give preciseniform pulse widths
consistent with the old MTGIhey are easily recorfurable with each code download
Triggered Pulsemnhancemodularity, ease of update, argimilarity to the old MTG

A variation on the Triggered Pulser, the Delayed Pulser, was also develope8yoc V
and HSync. llacceptsa trigger input from a counter, waits for a spied number of 38Hz
cyclesand thenoutputs a signal that stays high for another specified nundserycles. Both v/
Sync and FBynamust be synchronized with the laser pulse, which occurs&iter T-0. \ASync
was delayed the full Bns, since its peéod is longer than Bns, while HSync was delayed only
enough tomake it coincident wh V-Sync.

2.6 Qualitative Plan

In summary, the qualitative circuit architecture for the continuous outputs shasvn
in Fig. 6the 38MHz signal is divided by 1209 & GCF clock divider. The divided clock becomes
the increment signal for three counters implementing PLKSyNc Trigger,4ync Trigger, and
FiveHzTrigger, vinich count to preset relativelgrime thresholds of 6300, 2, and 525
respectively and reset cdinuously. The output of th&iveHztrigger is directeda an
additional PLKT counter, Terlz Trigger, with threshold 50. The first two trigger signals are
inputs to two Delayed Pulsers for the actuabync and Esync, which produce pulses of
duration264 and 21,6238 MHz cycles, respectively. The second two trigger signals are inputs
to two Triggered Pulsers for the actualeHzand TenthhHzoutputs, whichboth produce
pulses of duratiorl6 38MHz cyclesThe 10 and T0 outputs are simply th&erth-Hzpulses
gatedby T-10 Enable and-U Enable.

3. Implementation

3.1 Simplified Test Setup

The first steps toward implementation of the MTG took place on a Xilinx CoolRUnner
CPLD Demo BoarBig.7). The full architecture was implemented in VH®&y-High-Speed
Integrated CircuitHardware Description Language (VHDL) code. Unlike procedural
programming languages, VHDL describes the way in which circuit elements in the macrocells of
the CPLD will be physically connected. One attribute of VHDL, Galle8 Y SNA O3 ¢ | £ f 2 6 S|
design of modular logic components such as PLKT counters and Triggered Pulsers on general
terms so that they could be reused with different thresholds, configurations, and relationships
to other components.
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All four continuous outpts were routed to LEDs embedded in the demo board. Reset
functionality, which restarted the CPLD with cleared counters and reinitialized signals, was
added and associated with a pushbutton on the demo board. For testinyjldzZlquartz crystal
oscillator was used for a clock in place of the laboratory\B8z (slowed to 2.6% frequency) so
that the signals would be observable. A few measurements with a stopwatch and a brief
proportional calculation verified that the continuous signals had the correct fregaengiven
their slow input clock.

3.2 RRM Test Setup

An RRM was chosen as the best test setup for the MTG because it contains a similar
/t[52 A0 aKlFNBa Ylye 2F (GKS a¢DQ&a Lkh NBI dza NB
to reprogram. The VHDcode was migrated and mapped to the RRM's logic device, a
CoolRunneill 384-macrocell CPLIA pulse generator set &7.8MHz was connected to the
RRM's clock input to simulate the laboratory K81z; its output pins were connected to a
breakout board ér oscilloscope probing=g.8). Oscilloscope measurements oSync, F5ync,

FiveHzand TenthHzwere taken and compared with the spec#imns obtained through
reverseengineering. The new MTG was foumeéet the specifications derived from the old
MTGto an acceptable tolerance, as summarizedable 3Ly G KS (Il 6f Sx
the specification value converted into the units of the measurement.

i KS

Table 3.Continuous Output Signal Test Results and Comparison with Specifications

FiveHz Signh

Characteristic | Spedfication Expected Measured % Difference

Period 7560000clks 199.2 ms 1999 ms | 0.35%

Pulse width 422 ns 422ns 449.8ns| 6.5%

Tenth-Hz Signal

Characteristic | Spedfication Expected Measured % Difference

Period 37800000Cclks 9.97s 10.00 s| 0.30%

Pulse width 422 ns 422ns 449.8ns | 6.5%
H-Sync Signal

Characteristic | Spedfication Expected Measured % Difference

Period 2400clks 63.3 us 63.46us | 0.25%

Pulse width 6.94 us 6.94us 6.982us | 0.61%
V-Sync Signal

Characteristic | Spedfication Expected Measured % Difference

Period 630000clks 16.6 ms 16.66ms | 0.36%

Pulse width 569 ps 569us 571.9us | 0.51%

Delay after 10 5.00 ms 5.00 ms 5.00 ms| 0%
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Additionally,the FiveHzand Tenth-Hzsignalsvere shown to haveoincident riseimes
within 1.3ns, and VSync and Feync were shown to have coincident rise times withi&ns
(Fig.9), both of whichare tolerably low compared with the rise times of the pulses.

The RRM test setup allowed for an expanded testing scheme; its extrs ialiowed
the gated signals to be tested as well. A Shot Cycle Simulator (SCS) device, which outputs the
same sequence ofI0 and TO enable signals as the Shot Executive, was connekEtgd ().
The MTG was verified to produce synchronoul)Tand 70 signals correctly and reliably as it
interacted with the SCS according to the description of the shot cycle: an activ&mable was
shown to produce one-I0 pulse, and an active(Enable was shown to produce & Ppulse
ten seconds laterHig.11). Additionally,T-10 and TO were eachmeasuredo have risgdimes
coincident withTenth-Hzwithin 2ns.

3.3 Laser Shot Simulation Test

Oneintegratedtest was undertaken which would prove the correct operation of as
many parts of the system as possifgaat of installation at LLE. The T prototype was
connected to anonitor, a camera, an LED, and an oscilloscoggynt and Feync were routed
to the corresponding inputs on a video signal generator.vileo signagjenerator was in turn
connected to a CRTonitor and an analog camera. It was verified that #h#eosignal
generator was synchronous with the MTG by slightly altering the setting of the frequency
generator acting aa clock signébr the MTG and listening for the change in pitch of the hum
produced by the CRT monitor. The camera was mounted on a workbench and connected to the
monitor, where a live video feed was visible. An LED was spliced into the M¥&'zchannel
to simulate the laser flaslkiveHzwas chosen because it recurs quiokthough for easy
observation and it had already been proven to be synchronous withtfie actual laser trigger,
by earlier tests. The LED was pointed directly into the camera at close range, and the camera
and LED were optically isolated with dark falfFig.12).

Simply capturing an image from the camera and disptaition the CRT demonstrated
that the videorelated MTG signals were formed correcySync, HSsyncFiveHz and the
camera output signal were prolewith the oscilloscopeHig.13); thetrace showed that the
LED laser flash produced a large increase in the intensity of the camera output signal over the
next two fields of video, constituting one frame (see Appendix A for details of analog video at
LLE). Had the camera been asynchronotis thie LED, at the incorrect frequency, the LED flash
and the intensity spike would have exhibited a beat; had the timing of the LED flash been
correct in frequency but incorrect in phase, the intensity spike would have been spread across
two frames, or farr fields. Neither of these indicators of errmasapparent. Though the s
delay between 10 or, in this casd;iveHz and target irradiation was not included in this test,
the delay between the LED pulse and the next camera blanking signal follov@ygc\Was
measured to be 5.0fhs. The test demonstrates the correct phase and frequency relationships
between the output signals of the MTG for practical use. The system was shown to be suitable
for timing the OMEGA laser system.
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4. Expanding the MTG

4.1 Shot Error

Though the functionality of the old MTG in the OMEGA system had been replicated and
verified, the Incomplete Shot indicator LED on the old MTG had not been replaced. The
Incomplete Shot represented only a small subset of possible errors, soticeut was
generalized to Shot Error, including all plausible errors in the progression of the Shot Cycle. The
process was tabulated using a Finite State Machine (FSM), which kept track of the Shot Cycle's
state at any given time by monitoring the concednggnalsTenthtHz T-10 Enable, and-0
Enable. A correct path from state to state through the FSM was defined, and deviation from the
correct path was considered error.

Five states were necessary to encode the entirety of the correct shot cyclegsath
shown in the FSMtate transition table (Fig. }4In the Idle state, the MTG waits for a shot
cycle to begin. When-T0O Enable becomes activated, the FSM entet Enabled. After
TenthrHzhas gone high and aIl0 pulse has been asserted, the FSM triamss to F10
Finished. The same process recurs forHnabled and-U Finished, substituting-0 Enable and
T-0. Finally, when the-U Enable signal is no longer asserted, the FSM returtieetiulle state.

Transitons that violate the explicitldefinedexpected sequence trigger an error flag.

For instance, it is possible that a malfunction in the Shot Executive system could eHuise T
Enable and -D Enable to be active simultaneously at tivae of a TentkHz pulse (Fig. )5a

very serious errorn order for this condition to come about:0 Enable musbecome active

while the FSMsin the F10 Enabled state, resulting in an error according to the state transition
table.

Custom VHDL types were defined to implement the FSM on the CPLD, antbrket
capability was integrated with the usual reset for the MTG. The FSM does not interact in any
way with the operation of the MTG; it is physically separated from the CPLD macrocells
concerned with timing to improve resilience to failure. Its only outpdhéerror information.

The Shot Error was successfully tested. An LED was used to indicate the error flag's state
on the MTG prototype. The shot cycle simulator and oscilloscope were connected as in previous
tests, and the LED did not light as correcttstyeles were executed. Then, each enable signal in
turn was interrupted during the shot cycle, and the LED lit each time. -li@eahd T0 Enable
signals were also interchanged, which immediately caused the LED to light.

Because each FSM state is unigwagociated with a particular stage in the Shot Cycle,
the errors are also unique to particular failures. This feature opens up the possibility of specific,
causeexplicit error reporting. Aalf-byte error code was associated with each possible error in
the FSM code in anticipation of this application, and caexgaicit error reporting was explored
after the network interface was in place.

4.2 Clock Error

The 38VIHz signal is vital for all sho¢lated operations at LLE, and failure of this signal
ought o be reported by the MTG because it is the hub of all timing processes. This
functionality, Clock Error, was addealsense catastrophic loss of the signal amdeport it to
the Shot Executive. Sensing loss oiVB8z with the MTG is notrivial, becauset acts as the
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clock signal for the MTG. Combinational logic halts and the CPLD has no means of triggering
seltdiagnostics in the absence of its clock; it simply remains unresponsive. Nevertheless, the
modular, flexible nature of CPLD macrocells providewlution.

An external 1&kHz quartz crystal oscillator acted as both an external stimulus and a
metric to which the38 MHz signal was compareoughly3800cycles of the 381Hz signal are
expected to occur for each KHz cycle; this count was checkel A y 3 (G KS GaiNROAY I
(Fig. 16. A counter for the 381Hz signal was added in VHER&ch rising edge of the 10 kHz
signal caused the 38 MHz counter to pause momentarily. During the pause, the 38 MHz counter
value was compared with the approximatepected value of 3800. If it deviated from 3800 too
greatly, or if it was zero, a clock error was flagged. Then, the 38 MHz counter was reset in
preparation for another comparison on the next BAz rising edgeln this way, the 38/Hz
O 2 dzy G S NJ & Rfér errorabiy tN@edternal oscillator.

Since the two timing signals are indepentigmenerated the counter value at the time
it is strobed must vary by at least one due to thek of correlation between the signaldoise
can also introduce some vation in the count. To compensate, some tolerance was given to
the count comparator by disregarding several of the least significant bits. Using a sequence of
downloads and varying the number of disregarded bits between 1 and 10, a binary search was
performed to find the minimum number of bits disregarded before stable, noésgstant
operation was achieved. The minimum was found to be four.

Like Shot Error, Clock Error sets an internal error flag when the strobe test fails. The
error flag was routed tomLED on the MTG prototype. With four least significant bits ignored,
the Clock Error ran for four hours continuously with no errors logged, but lit the indicator LED
immediately upon disconnection of the 38Hz signal.

4.3 Network Interface

LLE's IP netwk is a powerful tool through which its equipment is increasingly
interconnected for ease of use and consistency of communication standards. Technicians may
connect to any networienabled device and check its status and error information from any LLE
compuer at will, and devices like the RRM modules have already proven the utility of such
capability. The MTG was outfitted with a network interface in order to confer these benefits
immediately upon installation. Error flags, error codes, reset commandst-oydput
information and a command line were made available over the network.

ANetBurner module was used as a communication engine for connecting the MTG to
the LLE networkFig. 17. The module is capable of both Ethernet and basic /O communication.
It can host its own webpage, andcibmes with a devicspecific @+based software
development kit. After assigning the NetBurner a unique LLE IP address, four bits of I/0O were
connected between the MTG prototype and the NetBurner. Three were assignedus iop
the NetBurner: one to indicate Clock Error, and two to destmatea limited set of error codes
from Shot Error. The last I/O bit was assigned as a NetBurner output, used for remotely
resetting the MTG.

A webpage from an unrelated netwednabled LE system component was adapted to
display the error information antb interact with the remote reset. The two bits of Shot Error
were interpreted together as a twbit error code (range of-@ decimal), signifying three
different sample errors (the fourtkignifying no error), and formatted to display the
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corresponding error messages on the webpage. The remote reset was implemented as-a check
box. A commandine interface to the NetBurner was also made available for future expansion,
should more sophistidad communication between the NetBurner and the MTG be
established. All features are accessiblaisingle browser window (Fig. 18

Using an LLE computer, the webpage was successfully accessed and displayed.
Oscilloscope traces verified that the MTG unglent a reset as intended in response to the
checkbox interface. Using the SCS, shot errors were simulated by disconnecting éhant ¥
0 Enable signals; the correct sample error message wpkagesl on the webpage each time.

5. Future Development

Thework summarized herein representsly the initial stages of a longer process to
update the MTG to meet new standards of reliability, interactivity and utility. Many concepts
have been proven feasible, but few are ready for deployment. The LLE engirgafingill use
this work as a foundation for further expansion as they prepare it fal fsackaging and
installation The network interface in particular has many more possibilities, such as automatic
communication with the Shot Executive about statusl @rrors,remote fine adjustment of the
MTG's outputs for synchronization with OMEGA EP, and comiiramdoutines for self
diagnosis and other functions. LLE can anticipate smoother operation, simpler maintenance,
higher reliability, and tighter integrain with the OMEGA systefrom its MTGn the future.
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Continuous

One pulse every
10 seconds

Gating |

|
T-10 Enable { Gate ) T-10

T-0 Enable Gate ) T
—iEy >

Fig. 1 Diagram of MTG OutpuButputs split into two groupscontinuous and gating. Continuous
outputs (Hsyng V-sync, FiveHz and TentiH2 are used to synchronize cameras and local timing for ¢
devices in the OMEGA laser systentigeoutputs are only active approximately once per hour, on tt
OMEGA shot cycle schedule, when the Shot Executive computer system agd<eead 10 enables.

Shot Cycle

Shot Executive

=k

Shot Executive

T-10 Enable

T-0 Enable

g I

.

Fig. 2 Shot Cyclén the seconds before a shot, the Shot Execuiingt &sserts the -IL0 Enable signal
(1). The MTG waits for its own Tertz pulse, and then synchronously outputs th&dTpulse (2). A few
seconds later, the Shot Executive asserts titeEnable signal and lowerslT Enable (3). The MTG agé
waits forits own TenthHz pulse, and then synchronously outputs th@ gulse (4)Pulse widths not to

scale.
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Py ardy ol i g
LR -. ° - 3

Fig. 4 CPLMade by Xilinx, this CoolRunritCPLD consumésryéittle power, has a very low pito-
pin delay, and measures only &6m x 20mm.

A convoluted solution A
v 38 MHz m A simpler method
38 MHz :_]

O
Divisor”
g 0000 H -

ofol3Jofojoli)

7777777 z
g EAC00A00H EEpm

Fig. 5 Comparison of counter desigisvo possible counter arrangements are shown for dividing th
heartbeat signal. The first usese counter per signal. The second uses counters to count the outpu
others. By nesting counters, computing resources are saved.
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38 ¥
MHz

T-10 Enable

T-0 Enable

T-0

Fig. 6 Final schematic diagraB8 MHz heartbeat divided by a cascade of nested counters, each
implementing Pre_oaded Kicl hrough (red circles with boots). Triggered counters (rounded-ilkard
rectangles) become outputs. Gated signals are created from Tidnthutput.

All 4 signals

output on
LEDs

Fig. 7 Demo board with MTG prograifhe new MTG program was first irapiented on a CPLD demc
board.The four continuous outputs,-8ync, HBync, Fivélz, and TentiHz, are routed to LEDs.
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Rote Regeneration b dule Upgrode -SE——
E-RR-8-016 (]

REY
SERIAL NUHBER_
i i A

¥

Fig. 8 Final test setuf:he large circuit board is the RRM, adapted for MTG testing. Fecagable
inputs are shown at theop left of the RRM, connected to getwlored contacts. The-8ync, H5ync,
FiveHz, TentkHz, 710 and TO outputs are visible at the top right of the RRM, on a smaller green bag
with an oscilloscope probe. The NetBurner module is shown in the loghar The fourconductor
ribbon cable (yellow, orange, red, black) is the I/0 for communications between the RRM and the
NetBurner. The gray plastic device connected to the RRM via a bundle of colorful wires is the JTA
reprogramming interface for the CBL
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Fig.9 Oscilloscope trace of Preoaded Kickr hrough resultsV-Sync and kync were implemented
using PLKT counters:Sync and ksync falling edges are shown on an extremely short time base. Ar
exceptionally shortlelay of 1.253 ns is measured between edges. The result is significant beeg@yse
follows HSync much more closely than would be possible using counters withoutRbi€THSync
appears to branch into two traces because interlaced video requirethinaync pulses only line up on
every other ¥Sync. Only the lower-8lync trace is relevant.

Fig.10 Shot Cycle SimulatoCreates 7.0 and T0 enable pulses to imitate shot cycle progression.
Connected to inputs of the RRM.
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00V
00V

TR Te R vre——

5t maip et e e

. 122.00%

T7-10
T-10 Enable [Efmsmmomeitn D em—————

were lengthened to 1.0 s in CPLD codectarity.

Fig. 11 Oscilloscope trace of shot cycle simula@orrect T10 and 0 Enable cycle shown on channe
3 and 4, with correspondingT0 and 0 outputs from MTG on channels 1 and 2.0rand T0 pulses

v 7

room light to create contrast withED light.

Fig.12 Sync-hronous camer test setuped LED, left image center, pulsed e
OMEGA laser. LED points directly into camera, synchronizeésgpd/and Feync. Setup is isolated frof
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§27.00%

Fig.13 Oscilloscope trace of synchronous camera teSignals from top: ¥bync, yellow; \Bync, blue;
camera output, purple;-D, green. The short LED pulse is shown in green near the bottom left. Sinc
camera uses interlad video mode, each frame is represented by twBWhc pulses. The next frame
after the LED pulse shows spike in camera signal, or light intensity.

T-10 Enable T-0 Enable 0.1Hz
state enabled disabled enabled disabled high low
“Idle” Goto *T-10 error

Enabled” :
] | Go to “T-10
“T-10 Enabled” ] error error ] ? ? .
i i Finished” :
= Go to “T-0
“T-10 Finished” : :
inishe : Enabled” error
errorif 0.1Hz Go to “T-0
“T-0 Enabled” . : :
navie high srror Finished”
“T-0 Finished” Go to “Idle” error

Fig.14 Shot error state machineAs a shot progresses, the MTG advances throughite State
Machine (FSM), evaluated on every clock cycle. States are shown on the left in order. The three s
relevant to the shot cycle process are shown at tofpOTEnable, -D Enable, and TentHz. A white cell
indicates no change, remainingthme current state. Each light green cell indicates an immediate swit
to state shown. An error is flagged and an error code is logged whenever a red cell is encounterec
allowing the mode of failure to be identified later.
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AL 1028 A 0.00V
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Fig.15 Oscilloscope trace of a possible shot err@r10 and T0 enables overlap at the time of a Tenth
Hz pulse. 1.0 and T0 occur simultaneously as a result. An error code would be logged by the Shot
FSM under the circumstances shown here.

Heartbeat lost

3
0 lﬂﬂ\t “

i Chs
crystal = _Error detected -
Fig.16 Clockerrorl ONEaulf 2aO0OAffl 02N aauNRO6oSa¢eg UKS
GSNAFASA (KIFIG GKS O2dzyiSNna @l fdzS tASa gAGK
interrupted. If the counter reads too highigsificant noise is present. In either case, the heartbeat
experiences a failure, and a clock error is flagged.

3000 300

eillate!

21



Greéton, Dana

Fig.17 NetBurner module:Shown clampéd in vice. Black clip is oscilloscope probe. Ethernet port i
visible in blue.

Fig.18 MTG WebpageBody elements, from left to right in table: digital inputs from the RRM to the
NetBurner; digital output from NetBurner to RRM acting as a remote reset, shown in its default

(enabled) state; error pane with formatted error messages, shaith an example error identified by
GKS adGlriSmvmyl OKRFES BRARY QU 2AMENTSALPEF yEeK ACAS ySINKN
of a shot abort.

22



