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Abstract

This thesis covers ongoing work into the design, fabrication, implemertation, and
characterization of novel passie transpondersthat allow rangemeasuremets at short
range and at high update rates. Multiple RADAR measuremeh stations use phase-
encaled chirps to selectiwely track individual transpondersby triangulation of range
and/or angle measuremets. Nanofabrication processesre utilized to fabricate the
passie surfaceacoustic wave transpondersusedin this thesis. Thesetransponders
have advantagesover existing solutionswith their small size(mm mm), zero-power,
high-accuracy and kilohertz update rates. Commercial applications sud as human
madine interfaces,virtual training ervironmerts, security, invertory cortrol, com-
puter gaming, and biomedicalreseart exist.

A brief review of existing tracking technologiesincluding a discussionof how their
shortcomingsare overcomeby this systemis included. Surfaceacousticwave (SAW)
devicedesignand modeling is covered with particular attention paid to implemerta-
tion of passiwe transponders. A method under dewelopmer to fabricate SAW devices
with featuresas small as 300nm is then covered in detail. The electronic design of
the radar chirp transmitter and receiver are coveredalongwith the designand imple-
mertation of the test electronics. Resultsfrom experimerts conductedto characterize
deviceperformanceare given.

Thesis Supervisor: ProfessorJosephA. Paradiso
Title: MIT Media Laboratory
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Chapter 1

In tro duction

Unhindered localization of objects is desirable for many applications from human
computerinteraction to product tracking to security. Many researbersand companies
have sited tracking of peoplewith special needs,prisoners,or workersin hazardous
situations as useful applications of localization[1(J. What this project proposesis
the useof SurfaceAcoustic Wave (SAW) devicesengineeredn a particular fashionto
function astranspondersfor a distributed radar tracking network. The radar network
would track the location of the SAW transpondersin 3-d with an update rate on
the order of 10kH z with 10cm accuracy Improvemeris over these estimations are
conceiable in an optimized implemertation. A patent application covering the work
in this thesiswas led on March 7", 2006 under the title \Real-time ranging and

angle measuremets using Radar and SurfaceAcoustic Wave Transponders."

This thesiscoversall of the work completedto date on this project. While ranging
resultshave not yet beenobtained, alot ofimportant progressand experiencehasbeen
garnered. About two to four months of work remainsbeforeinitial results are ready.
The approad takenfor the overall systemis covered. The transponderdesignprogress

that hasbeenmadeto date is given aswell asfuture plans for investigation. Micro{
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24 CHAPTER 1. INTRODUCTION

fabrication of the devicesis extensiwely covered, however processedor 1:1 m line{
widths have not yet beenattained (we are only two to three weeksfrom fabrication
of working 1:1 m devices). The dewelopmen of a measuremen station is underway.
The FPGA programs, rm ware, and approad are descrited in detail. Analog RF
circuits have been constructed, and recen results will be discussed. There is some
work that was done for this project that will not be discussedand is as follows;
An analog time{to{digital converter was designedand built, but is impractical and
unsuited for time{of{igh t ranging in this project. Analog circuits were built to
generatea chirp beforethe FPGA wasavailable. A low{noise ampli er wasdesigned,
analyzed, extensiwely simulated, and built; the details of this ampli er have been

left{out becausehe designis being debugged.

There are two major componerts of this system;the SAW transponder and the

radar measuremen station.

A SAW transponderre ects a short pulseof received RF energybadk to the mea-
suremen station asa phase-encded pattern of data. An arrangemen of correlators
and impedance{malulated re ectors on the surfaceof the SAW transponder return
encaled data patterns badk to the antenna for retransmissionto the measuremen
station. Se\eral published techniques for selection, iderti cation, and encaling of

data with the tags will be applied aswell as somenovel designs.[11, 12,13

SAW deviceswere originally deweloped in the 1960's[5 14, 15]. Their function is
basedon the principle of generatingsurfaceacousticwavesin a piezcelectric substrate.
SAW devicesare extensiwely usedas passie narrow-band-pass Iters in commercial
comnunications equipmen sud as cellular telephones. Innovation cortinues with
the useof SAW devicesfor RF-ID applications[12,16, 17, 10]. The unique properties
of SAW devicestheoretically makesthem an ideal technology for this novel real-time

tracking solution.
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Radar has beenutilized for decadesto track a multitude of targets sud as air-
craft, weather patterns, and cars. Active transpondersassistradar iderti cation by
responding with an encaled signature. This allows the radar to determine exactly
what object is being tracked. Transpondersare usedin almostall airplanesto aid air

trac cortrollers in identi cation [18,19].

Antenna i
optional
measurement t
ransponders
station measurement
stations
X Ve

return
signals

4\ interrogation

signal

Figure 1-1: Notational diagram of three measuremenstations tracking a single SAW
transponder.

Ead radar measuremenstation will measureime-of- ight and/or angleof arrival
of the signal returned by the SAW transponder, gure 1-1. Simple triangulation
calculations are performed on the data from three or more measuremen stations to
localize a tag. Only one measuremen from all of the measuremen stations, either
time-of- igh t or angle-of-arrival, is necessaryto localize. Howewer, using more than
the minimum necessarysignals will improve accuracy For the simplied system
descriled in this work, the location of the measuremen stations must be xed and
known by the algorithm.

Figure 1-2shavsa simpli ed sawv tag with phaseencaling usedto illustrate the ap-

proach we intend to take. The inter{digital transducers(IDTs) corvert the electrical
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V oT 1
antenna

S|gnal ralls
///////////////

/

IDT 2 aﬁﬁfaﬁj@% QQ%QQQQQ IDT 2

Figure 1-2: Hypothetical SAW transponderto illustrate the approad takenfor identi-
cation and commonmode rejection. The IDTs are shovn with phase{shiftencaing.

Y
Y
/

Ea g@g |

//

////////////////////////
SAW transponder

energyinto a surfacewave (details will be coveredin chapter 2). A SAW transpon-
der must be selectiwe to a particular signal, thus the phaseencaling. To enhance
signal{to{noise and reduce badkground radar clutter, a built{in delay betweenthe
received signal and retransmitted signal must be implemerted. A medanism must
also be provided to compensatefor e ects of temperature on the surfacevelocity of
the SAW device. In this examplethree di erent IDTs implemert the phaseencaing.
The codesfor this exampleare very short (v e and six bits in length). An actual tag
would have up to 128bit code lengths. This particular tag has di erent receiwe and
transmit codes.

The distance betweenthe IDTs builds in a delay betweenwhen the radar signal
is received and retransmitted. In this case,IDT 1 hasbeendesignedto be selected
by the radar chirp from the measuremen station, while IDTs 2 & 3 do not correlate
to this signal. Becausethe distancebetweenIDT 1 and IDT 2 is di erent than the
distancebetweenIDT 1 and IDT 3, and the propagation speedis the same,the time

betweenthem may be usedto take out commonmode surfacevelocity variations.
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Figure 1-3: lllustrates the signal ow of RF received and transmitted signal and
surfacewaves, along with the e ects of the signal processing.

The various signal processingat the di erent placesalong the transponder are
illustrated in gure 1-3. For the following discussionsecondaryre ections and uncor-
related signalsare not accouried for. Chapter 2 will cover secondaryre ections as
well as other higher{order e ects. The signal received by the transponder's antenna
from the measuremenstation in this exampleis a Barker code[5,14]. A Barker code
correlated by the proper IDT will createa SAW pulse with unity side{lobes. Other
codesare generatedpseudo{randomlyand the simulated and selectedfor acceptable
side{lobe attenuation[14]. In this caseonly IDT 1 correlatesto this receiwed code.
IDTs 2 & 3 do not correlateand launch only a small surfacewave. When the surface
wave launched by IDT 1 readesIDT 2 & 3 the transpondedsignalis transmitted as
a convolution of the surfacewave and the phaseencaled IDTs. This waveformis rep-

reseried below their respective IDTs. In this casethe samewaveform is transmitted
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by both IDTs, but they may have di erent encalingsif desired.

«— interrogation chirp

Al

primary measurement station

secondary measurement station

I >

time

Figure 1-4: Macroillustration of signalsreceived by measuremets stationsat di erent
locations (not to scaleeither in time or magnitude).

The transmitted and transponded signalsmay be received by multiple measure-
mert stations. Each additional measuremen station would relay the station's posi-
tion and the time measuredrom the interrogation chirp to the received signalsto the
primary measuremen station. Figure 1-4 shows the temporal waveforms from two
measuremen stations. The primary measuremen station in this exampleis further

away from the transponderthan the secondarymeasuremen station.

analog signal nn/\f\hl\l\/\/\/\!\l\nﬂ a.

digital a.

t=t,
digital b.
t=ty

time

Figure 1-5: Digitization schemefor enhancedow{cost identi cation andtiming. Eac
digital channel,a or b, represets the thresholdedreceie signalat a particular cuto .
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Figure 1-6: Time measuremento peak of the correlated signal.

The approad takento accuratelymeasurethe time delay isillustrated with gures
1-5 & 1-6. The waveform will be measuredby clipping and digitizing the receiwed
signal at high{speed. The digitized waveform will be captured using the multi{
gigabit{receiver (coveredin section4.6). In this example,one digitization channelis
usedto capture data at two times, represeted by (a.) and (b.) in gure 1-5. The
digitized waveformsare then auto{correlated to the expectedwaveform as calculated
using a SAW transponder model[2d. The correlated output waveform may look
like the one presened in gure 1-6. The correlated waveform will have a peak and
that time displacemeh measuremen will be usedto derive the time{of{ gh t for
triangulation. Pseudo-randomtransponder codeswill be selectedfor auto{correlated
signalsthat have signi cant correlated peaksto allow for improved signal{to{noise
performance. The time measuremets from the di erent digitized channelswill be
approximated into one measuremen by averaging the results. Of course,what is
achievable in practice depends on many factors, some of which are the signal{to{
noiseratio of the sampling circuitry, operating ernvironmert, multipath e ects, and

interferenceof other tags.



30 CHAPTER 1. INTRODUCTION

1.1 Analysis
—— (T
(1340ns) (1005ns) (670ns) | | multi-path
s 1 object
st | 20 111
. (335ns) (670ns)
Orln 100m 200m

distance(time)

Figure 1-7: lllustrates the time{of{ igh t of the interrogation pulsebeing returned by
a multipath object and a transponder.

The following is a simple analysisof the requiremens and expected performance
of the proposedsystem. The limiting factors for how fast a tag's position can be read
is the maximum distanceto a tag and the read{out / read{in time. For a maximum
range of 100m, the round trip time for a pulseis 2 10011% = 67(s, wherec is the
speedof light. To allow for badkground radar clutter to dissipate, a delay is added
to the maximum round{trip time. For all signalswithin 200m to dissipate,we need
a total delay of 1s beforethe SAW transpondersreturn the signal. Thus the total
delay betweenthe time the radar chirp is transmitted and the return signalis received
must be at least1:3s . A 32{bit code at 2:4GH z will take 13ns and consideringthe
returned signalis a 64{bit cornvolved waveform, the total time for both is only 40ns.
Using three measuremen stations with one transmitting and two listening, a single
update cantake placein 1:4 s, or at arate of 70(kH z. This is a very impressiwe 3-d
localization rate in terms of available technology Resolutionimprovemers could be
attained by integrating the result over time.

The demonstration systemwill be shifting received data in at a rate of 2:4GH z.
Two phase{lacked multi{gigabit{transceiv ers (explainedin section4.6) channelswill

be usedto double the sampling rate, thus satisfying Nyquist to achieve 2.4GHz
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overall. A very stableclock with 10Qppm stability over half an hour drivesthe receier,
which hasno signi cant e ect onrangemeasuremets. The peak{to{p eakclock jitter

is 20ps, which resultsin an error of 3mm. Giventhe round{trip time to and from the
target is measured,a factor of two advantage is realized. The best achievable range

resolution given the hardware available to us would then be:

1 1
ZCf—— 2 38 1082:4 10

= 6:25cm (1.1

Temperature e ects on the surfacewave velocity of the transponderis a concern.
The propertiesof LIN bO;, including temperature dependernt e ects, will be discussed
in more detail in chapter 2. For the purposesof this example, a typical SAW sub-
strate has a characteristic surfacevelocity of 3992n=s and temperature coe cien t
of 75 pm= . E ect due to temperature changesmay be compensatedfor through
measuremen and calibration.

To analyzethe performanceimprovemen with temperature measuremenh com-
pensation consider the dual re ector con guration. The amourt of error for the
uncompensateddesign, €uncomp, Will be calculated rst asa comparisonfor the com-
pensatederror, eomp. For the 100m maximum range, a delay of d; = 67Mns will
be required (Referto gure 1-7). As a starting point, a d, = 10ns delay between
the temperature measuremen dual re ectors will be chosen. Assuming a tempera-
ture discrepancybetweenthe measuremen station and the SAW transponder to be
teror = 10 (a very consenrative estimate), the appraximate error in the distance

measuremenwould then be;

dv

Vsubterrortcoe

39922 10 7sPPM (1.2)

:3m
S
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Where vy, is the substrate surfacevelocity of 128 LiN bO;, andtc,e isthe assaiated
temperature coe cien t[5]. With a surfacelength betweenthe input IDT andthe rst

re ector of
| = Vgup dip

399In=s 67(0s (1.3)

2:7/mm

lending to a distance measuremen error of appraximately;

=c d _
euncomp 1 Veub dV

2:7/mm (1.4)

=310 670s oo os Bmes

= 15Imm

An error of 15Imm is decen, and probably much worse than what would be
expected under normal conditions. Howewer, sud an error would be a signi cant
degradationof achievable performance.As brie y discussedat the beginningof chap-
ter 1, a multi{re ector sdeme will be usedto determine the temperature of the
SAW transponder. Seeral shemesfor using SAW transpondersto measuretem-
perature and or compensatefor temperature have beendewloped and implemerted
by others[2] 22]. By using temperature compensation methods much better results
shouldbe attainable. SAW transpondershave beendemonstratedto measuretemper-
ature with a resolution of 0:02 [21]. With sud precisetemperature measuremets

the error due to temperature may be reducedthrough compensationto;

dv = Vsubterrorteoe

39922 002 7522 (L.5)

mm
6——
S
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lending to a distance measuremen error of appraximately;

€omp = C dp m
_ 2:7/mm (1.6)
=310 670s oo o emm=s
= 0:3mm

Therefore, with only 0.3mm of error due to temperature e ects, they can be safely

ignored for the application and designdiscussedn this thesis.

Given we are using a low{cost FPGA to digitize the receiwed signal, measuring
temperature will be a problem. By utilizing the fast oscilloscog we will be able to
measurethe temperature accuratelyenoughto prove the concept. Later more capable

receiver electronicswill be designedto createa cost{e ective independer solution.

Another issuewith systemultilizing RF for tracking is the degradationand spoof-
ing due to multipath[18]. The 2:4GH z carrier frequencyis susceptibleto multi-path
in environmerts where the transponder does not have line{of{sight to all the mea-
suremer stations. The problem of accuratelocalization become®neof obsenability,
which is out of the scope of this thesis. There seeral approadiesthat would help with
mitigating e ects of multipath sud aspositioning or adding measuremenstations or
implemenation of Kalman ltering or estimationtechniques[23 24,25, 26,27,28, 29].
By using the samecorrelation techniquesexplainedat the beginning of this chapter
and in section 2.3, multiple edos due to multipath can be detected and corrected
for[19]. Continuing work after the basicgoalsof this project are met will include im-
plemertation and researb into algorithms that exploit systemstate and constrairts

to mitigate the e ects of multipath.
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1.2 Motiv ation

Probably the most lucrative application for a passie localization system s asset,
people, and/or animal tracking. The ability to locate products and possession#n
real{time and 3-d will improve security and retrieval of items with signi cant im-
provemerns over existing technologies,sud as RFID.

Encoding human body motion is an example of a dynamic application which il-
lustrates the utilit y of 3-d tracking[30]. Traditionally body motion hasbeenrecorded
with vision instrumented rooms[3], inertial measuremen units (IMU)[32], or ul-
trasonic sensors[3B A personwearing chip-sized SAW transponderssewninto the
wrists, ankles, and joints of their clothing would have their body motion tracked in
real-time. Sud encaling could be usedfor a variety of human computer interfaces.
Two of the many applications which this systemis uniquely suited for include al-
lowing unhindered natural motion in a virtual reality ervironmert, training a robot
through intuitiv e movemernts, or interactive computer games.

Becauseof their small size, low-cost, and the ability to use numeroustags, SAW
transpondersare well suited for disposableapplications sud astracking animals, for
researb, or domestic cortrol. An additional benet of SAW transpondersis that
they do not requiring external power and their usefullife is virtually unlimited and

maintenancefree.
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1.3 Related Work

Existing technologiesare inadequatefor the applicationsa SAW localization systemis
suitedfor. Ultrasonic transpondersare bulky, requirea power source,and have limited
line-of-sigh and are susceptibleto ervironmertal interference.IMUs arebulky, costly,
require a power source,and are limited by drift, bandwidth, and accuracy A vision-
basedtracking systemrequiresa carefully controlled ervironmen to ensureline-of-
sight and su cient cortrast betweenthe obtrusive visual markers and badkground
objects. Di erential GPS systemsare bulky, costly, mainly limited to outdoors, and
have marginal update rates[34]. The key advantagesof SAW basedtranspondersis
an unintrusive, robust, and low-costtracking systemwith high update ratesthat can
be deployed with thousand of tags. The applications of localizing SAW transponders

is broad and poorly met by existing solutions.

Many commercialindoor location and tracking systemshave beenimplemerted
or are in dewlopmen. Chipcon has dewloped a hardware core that usessignal
strength and bit{error{rate to estimate the relative location of transceiwers [35, 34].
A systemof using small active tags was deweloped by Carios for the use of tracking
objects at high{speed,sud as saccerballs. An assettracking systemwas deweloped
by Ubisenseutilizing ultra{wide{band technology[3§. All of thesesystemshave one
thing in common, bulky active tags, a major disadvantage in comparisonto the

passive SAW transponders.

Meaningful quartitativ e comparisonsbetweenthe mentioned technologiesis di -
cult asthere are many application speci ¢ trade-o s which a ect performance.A few
of the inherert trade-o s are betweenaccuracy power, cost, update rate, and e ective
range. For simplicity, many assumptionswere made while compiling the data shovn
in gure 1.1[31. The best performanceas stated from the vendor's documertation

sheetwas assumed. Minimal external interferenceunder the best conditions were



36

CHAPTER

1. INTRODUCTION

| | uTags Dieren tial GPS | Vision | Ultrasonic | Radar
Tag Size | 1x1cm 16x9x17cm 4x4 cm 5x5x5 cm NA
Tag Weight | < 2g 1:4kg < 1g 100g NA
Cost/T ag $1.00 $Ik{$1k $0:30 $10000 NA
Reader Cost $5k NA $10k NA $2k+
Resolution < 10cm < 5em(xy);< 10cm(z) | < 2cm < 1c; meters
Sample Rate | 1{10kHz | 1{20H z 30{60H z 120H z 1Hz
Power/T ag | O 5W 0 200mw 0
Range | 1{100m NA 1{10m 1{10m miles
ID | Yes Yes no Yes Yes
In/Out Doors | In/Out In/Out In In/Out Out
| | Chip con | Carios | Ubisense | |
Tag Size | varies 2x2x0.5¢cm 5.8x9.2x1cm
Tag Weight | varies 5g est. 459
Cost/T ag | unknown | 57 EUR 50 EUR
Reader Cost | unknown 20k EUR 15k EUR
Resolution 1 2m 1 2cm 20cm
Sample Rate | varies 10kH z 39Hz
Power/T ag | 100mW 70mW {175mW unknown
Range | 70m 300m 50m
ID | Yes Yes Yes
In/Out Doors | In/Out In/Out In/Out

Table 1.1: Comparisonbetweenwidely usedlocalization systemsand SAW transpon-

der[6, 7, 8, 9].

implied on somedata sheets,and nominal speci cations were given by other data

sheets.A comprehensie comparisonis out of the scope of this thesis, howeer table

1.1l illustrates how SAW transpondersare uniquely suited for a niche which existing

technologiesdo not |I.

Design and fabrication of SAW Iters and correlators has been extensiely re-

searbed. The usesof SAW devicesis expandingin the area of chemical sensing,

optics, and RFID applications[13,37, 38]. SAW devicesare emergingin sud novel

usesas an optical wave-guidescanningsystemto steer a laser beam using the bire-

fringent properties of LIN bO;[39]. Shortly after this project was started companies

producing SAW devicesfor RFID application started to appear[17,40]. The market




1.3. RELATED WORK 37

for utilizing SAW RFID technology is relatively untapped, probably for seweral rea-
sonincluding the amourt investedin other RFID technologies,recen dewelopmerns
in SAW designs,and the prior di cult y in manufacturing and reading SAW devices
in comparisonto other technologies. A seart of the literature has not yielded any
projects relating SAW transpondersto ranging and localization similar to the goals

and methods of this project.
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Chapter 2

Surface Acoustic Wave Devices

This chapter covers the basic conceptof SAW functionality, the approad taken to
model thesedevicesfor this project, and an explanation of the devicedesignsimple-
merted on masks1 through 3. The approad taken to tackle the complexity of this
project was to iterate on design,modeling, fabrication, and testing of SAW devices.
Simple models that were usedin the beginning will becomemore sophisticatedand
accurate with ead iteration. Using real test data at ead step will verify our in-
creasinglysophisticatedmodelsand designs,aswell asprogressiely build experience
with fabrication, electronics,and design. Existing methods for encaling data into
the SAW transponderswill alsobe experimerted with, but are not the primary focus

of this project.

Acoustic surfacewavesare a physical, asopposedto electromagnetic,compression
disturbancemoving alongthe surfaceof a substrate. Visualizing waveson the surface
of a SAW deviceasripples on a pond can be helpful with understandingthe transiert
operation of thesedevices. Surfacewavescanbe initiated in many ways dependingon
the substrate. The SAW devicesin this project consistsof a piezcelectric substrate

patterned with a thin Im of aluminum. When electrical signalsare applied to the

39
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metal on surface of the piezcelectric substrate, the electric eld causesa physical
disturbance. A cyclical electrical eld causegipplesto be generated.To magnify the
response,marny input featuresare actuatedin resonancdor constructive interference
of the waves[].

The SAW transpondersin this project consistsof a piezcelectric substrate pat-
terned with a thin Im of aluminum. Any type of conductive metal can be used
to make the IDT, howewer there is a trade{o between adhesion, resistance,and
weight. Some metals have poor adhesionto LIN bO;. Even though they are very
thin ( 200nm), the weight of the metal ngers causessignal attenuation and re ec-
tions. Aluminum was chosenfor reasonableadhesionto LIN bO;, low mass,and low

resistivity.

substrate
reflectors

metal

bond pad

input IDT

Figure 2-1: Simpli ed diagram of basic SAW transponder functional componerts[1].

A notational diagram of the patterning usedfor a simplied SAW transponderis
shovn in gure 2-1. An antenna is connectedto the bond{pads which couplesthe
RF chirp into the transponder. The inter{digital transducer (IDT) is a linear array
of metal ngers which changeincidernt electrical energyfrom the bond{pads into a
surfaceacousticwave on the piezcelectric substrate. This wave travelsalongat a slow
velocity (in comparisonto RF) until re ecting o discortinuities on the path of travel
sud as metallic strips of re ectors. The re ected signalsreturn to the IDT and are

retransmitted via the antennato the base-station. The gap betweenthe IDT and the
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rst re ector builds in a delay betweenthe incident RF burst to the rst re ector,
which allows multi-path clutter to diminish before a rebroadcast,ensuringthe base
station receivesa clear signal from the SAW transponder[13, 5, 14].

Anytime the surfacewave encourers a discortinuity, three things may happen.
Someof the energyin the wave may be re ected, cortinue on una ected, or be dissi-
pated. Any pattern of material may causea disturbanceor transformation of surface
waves traveling underneath. Every nger in an IDT or re ector will re ect someof
anincident wave. Thesere ected waveswill then interact with other ngers to repeat
the processuntil all of the energyhas beendissipated. Secondaryre ections can be
a signi cant problem and posea designchallengeby ruining the desiredresponse,or
they may be exploited as part of the design.

Clever designsof SAW patterns allows sophisticatedsignal processingof the sur-
facewave. Proper designof the patterns will evencausethe substrateto steerlight[39].
As well as being periodically resonan, SAW patterns are also designedto resonate

to a speci ¢ sequencef patterns, asin the caseof SAW correlators[5,14].

RF wave in match

RF wave in w surface wave out

& s

\\\\\\
\\\\\\

\\\\\\\
\\\\\\\\
\\\\\\\\
m\\\
\\\\\\

/

//

time . posmon
I

f >

NANNNNNNY
AN\

N

\\\\\\

\

//////////// 7,777
> }

time / position

>

Figure 2-2: Saw correlatorwith correspnding code and output pulsewaveform. \time
/ position” is the waveform over time at a singlepoint betweenlIDTs, or the waveform
over position betweenIDTs at a particular time.

The designof phase{shift SAW correlatorsinvolves alternating the arrangemen
of the IDT nger pairs. Figure 2-2 shovs a SAW correlator IDT with the respective

matching waveform. As the waveform enters the IDT, at ead cycle eady nger



42 CHAPTER 2. SURFACE ACOUSTIC WAVE DEVICES

pair starts a wave of a certain polarity. Thesewaves constructively or destructively
interact. With the proper input waveform, the total sum of the waves interfering
with ead other will give the maximum response,which is launched along the surface
towards another IDT or re ector. The \RF wave in match” in gure 2-2illustrates
how the input waveform matchesto the IDT's nger pair polarity. In this example
the correlated sequencas a Barker code which results in a pulse surfacewave with
side lobesof unity magnitude[14,5]. Designand simulation of SAW correlators will

be coveredin is sections2.2 & 2.3.

2.1 Prop erties of Lithium Niobate

The designof the SAW devicesin this project is limited by the propertiesof LIN bO;.
Lithium niobate was chosenfor seeral reasons. The high coupling{coe cient, or
the amount of electrical energytransferedto the surfacewave, of LiN bO; is much
better than many other suitable materials[5 2]. LiN bO; also has a relatively high
characteristic surfacewave velocity. Fastersurfacevelocities enableshigher frequency

devicesto have larger metal patterns, making fabrication easier.

Figure 2-3: lllustration of the crystal cut of a 128 {RY wafer[2],with an X{Flat, from
Crystal Tednologiesinc.

The crystalline structuresof LIN bO;, constrainsthe surfacewavesto move alonga

particular direction. Varying the orientation of the crystalline structure with respect
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Figure 2-4: lllustration of the crystal cut of a’Y wafer[2], with a Z{Flat, from Crystal
Tednologiesinc.

to the surfaceof the wafer changesthe properties of substrate. Someof the properties
a ected by the crystalline orientation arethe surfacevelocity, couplingcoe cien t, and
temperature dependency[14, 41, 2]. The 128 {RY lithium niobate wafer cut hasthe
best coupling coe cient (K ? = 5:3%) and surfacevelocity (3992n=s) with a decet
temperature degradationcoe cient (75ppm= ). All of the devicesdiscussedn this
thesis were made with 128 {RY wafers, though deviceswere also fabricated out of
Y{cut wafers.

The e ects of temperature on the surfacevelocity of LIN bO; SAW deviceshas
beenwell characterized[9. Changesin temperature causea shift in the band{pass
SAW certer frequenciesof a SAW lter[14, 5]. Most implemenations appear to
safelyignore temperature e ects. In caseswvherethe surfacevelocity is critical, some
designsuse a heater to cortrol temperature[14]. Sometransducersexploit the tem-
perature dependenceof lithium niobate to measuretemperature[2]. For this project,

subtracting out the e ects of temperature on the ranging solution will be important.

2.2 Mo deling

Accurately modelinga SAW device'sresponseto stimulusis very complicated. Higher

order nger re ections are usually modeled using nite{element{analysis (FEA) or
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boundary{elemer{analysis (BEA). Seeral methods of modeling nger pairsin FEA
or BEA exist, sud the P-Matrix, S-Matrix, coupling{of{modes (COM) modeling
methods[§. FEA and BEA are both computational intensive, time consuming,and
not particularly intuitive. Intuition into the operation of SAW devicesis essetial
for understanding the e ects of design choices. The design of more complicated
implemenations lead to longer simulations, making visualizing SAW responseseven
more important.

A simple method of simulation was exploredto quickly obtain someexperience
with the macro characteristics of SAW behavior. The approad taken estimatesthe
lossin power resulting from rst{order nger re ections given the initial acoustic
waveform. The resulting surfacewaves are then convolved with the output IDT to

simulate the electrical output generatedby the surfacewaves.

absorption block ==\

— 200um }

input IDT output IDT

Figure 2-5: SAW Iter made with mask 1. Device 0x2C9 25 nger pairs that are
200m long.

A simple exampleillustrating simpli ed modeling is shavn in gures 2-6. This is
the simulated impulse responsethrough a SAW lter as designedand implemerted
on mask 1, which is shavn in gure 2-5. The surfacewave responseis modeledby a
sinewave in which ead nger pair correspndsto onecycle. The magnitude of the
surfacewave, at any given point betweenthe two IDTs, decreasesvith time because
of re ection causedby the input IDT ngers. Another way to visualize this is that

at the momen the impulse couplesinto the IDT there is a surfacewave generated
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Input generated surface acoustic wave Electrical output at second IDT
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Figure 2-6: MATLAB simulation of the normalizedimpulse responseof a 323V H z
SAW band{pass Iter shown if gure 2-5.

that spansthe IDT with no attenuation of signal. This surfacewave travels out from
eat IDT nger pair in both directions, and anytime an individual cycle encourters
a nger someof the energyis lost due to re ection and absorption. As the surface
wave couplesinto the output IDT, further attenuation occursdue to re ections. By
convolving the two waveformsresulting from the geometry of the input and output
IDTs, the electrical signal at the output can be estimated as showvn to the right in
gure 2-6. The code usedto generatethis simulation is givenin MATLAB appendix
F.

An oscilloscop trace from the actual device correspnding to this simulation is
shovn in gure 2-7. The test setup and data collection proceduresare detailed in
section4.4. The rst 25cyclescorrespnd very closelyto the simulation, becauseonly
rst ordere ects of nger re ections aredominart. As the surfacewave movesfurther
acrossthe output IDT the secondaryre ection start to have a visible impact, which is
why the tail end of the test data deviatesfrom the simulated output. Re ections will
cortinue to bouncebadk and forth betweenthe two IDTs, and internal IDT ngers,

until all the surfacewaves have dissipated. This e ect, shavn in section5.1, is also
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MA TLAB 1 : MATLAB sourcefor simulation in gure 2-6

1 % Simple simulation of the impulse

2 % of a response 50 fingers, or 25

3 % finger pairs, saw filter

4

5 f = 323e6; % frequency = 323 MHz

6 w= 2 pi f; % omega

7 p = 1/f; % period

8 fingerPs = 25 % number of finger pairs
9

10 % time step is 100ps
11 t = 0:100e 12:fingerPs p;

13 % model input pulse
14 in.p = (1 t f/40). sin(w t);

15

16 % normalize

17 in_p = in_p./max(in_p);
18

19 % model output pulse
20 out_p = conv(in_p, in_p);

22 % normalize
23 out_p = out_p./max(max(out_p), min(out_p));

not covered by this model. The purposeof the higher order modelsis to take into

accourt multiple nger re ections.
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Figure 2-7: Result of an impulsethrough deviceOx2C9asrecordedon an oscillosco.
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2.3 Design

Only a simpli ed number of design parameterswere speci ed for the rst devices.
The center frequencyof the mask 1 designswas primary speci cation. The complete

frequencyresponsehas beenignored for simplicity.

bond-pad
width line-width
bond-pad N
height _
length
apodization
T rail width

P e
Figure 2-8: Parametersfor the designof a SAW IDT in this project.

Figure 2-8 summarizeghe basicparametersfor the deviceson mask1. The nger
pitch alongwith the characteristic surfacevelocity determinesthe resonan frequency

of the IDT.
v

y (2.1)
2 p

wherev is the characteristic surfacewave velocity, is the surfacewave{length, and
f is the certer frequency[3.

For the deviceswith 3m line{widths, and a pitch of 6m on a 128 {RY crys-
tal cut with a surfacevelocity of 3992n=s, the certer frequencyis 332V Hz. This
di ers from the measuredcerter frequencyresponseof 323V H z, which may be due
to secondarye ects sud as electromagneticfeedthrough, triple{transit{in terference,

capacitive e ects of the ngers, or the RF-Network Vector Analyzer that we were
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using was out of calibration (the calibration was last done over ten yearsago). More

investigation into the discrepancyis underway.

Apodization, or the amourt of nger overlap, may be varied to evoke a certain
responsefrom a SAW lter. For examplea sinc{function apodization of the IDT will
yield a at pass{bandresponse. The simple Iter deviceson mask 1 had constan
apodization.

The number of nger pairs and length of the apodization determinesthe input
capacitanceof the IDT. Capacitanceper unit length is a fundamertal property of
the particular substrate and crystal cut used. For 128 {RY cut lithium niobate, the

capacitanceper nger pair per unit length is SpF=cm=nger{p air. Therefore:

Ci= ¢ 100cm=m) a, f, (2.2)

Where C; is the total IDT capacitance,c is the fundamenal capacitanceper nger
pair per unit length, a, is the apodization in meters,and f, is the number of nger
pairs. For deviceOx2C9 detailedin section5.1,a, = 200m , ¢ = 5pF=cm=pairs, and
fp = 25resulting in a C; of 2:39F, which is closeto the measuredinput capacitance
of 2:13pF.

The bond padswere made large enoughfor easywire{b onding. They were much
larger than necessaryin an attempt to mitigate the problems causedby the thin
metal and fragile substrate. The width of the rails only needsto be wide enoughto
ensurethe signalis not attenuated substartially due to their internal resistance.An
absorption block, see gure 2-5, stopsunwanted signalsfrom re ecting badk towards
the IDT. The 200m width chosenwas arbitrary for this design. Future designswill

useangledre ectors that won't take up asmuch devicearea[14].

Three di erent re ectors for encaling of the return signature weretried on mask

1, showvn in gure 2-9. The \open" re ector had the largest return responseof the
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I I

open short

interleaved

Figure 2-9: The three typesof SAW re ectors were implemerted on mask 1.

three designsand was the only designto return a signi cant signal. Not much time
was taken to characterizethe di erent re ectors for lack of equipmen and because
fabricating the 915M H z devicesbecamethe priority.

SAW correlators are extensiwely usedin SAW lter and communications appli-
cations[11, 12, 13, 5]. Implemertation of SAW correlators for encaling was one of
the goalsof mask2 & 3. Sewral 919V H z narrow{band and wide{band correlator
designswere made, with three of them explained here. To keep this stage of the
project asuncomplicatedas possible,secondarye ects, sud asre ections, have been
ignored in the following examplesand correspnding simulations. Secondarye ects
will needto be accour for in future designs. The Matlab scripts usedto generate

the simulation for the following are located in appending F.

input IDT output IDT

11101

Figure 2-10: Narrow{band output correlator with n = 5 Barker code illustration.

A narrow{band correlator consistsof a tightly paded set of IDT ngers for a

cortinuouscode. To encade '0" or '1', the phaseof the nger is reversedfrom oneto
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Figure 2-11: Narrow{band output trace for gure 2-10.

another (seethe digits under the nger pairs of output IDT in gure 2-10). When
the proper code couplesinto the input IDT, the resulting SAW waveform will create
a pealed waveform at the output. Multiple nger{pairs may be usedto implemert
the encaling which increaseghe total amourt of energyin the signalsand increases
signal peaking. A simpli ed narrow{band SAW con guration is shovn in gure 2-10
with a Barker code of length v e encaling. The proper code received by the input
IDT will resultin the signalshovnin gure 2-11at the output. Notice the cortinuous

nature of the output waveform.
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input IDT —>|

I <4— output IDT

Figure 2-12: Narrow{band output correlator with code [1;1;1;0; 1; 1; 1; 1; 1; 1] utiliz-
ing one nger{pair encaling.

Figure 2-13: Narrow{band correlator responsefor devicefabricated on mask3, shovn
in gure 2-12. Generatedwith nb.min appendix F.

Figure 2-12 shows a designfor a narrow{band SAW correlator on mask 1. This
deviceshasa codethat is di erent from the Barker setsof codes,resulting in a unique
signature to the optimal interrogation code. The expected output is shavn in gure

2-13.
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RN

Figure 2-14: Wide{band output correlator illustration with n = 5 Barker code with
two nger{pair encaling.

i

Figure 2-15: Wide{band output trace for gure 2-14.

A wide{band correlator di ers from a narrow{band correlator by interspersing
the phaseencaled signal with a delay basedon the number of ngers at the input.
When the set of delayed pulsesmatchesthe output code the output waveform peaks,

asshown in gure 2-14.
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‘/— input IDT

output IDT v

Figure 2-16: Wide{band output correlator.

i Wl—lle—

Figure 2-17: Wide{band correlator responsefor devicefabricated on mask 3, showvn
in gure 2-16. Generatedwith wb.min appendix F.

Figure 2-16 shows the layout of a wide{band SAW correlator on mask 3. The
v e nger input doesnot have an encaling. The output encaling is implemerted in
the output IDT. A Barker code of length v e was used,which with the correctinput

sequenceayivesthe output waveformin gure 2-17.
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input IDT =~ \

output IDTs

Figure 2-18: Dual narrow{band transponderwith a Barker code of length v e with a
v e nger encaing.

rx signal
’/ /— first response /_ second response

>
0 400ns

Figure 2-19: Dual narrow{band transponder's simulated waveform. The \rx signal"
was transmitted by the measuremen station and is what the input IDT sees.The
\rst resmnse"” and "second respnse" are the waveformsfrom ead output IDT.

Measuringand compensatingfor temperaturewill betried with the designin gure
2-18. This dual narrow{band transponderhasthree IDTs which will give two distinct
responsesasexplainedby the examplein chapter 1. An actual implemertation would
have all three IDTs connectedto the sameantenna. They were left disconnectedin
this designto allow independert testing of eat port. Figure 2-19shows the expected
waveform whenthe correct code sequences received by the input IDT and probed at

the output IDTs. The phaserelationship and the distancebetweenthe two responses
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will be proportional to the temperature of the substrate.

’ first response l——él_ second response

>
0 400ns

rx signal

Figure 2-20: Simulation including the e ect of surfacewaves originating from the
output IDTs of the transponder shovn in gure 2-18.

Figure 2-19doesnot cortain the e ects of the initial input signalcouplinginto the
output IDTs in the con guration whereall IDTs are connectedto the samesource
/ antenna. When the input IDTs and output IDTs are connectedto a common
antenna (typical for a self{cortained transponder), the output IDTs also generate
a signal from the output to the input IDT. This signal conbine with the signals
originating from the input IDT to create the slightly distorted waveform shown in
gure 2-20. In the future, designswe will exploit the ability to useall three IDTs
asinput and output transducers,to both increasethe returned power and enhance

encaling and temperature compensation.



Chapter 3

Micro{F abrication

Fabricating deviceswith feature sizesin the rage of micrometersto nanometers
requires specialized sciences,engineering, and a signi cant degreeof art. High{

resolution processings carried out in a clean{room facility with a variety of chemical
processingand meteorologytools. The path generally taken to constructing nano{
structures as createdin this project starts with designand layout of artwork describ-
ing the desiredfeatureswith a CAD tool. A scanning{electron{team{lithography
(SEBL) tool then writes this CAD artwork into a photoresiston a wafer. The wafer
may be the nal substrate or an optical mask usedto duplicate the artwork onto

the desired substrate. The photoresistis then deweloped with a chemical solution
to remove areasof photoresist. The substrate now cortains a transfered pattern of
exposedmaterial onto which more material (i.e. metal, oxide) may be deposited or
removed. After the deposition or etching step, the remaining photoresistis stripped
from the wafer leaving the desiredfeatures. When the devicesare completed, they
are cut up into small rectangles,mounted to padkages,and electrical leadsare wire{

bondedfrom pins on the padkageto padson a device. Also note that nanofabrication

may be carried out with processe®ther than lithography, sud as nanoimprint and

57
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atomic force patterning technologies,which usephysical meansto transfer a pattern
[42, 43].

There are many emergingmethods and applications of nanotedinology being de-
veloped on a variety of novel custom fabrication tools at MIT. The use of shared
experimertal fabrication tools, asopposedto commercialproduction tools, madede-
veloping a processesnuch more di cult. Many of the tools required a signi cant
amourt of experimertation to yield the desiredresults. Adding to existing chal-
lenges,someof the toolswould behave di erently after other lab usersprocessedvith
them. Many factors and a array of processingvariables made fabricating working
devicesa daurnting challenge. As with most researt projects, costsvary widely and
are di cult to project aheadof time without signi cant experience. For this type of
work a typical budgetruns between 7000and 8000USD per semester.This project
wasmy rst exposureto micro{fabrication, and | have learnedan enormousamourt
about the eld. Topicsin this chapter aim to explain all the challenging problems
and their solutions, aswell asall the processdetails that wernt into fabricating these

devicesnecessanto reproduce this work.

The devicesin this project were fabricated utilizing the resourcesof seweral MIT
micro{fabrication facilities. The NanostructuresLaboratory (NSL), directed by Pro-
fessorHenry Smith and ProfessorKarl Berggren,provided the high{resolution nano{
lithography tools necessaryto createdthe 919V Hz and 2:4GH z transponders. The
Researb Laboratory of Electronics (RLE) provided the shared scanning{electron{
beam{lithography facility (SEBL at RLE) to write the high{resolution lithography
masks. The MicrosystemsTednologiesLaboratory (MTL) provided the Experimen-

tal Micro{fabrication Laboratory (EML), wherethe 3m deviceswere fabricated.

Fabrication started in the EML becauseof the easeof accessand reduced cost

while meeting our initial resolution requiremernts. A wide variety of experimenrtal
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micro{fabrication projects are supported by EML, wherethe researt of over a hun-
dred studerts is underway. EML is an excellen laboratory to inexpensiwely dewelop
processeshat don't require a high-degreeof cleanlinessand have feature sizesgreater
than 2m . Another advantage of EML is that more latitude is allowed for new
processingmethods and materials. The tools in EML utilized by this project were
an electron{beam vapor deposition tool, the solvert and acid hoods, a resist coater,

a pro lometer, microscopes,and a mask aligning and exposuretool.

NSL is a comrmunity of researbersand studerts who emphasizecollaboration and
mertoring, which wereinvaluableto the progressof this project. The Nanostructures
Laboratory is a cleanercleanram that provides the specialized lithography tools
neededo achieve 1:1 m and300hm featuresizes.A cleanerlaboratory wascritical for
conformablevacuum{masklithography, coveredin detail in section3.4. Conformable
vacuummasklithography wasa morecoste ective method of making many duplicate
deviceswith line{widths assmallas300nm[42]. A plasmaasherand ellipsometerwere

also utilized in addition to all of the sametools usedin EML.

Deviceswith line{widths of 300nm were required for operation in the 224GHz
Instrumentation{Scienti c{and{Medical (ISM?) frequencyband. As a starting point,
323M H z deviceswith 3 m line{widths weremade rst for two reasons.Firstly, 3m
was the minimum resolution reasonablyadievable using tools in EML. 3m mask
fabrication is also considerablelessdi cult and lessexpensive than 300nm masks
fabrication. Many more devicesmay be patterned on a single3 m maskat no extra
cost. Experiencedgleanedin learning the 3m fabrication and testing processes
directly transfer to the more di cult fabrication and testing processe®f the 1:1 m
and 300nm.

Waferswere handled from tool to tool with seweral di erent typesof specialized

lseeFCC regulation 18.301
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tweeters. The fragile wafers required a certain degreeof skill to handle without
breaking them. Wafer were stored in individual and 25{wafer plastic carriers. Die

were put into sticky{gel cortainers’.

clean coat pattern

~[[ll=—

wafer photoresist mésk
AN -
—— 1 i
develop deposit lift-off
metal
E==9 — —

Figure 3-1: Simpli ed one{steplift{fo process.

The SAW deviceswere made using a typical micro-fabrication one-steplift-o
process. Referto gure 3-1. A wafer coated with a photoresist is patterned with
a mask and then deweloped to remove the exposedpositive photoresist, covered in
section 3.4.1. Then a thin layer of metal is deposited over the whole wafer using
electron{beamvapor deposition. The wafer is then immersedin a solution to remove
the photoresist and metal overlay from the surface. The remaining metal pattern
forms the desiredfeatures.

A chemicalwet-etch is another standard fabrication procesghat wasusedto make
masks. In the wet etch processthat wasimplemerted, a layer of metal was deposited
on the wafer beforethe photoresist. See gure 3-2. The photoresistis then patterned
and deweloped in the samemanner as in the lift-o processes. The wafer is then

submergedin a liquid chemical etchant to remove the exposedmetal. The wet-etch

2Wafer cortainers were purchasedfrom MTI corporation http://www.mtixtl  .co m/
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Figure 3-2: Simpli ed wet{etch process.

step, in somecases,can be much easierto implemert than a lift-o depending on
various factors and requiremernts.

To create working devicesfrom a new design\always" requiresiteration of the
design,fabrication, and testing/evaluation tasks. At best, developmen of a fabrica-
tion processs adi cult and tedioustask, much of which is skillful trial and error. A
processdesignernot only relieson a vast collection of knowledgeresourcesput also
ingeruity is essetial for success.To designa fabrication process,one must choose
valuesfor a dizzying list of parametersthat often do not have preciselydetermined
speci cations. Processparametersvary greatly with luck, time, temperature, humid-
ity, and the chemicalsused. Even minute particulate cortamination will ruin a device

or processstep; thus successlependson cleanliness.The challengesof constructing
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small structuresis di cult not only becauseof the inherert physical limitations, but
the laboratory skill requiredby a studert to implemert a process.The substrateused
for SAW devices,LiN bO;, causedmany additional problems. LiN bG; is particularly
fragile and inherent piezcelectric properties causeddegradation of masksand adhe-
sion problems. The challengesto deweloping a robust processwith repeatableresults

yielding reliable devicesare signi cant.

3.1 Mask Design and Layout

The lithography processoften makes use of a mask a pieceof glasspatterned with
metal de ning the structure of the devices[4243]. The metal blocks the light causing
only illuminated parts of the photoresistto be exposed. Di erent masksubstratesare
commonlyusedsud as Sada-lime (commonly called glass),which is amorphousSiO,
with various additives. Pure, or nearly pure, SiO is alsousedas a mask substrate’.
The proper mask substrate must be chosento match the wavelength of light emitted
by aligner source. For example,sodaf{lime blocks almost all light with wavelengths
lessthan 300nm and thus can not be usedfor 220hm deep{UV wavelengths. Pure
SiO,, which will transmit nearly all light with wavelengthsabove 200hm*, is usedfor
deep{UV lithography.

The rst masklayout wasdrawn usingthe open-sourcesoftware packageMAGIC?®,
The device geometriesand parameterswere chosenbasedon what | thought would
be reasonablyeasyto designand fabricate given a broad surwey of the literature in

the eld of SAW devices.The goalwasto make asmany di erent devicesas possible

3Si0, masksare often referred to by the semiconductorindustry as\Quartz masks." However,
thesesubstratesare not crystalline SiO, \Quartz," which can be confusingbecausecrystalline SiO ,
\Quartz" is usedin SAW device fabrication.

4Further information may be found at http://www.nanof ilm .c om/Substat eMateri al. POF.

SMAGIC was originally developed by the University of California at Berkley. Additional infor-
mation can be found at http://opencircu  itd esig n.c onimagi c/ .
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becausehe number of devicesdoesnot e ect the costof the mask, By automating the
drawing of thesedevicesusingMAGIC's built{in TCL languagé 773di erent designs
with various parameterswhere able to be put on a single mask. The TCL scripts
usedto generatethe mask 1 artwork are located in appendix A.1. Simplicity was
the driving factor of our rst designsbecause had no experiencewith the analysis,

fabrication, or testing of SAW devices.

70mm

die cutout

reflective
devices

alignment | l&~__ dual-port

marks filter devices

me— litle block

Figure 3-3: Artwork for mask 1 shawving a die section.

— 200pm absorption block —
7 I ?l I
bond pads device ID reflectors test features

Figure 3-4: Typical layout of a deviceon Mask 1.

The artwork for the nal maskis shovnin gure 3-3. Each deviceincludestwo ab-
sorption blocks, which attenuate surfacewave re ections, and a set of test structures,

which are usedto determineexposureand deweloping parameters. The resolutionwas

6TCL is a versatile open{source scripting languageoften chosenfor simplicity.
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limited by how well the mask would cortact the substrate using the EML aligner.
The hard{contact medanismon the EML aligner would, with somemajor di cult v,
achieve cortact sucient for 1 3m line{widths. Mask 1 was made of a 100nm
square, 2.29mm thick, soda-lime plate with a chrome coating. This mask would
t in the EML aligner, cover a 77mm LiN bO; wafer, and be compatible with the

= 365 m light source. The mask artwork lled a 70x70mm squareat the certer
of the mask. A defect criteria was speci ed to the vendor as \zero defectsgreater
than 5m and lessthan one defect per squareinch.” Tolerancesof 500hm were
speci ed for line{widths and geometries. These speci cations were decidedthough
discussionswith the maskvendor’ and basedprimarily on our budget and the desired
geometryof our devices.There are a variety of le formats supported by CAD tools
and acceptedby maskvendors. This designwas submitted in a GDS2 le format and

the order was placed March 15"; 2006and cost $57500.

A lot waslearnedthough the problemsencourered by usingthis rst mask. Align-
mert of the devicesto the crystal orientation of the LiIN bO; wafer was problematic.
The alignmert at on the wafer must be oriented to the devicesusing a microscope
built into the aligner. To do the alignmert, the substrate wafer neededto be shifted
to the edgeof the substrate chuck, while the mask was shifted to the limits of the
microscoe's xy{tra vel. The result of this shifting was that many of the deviceson
the sidetowards the wafer at wereunusable. In fact, all of the deviceswithin a half
inch of the wafer's edgewere unusabledue to downstreamtool limitations and han-
dling. Another problem was that the deviceswere not arrangedinto small squares
that could be cut up into  5x5mm die, the sizewhich ts the test padkages. In
hindsight a lessexpensive 77mm mask with fewer devicesand proper layout would

have beenequally as productive as this 100nm mask. The original reasonfor elim-

"The maskswere purchasedfrom AdvanceReproductions Corporation, 100Flagship Driv e, North
Andover, Massadwusetts 01845, http://www.advanc erepro.c om
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inating the arearequiredto allow for partitioning the maskinto die was that more
room would be left for additional devices.Unfortunately, nding the desireddevices
and setting up the die{saw to cut out the correct areawas very problematic.

The secondseriesof masks, none of which were successfullynade, incorporated
both higher frequencyand phase{shift encaled devices. See gure 3-5. The designs
on thesemaskshad line{widths of 300nm and 1:1 m , which yield a certer frequency
of 919 H z and 2:4GH z. Seesection2.3. Fabrication of thesedevicesproved to be
very dicult and time consumingbecauseof their small features.

Thesedesignswhere drawn using another open-sourcesoftware tool, layout. lay-
out was much easierto usethan MAGIC and also provided a usefulmacro language.
Macros were createdto automate generationof devicesusing both layouts built in

macro languageand PERL®. The macro sourcecode is provided in appendix A.2.

\] devices
die outline
marks
:'\ lithography
4.2mm

exposure
test features

Figure 3-5: Art work for mask 2.

This mask was designedwith a bond pad layer, and a devicelayer. The device

8http://la yout.sourceforge.net
9Practical Extraction and Reporting Language. A very popular, well established, open{source,
and full featured scripting language.
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1. export from layout in a singlesellasa .cif le. Ensurelayer namesare less
than four charactersin length.

2. Remove duplicate layers with perl script.
3. run ciftokic . output is the nameof the rst layer.

4. Adjust number of kic units per m in nanowriter .

Table 3.1: Stepsto corvert a le to .kic for useon the VS-26.

line{widths were small enoughthat they had to be written with the high{resolution
VS-26ScanningElectron{Beam Lithography (SEBL) tool. Higher{resolution requires
lower power and a narrower electronbeam, which causeghe write time increase.By
placing the bond{pads on a separatelayer, they could be written much faster at a
lower resolution, saving time and money To ensurethe bond{pads were connected
to the devicesbetweenthe two writes, as precisealignmert can be a problem, some

overlap betweenthe layers was addedto the design.

Two methods of fabricating these masks were tried. Liftf{fo was used with
marginal results, discussedin detail later in this chapter. The complete process
is detailedin Appendix ?? and ??. In summary  120m of PMMA ° was deposited
on a cleanquartz wafer. A thin Im of 7nm of Chromium was then evaporated onto
the surfaceof the PMMA to shield the magneticlens from electric elds during the
SEBL write. Seesection 3.4.5. The artwork as then written to the wafer using a
VS-26't SEBL tool. Alignment of the artwork to the wafer at was important to
ensurethe deviceswould be aligned to the lithium{niobate crystal structure. The
Chromium was then etched o and the PMMA dewloped using a dilution of one

part MIBK *? to two parts Isopropyl alcohol, followed by a descumto remove resid-

OPMMA is a very high{resolution positive photoresist from MicroChem Inc. www.microchem.can
1Operated by Mark Mondol at the Researt Laboratory for Electronics at MIT.
12MIBK(meth yl isobutyl ketone) or (4-Methyl 2-Pertanone) available from AlfaAesar PN#A11618
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uals. 40nm of Chromium was then deposited by evaporation to make the actual
mask features[44,45]. The 40nm thicknessof was chosenfor the 17dB of attenu-
ation provided at 220hm deep{UV light, which is su cient for exposure of PMMA
photoresist[44. Unwanted Chromium was then removed via liftffo by striping the
remaining PMMA with NMP?*3, nishing the processand leaving the desiredmask.
A wet{etch maskmaking processsimpli es the number of fabrication steps. Masks
made by wet{etch using SEBL were dark{ eld masks,and could be usedto directly
pattern to the LiIN bO; substrateusingthe positive photoresistPMMA. First the mask
was coatedwith 40nm of chrome. An 80nm of PMMA photoresistwas deposited on
top of the chrome. Only a thin layer of PMMA was necessaryto mask the chrome
from the etchant. The maskwassubmergedn the etchant after the maskwaswritten

and deweloped. More details on etching are provided in section3.7.

\Task \ Time \ Cost \
Coat & Bake lhr | $8000
Evaporate Cr 30min | $4000

Write Pattern (SEBL) 2hr | $16000
Strip Cr & Dewelop 30min | $4000

Evaporate Cr 30min | $4000
Lift{o 30min | $4000
Total 5hr | $40000

Table 3.2: Processingcostsand time estimatesto processonemaskwith liftfo. This
doesnot include meteorology

The reasonwe made these masksin{house was two fold. Commercially made
maskswith line{widths smaller than 1 m would have beenvery expensiw, in the
$1; 50000 range. Also, by making the lithography masksat the NSL we were able
to aord exibilit y in testing di erent transponder designsmore economically The

unprocessedclean quartz mask waferscost  $5000=ea: The bulk of the cost goes

I3NMP (1-methyl 2-pyrrolidinone)
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into processingthe maskwafer to pattern the devices.

e __

die outline .
. devices
and alignment
marks k <o
4.2mm
bond pads

and leads _\*E

Figure 3-6: Artwork for mask 3 version 2. Bond{pads and leadsare on a di erent
layer than the devices.

The third maskwasdesignedo eliminate the bond{padsand 100m die boundary
marking squaresto save valuable and expensive SEBL madine time. Instead the
large bond{pads would be added later in a separatestep using a cheaply printed
transparency Im 4. An added advantage is that the bond{pads will have a thicker

layer of metal deposited making them more robust.

Mask 3 version3, shavn in gure 3-7 waswritten with a di erent SEBL tool, the
Raith{150. The Raith{150 SEBL tool hasan interferometric stagewith a largerange
of motion, allowing larger areasto be written with little degradationin resolution. A
large write area allowed separatingthe individual devicesinto separatedie, making

it easierto test them individually.

4 Transparency Ims with 25m resolution are supplied by www.pageworks.cam
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Figure 3-7: Art work for mask 3 version 3.
3.2 Substrates

Two dierent substrates were used in the micro{fabrication part of this project,

Quartz and lithium niobate wafers Seetable 3.3 substrate details.

Amorphous Silicon dioxide (also called fused SiO, and sometimesreferred to
incorrectly as Quartz) is usedfor deepUV photo-lithography masksbecause unlike
glassor other substrates, quartz is transparert to 220nhm deep UV radiation. A
relatively thick Imm quartz waferswere chosenfor the mask written by SEBL and
usedfor hard contact printing or transfer to ex masks. The secondarymask has
a thicknessof 250m , to allow for conformal exing during vacuum mask cornact
pattern transfer. Transferring the pattern to a secondarymask allows a at and
ridged structure for the SEBL to write to. Handling the thin 250m quartz wafers
was a challenge,asthey are very fragile. If they are broken, transferring the pattern
from the primary maskis much easierand lesstime consumingthan writing a new
mask via SEBL.
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Mark Optics
www.markoptics.com

PN# WF3000X03931101 PN# WF3000X00131101

Quartz° w/ at Quartz" w/ at

OD: 3:000 0:008nch OD: 3:000 0:008nch
THK: Imm +/- 25m THK: 250 25m
Double Side Polished Double Side Polished

Crystal Technology Inc.
www.crystaltechnology.co m

Lithium Niobate Lithium Niobate

Part Number : 99-60011-01 Part Number : 99-60011-01
128 RY-Cut Y-Cut

OD: 3:000 0:008nch OD: 3:000 0:008nch
THK: 0:0197 0:0008nch THK: 0:0197 0:0008nch
Single Side Polished Single Side Polished

X-at and marker at Z- at and marker at

Table 3.3: Suppliersand speci cations of substratesused. "Amorphous SiO,.

Mark Optics specializesn semi{conductorlithography optical substratesand sup-
plied the quartz wafers. Thesewafersarrived in a plastic canisterwith foam cushions
and paper in betweenead wafer. Even though these optical wafers were supplied
from a compary selling semi{conductor grade substrates,they were esgecially dirty.
Dust from the paper and other unidentied particles were on the surfaceand very
dicult to remove. These particles causedproblems with obtaining intimate con-
tact betweenthe conformal masksand the substrate. Cleaningthesewaferswas also
costly. Contacting the vendor to ensurethe wafers are manufactured and shipped

from a clean{room in cleanpadkagingis highly recommendedf not essetial 1°.

5Mark Optics doessupply clean{room cleanedand packed substrates upon request. Their clean
processis advertised as; the wafers are SC-1 cleaned, followed by machine scrubbing. Then they
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Lithium niobate is a manufactured in crystalline ingots and then cut and polished
into at wafers. The properties of surfaceacousticwavestraveling on lithium niobate
are in uenced by the crystalline orientation with respect to the wafer's surface. Each
Lithium niobate wafer has a di erent set of ats to identify a particular crystal
orientation. For this project two di erent crystal cuts (referring to crystal orientation)
were used, Y-cut and 128 RY-cut. Referto section2.1 for details on the di erences
in the properties of thesetwo crystal cuts [2, 41]. Lithium niobate wafers are also
very fragile and must be handledwith extra care.

The piezcelectric charging properties of lithium niobate causedproblemsin the
fabrication process. Whene\er the wafer was heated, either to cure photo resist or
during processingsud as e{beam evaporation, the wafer would charge and then arc
near conductive surfaces. Unfortunate electrostatic dischargesthrough the chrome
on the mask occurred often, ead time a millimeter sizeareaof featureson the mask
would be destroyed. The arcing causedextensive damageto mask 1. The resulting

degradationrenderedmany devicesunusable.

3.3 Substrate Preparation and Cleaning

Ideally substratesarrive from the vendor clean and free of residuesand particulate
cortamination. Contamination comesin the form of organic residues,metals, and
particles. Residues,sud as oils, photo resist, and scum causeadhesionproblemsfor
photo resistand metals. Particulate cortamination causesntimate cortact problems
in cortact mask lithography and will distort or ruin any device featuresin close
proximity. Unwanted metals can causethe same problems as particles as well as

shorting adjacent metal features, rendering the device inoperable. Before a new or

mega-sonicallycleanin recirculating Itered over- ow baths. The nal step is scrubbing with ma-
chines using soft sponge brushes.
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recycled wafer is processed,a cleaning procedureis usedto remove cortaminates
unlessthe wafer was su cien tly cleanedby the vendor[42,46].

Wafersthat have chromeon them (such asthe wafersusedfor the chrome masks)
are stripped with CR-7'% or equivalert chrome etchant. The chrome etch is repeated
seweral times after the RCAY" or Piranha'® cleanto ensurethat all the chrome un-
derneaththe photoresistis removed.

A mixture of three parts sulfuric acid (H,SO,4) to one part hydrogen peraxide
(H,0y) is called\piranha." This cleaningstep is is usedto vigorously cleana wafer
and remove heary metals, particles, and organicssud as aluminum and photoresist.
The quartz and lithium niobate wafers were immersedin a piranha solution for
20min[46]. Over time the heat generatedby the sulfuric acid and hydrogenperaxide
reaction dissipates. The mixture is carefully heated to maintain temperature and
vigor.

Standard cleanl1 (SC-1, alsoknown as RCA-1 cleaning), wasusedto cleanglass-
ware, masks,and wafers before use. This was usedas the last cleaning step before
coating wafers with photo resist. Using a solert clean after SC-1 is unnecessary
and only increasedthe likelihood of cortamination. Waferswere submergedin 4:1:1
solution of water:ammonium hydroxide:hydrogen peraxide heatedto 80 for 20min

After a dozenor socorntact prints a thin residue Im (scum) of photo resistwould
build up onthe mask. To remove this scumthe maskwascleanedin an oxygenplasma
asher. The very reactive plasma{excited atomic oxygen reacts with the photoresist
moleculestaking them away from the surface. The plasma asher causesa small
amourt the resist moleculesto clump together into very hard balls rmly stuck to

the surfaceof the mask. A quick reactive ion etch (RIE) removestheseclumps, but

18A standard 7% chromium etch solution.

A cleaning processdeveloped by RCA corporation and often referred to as SC{1, or standard
clean1. A mixture of ammonium{hydroxide, deionizedwater, and hydrogen{peroxide.

18A solution of sulfuric acid to hydrogen peroxide.
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Figure 3-8: Micrography of PMMA scumon a quartz light{ eld maskwith chrome.

care must be taken not to etch too far into the mask'smetal[47,42].

One clewer solution to the buildup of scumthat also resohesthe problem with
the mask sticking to the substrateis to Te on coat the light{ eld masks. This pro-
cess, suggestedby another studert®, will be implemerted as soon as new masks
are ready The material is Trideca uoro{1,2,2{T etrahydrooctyl, Trichlorosilane®
(CFs (CFp); CH; CH,SICl3), a very durable self-asseiling te on mono-
layer that coatsthe exposedquartz[48]. SomeNanoimprint stampsusethis coating
to keepthe resistfrom sticking to and breaking the relief structures. The coating is
hydrophobic and tolerates RCA and solert cleaning. A wafer is placedin a desicca-
tor with a drop of the Te on material. When the air is pumped out the Te on coats
the wafer in about 2mins. The wafer will turn cloudy if too much Te on has been
deposited.

Removing particles from quartz waferswasvery di cult. In addition to SC-1and
Piranha cleaning, sonication was also tried with limited success.Waferswere also
placedin a bath of Liqui{Nox heatedto 50 for up to an hour. An ultrasonic
acetone bath was also tried, with limited success. Spin drying wafers with high

accelerationon the coaterwith acetone,methanol, and isopropanof! was marginally

9Filip Llievski of the MIT Materials Scienceand Engineering Department
20Available from GelestInc. part number : S1T8174.0{106M
210ften referred to as IPA or 2-proponal.
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e ective at removing stubborn particles. Acetonemust be followed by methanolwhile
the wafer is kept wet becauseAcetone displacesmethanol. Likewise, isopropanol
displacesmethanol. If either acetoneor methanol dries before being displaced,then
dissoled organicsmay redeposit onto the surfaceof the sample. Someparticles were
removed by scrapingthem o with a needleundera microscoge. Scrapingis usedasa
last resort becauseof the hight likelihood of damagingthe mask. Stubborn particles
may also blasted o with a snov gun (compressedCO, gun), that createstiny ice
crystals which help sweepaway particles.

Equipmert and supplies, sud as glassvare and parts for the deep{UV aligner,
must be throughly cleanedwhenthey are brought into the lab. Liqui{Nox , and the
powderedform Alconox , are strong detergens usedto cleanlaboratory equipmen
in the samemanner as one washesdishes. Thesedetergens remove grease oils, and
other organic cortaminates. Following washing and drying, the parts or glassvare
would be followed up by a solert rinse before use. A quick rinse of the glassvare
with the solution to be usedremoves any cortaminations that may dissole in the
chemical. Glassvare, sud as asks usedfor photoresist, are cleanedwith RCA{1 to

insure absolutecleanliness.

3.4 Lithograph vy

Lithography is a technique usedin microfabrication to transfer an imageto a pho-
toresist (photo sensitive polymer). The photoresistis then deweloped to remove areas
which correspnd to the artwork desired. Further processingusesthe photoresist
to mask o areasof the substrate to allow for deposition or etching. Seeral dif-
ferert processesxist for transferring artwork into a photoresist. The two methods
of photo{lithography used in this project are scanning{electron{beam{lithography

(SEBL) and cortact printing. High{resolution masksand one{o devicesare pat-
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Figure 3-9: Typical lithography processstepsusedin this project. SEBL or cortact
printing can be usedto transfer a pattern to the photoresist.

terned with SEBL, while photo{lithography is generallyusedwhen many duplicates
of the samedevicesare needed.This sectiondescrikesthe entire lithography processes
used,from applying photoresistto a wafer, through exposure,and developmen. Refer

to gure 3-9.

A photoresist polymer is made of long chains of moleculesand often comesdis-
solvedin a solvernt from a vendor. The wafer is coatedwith a uniformly thick layer of
photoresistby spinning a small drop of liquid photoresiston the wafer and spinning
at between2000and 4000 pm. Someof the solvent evaporatesout of the photoresist
while spinning the wafer. Beforethe wafer can be exposed,the photoresist must be
cured though heating to completely remove the solvert, producing a durable layer
that can resist etching, ion{b ombardmert, and ewvaporation. In the caseof PMMA
photoresist, exposing the photoresistto radiation causesthe polymer chains break
down. A dewloper is usedto dissole away the exposedphotoresist. When a neg-
ative photoresistis used, the exposedarea of the polymer are cross{linked after a

post{bake step, causingunexposedareato dewelop away.
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3.4.1 Photoresists

Photoresist are designedto be sensitive to di erent types of electromagneticradi-
ation (X-Ray, UV, deep-UV) and support di erent thicknessesdewlopmen rates,
sensitivity, and maximum resolution. Theseparametersare all related and have cor-
responding trade{o s. Three di erent photoresistswere usedfor this project; NRS,
NR7, and PMMA[42].

The negative photoresistsNR8-1000P? and NR7-1000Pwere used for the 3m
devicesonmaskl. Theseresistsare particularly suitedfor lift-o applicationsbecause
exposuredosecortrols undercut, seesection3.7. See gure 3-240n page90.

The NR8-1000pwasthe rst photoresistusedand was basedon a processalready
deweloped by another studert working on a similar project. A similar resist, NR7-
1000p,was later substituted for NR8-1000pfor seeral reasons.NR8-1000prequired
cold storageand must be warmed to room temperature before use, while NR7-100p
is stored at room temperature. NR8-1000pis an older resistthat has a very limited
shelflife whereas NR7-1000pis a standard product with a longer shelflife.

NR7 is a specialty resist that is available in P and PY variants. NR7-1000PY
is formulated for lifto applications, whereasNR7-1000Pis optimized for RIE/ION
Milling masks. NR7-1000Pwas available in EML and is also suitable for the 3 m
line width lift-o. The \1000" refersto a particular formulation that correspndsto
a thicknessof 10001m.

Polymethyl methacrylate(PMMA) wasthe third photoresistused. For this project,
PMMA was usedfor SEBL and cortact photo lithography to adiewe line{widths as
narrow as 300nm. PMMA allows for higher resolution than NR7 and is also formu-
lated to be exposedwith SEBL or deep-UVradiation. The advantagesof PMMA are

higher cortrast, higher resolution, high robustness,easeof use,and it can be open

22NR7-1000pand NR8-1000Pare available from FUTURREX, INC. 12 Cork Hill Road Franklin,
NJ 07416www.futurrex.com
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to sun{light if kept shieldedin plastic cortainers. PMMA alsoworks well in variety
of environmernts, tolerating varying humidity and temperature well. Chlorobenzene
and Anisole are two solernts usedto dilute PMMA. The saferand ervironmertally
friendly Anisole formulation was selected.Stock 11% 950 molecularweight PMMA
solution dissohed in Anisole was diluted to achieve di erent Im thicknesses.A so-
lution of 3 parts Anisole to onepart 11%950PMMA resultsin the spin{curve shovn

in gure 3-10.

3.4.2 Coating
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Figure 3-10: Spin curve of 3 parts Anisoleto 1 part PMMA 950k A11.

A coater tool was usedto deposit a thin uniform Im of photoresist onto the
substrate. Photoresist dilution and spin speed parametersdetermine the thickness
of the photoresist. The procedureis to placel 5mL of photoresistin the certer
of the wafer and then spin for 60sec A slow accelerationrate is usedto allow the
photoresistto spreadout slowvly, which yields a more uniform coating. When a new
batch of photoresistis diluted, the rst stepis to run seweral silicon wafersthrough
at various speedsto determinethe thicknessfor a given speed. The thicknessof eath

wafer is initially measuredwith an ellipsometer. After exposure and dewelopmer,
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which leaves a physical trench in the photoresist, a pro lometer is usedto measure

the photoresistthickness.

3.4.3 Contact Lithograph y

Contact lithography brings the maskinto cortact with the photoresist. The equip-
mert for cortact lithography is relatively simple and much lesscostly comparedto
optical projection systems,making the processideal for researt applications. Con-
tact lithography leavesa small gap betweenthe maskand substrate, which limits the
resolutiondue to near- eld di raction. For the bestcortact lithography systems,the
resolutionis limited to 1 m [49. Industry prefersother methods, becausecorntact
lithography wearsdown the expensive masksquickly in production systems.Contact
mask lithography is more than adequatefor researt applications. Contact lithogra-
phy systemusually cortain an (x;y; ) stage,allowing precisealignmert of a mask
to previously patterned wafer or wafer at. Contact lithography systemsare referred
to as\aligners,” describingtheir alignment capabilities. The lithium{niobate wafer
ats were aligned using an (x;y; ) stage. Lithography systemsare also referred to

by their exposurewavelength, sud asl{line for = 365 1m[50].

The EML I-Line aligner wasusedfor making the 3m devices.This commercially
producedtool had limitations and problemsdueto wear and age,which causedsome
di cult y. The exposuretimer wasnot working properly, and with 6secondexposures,
accurate manual timing was di cult.  Alignment was tricky asthe (Xx;y; ) stage's
motion was limited. To view the LIN bO; wafer at in the microscoge, the wafer
neededto be o set by a few certimeters, which leadsto degradedcortact between

the mask and the wafer.
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3.4.4 Conformable Vacuum Mask Lithograph y

A conformablevacuum mask lithography tool in NSL was usedto achieve higher{
resolution than the EML I-line aligner was capableof. Conformable cortact lithog-
raphy is a simple method of yielding very high resolution at low cost for researt
and low-volume production[15]. The vacuumalignerin NSL is a unique custom{built
experimertal system,which is capableof resolving line{widths of 100hm[45, 44]. A
XeHg lamp provided = 220hm deep{UV light. Air is evacuatedfrom between
the conformable vacuum mask and the substrate, causingthem to be in intimate
cortact. This closecortact allows featuressmaller than the diraction limit to be
resohed[15 49. The vacuum aligner usesvery thin, 250m thick, exible quartz
masksto allow conformingaround cortamination particles and to accommalate any

atness variation in the wafers.

The NSL deep{UV aligner required a new mask chuck to usethe 3inch wafers
in this project. The mask chuck holds the mask for alignmert and makes vacuum
cortact with the mask. | designedathree inch chuck, which wasfabricated at the MIT
certral madine shop. The existing vacuum systemwas cortrolled by on/o needle
valves,which did not releasethe vacuumon the wafer or substrate. Thesevalveswere
replacedwith verting ball valvesto allow proper operations. A light{tigh t housing
made of acrylic was alsofabricated to protect the lab spacefrom hazardousdeep{UV

radiation. Details of thesemaodi cations are provided in Appendix C.2.

As air escagsfrom betweenthe mask and the substrate when they are brought
in closercontact with ead other. Beforethe two waferscortact fully, fringe patterns
appear, asshovn in gure 3-11. The number of fringesdirectly relatesto the wave-
length of the light. There may still be a signicant gapat = 220wm, ewen if no

fringesare detectedin the visible spectrum[15.
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o D

fringe patterns

Figure 3-11: Fringe patterns resulting from imperfect cortact between mask and
substrate while under vacuum and illuminated with a green monochromatic light.
This showvs the OAI 77mm chuck with a top{down rubber gaslet over the mask. The
maskwas Imm quartz and the substrate wasa 77mm silicon wafer.

3.4.5 Scanning Electron Beam Lithograph y

A scanning{electron{beam{lithography tool is essetially a scanning{electron{beam{
microscope (SEM) usedto aim electronsat a sampleto exposepatterns onto a pho-
toresist. SEBL electron beam{widths can approac 1nm with 30nm resolution[43.
The Raith{150 is ableto write linesasnarrow as17nm and gratings of 70nm. While
SEBL is able to write very small features, the drawbad is that this is a scanned
beamwhich meanswriting large high{resolution patterns will be very time consum-
ing. For example,to write a simple masktakesabout two hourson a SEBL including
40minutes of setup time. More complicated maskstake much longer to write. In
comparison,an exposureinto PMMA on the OAI takesonly 30minutes, no matter
how complicatedthe pattern.

The rst stepto writing a pattern with the SEBL is to correct for misalignmen,
focus, aberrations, and stigmation. 100hm gold particles deposited from a liquid

suspensionwere dried onto the surfaceof the sampleand imaged. Adjustments are
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Figure 3-12: Simplied diagram of a SEBL tool. The detector is usedfor imaging
test particles that are usedto adjust for focus, aberration, stigmation, and write eld
alignmert.

madeto give a niceimageof a gold particle. The areathat the electron{beamscansis
small, from 50m to 500m dependingon beam{width. To increasethe writable area
an xy{stage repositionsthe sampleafter eat scan eld hasbeenwritten. Moving the
stageintroducesfurther errors, and calibrations must be madeto ensureproper eld

stitching alignmert. Field stitching errors were a common problem and someof the
resultsare shovn in gure 3-13. Stitching problemswere most likely due to improper

executionof the write{ eld alignmert procedure.

Electrons that impinge on the photoresist can build up a surfacecharge, which
can causean unwanted electric eld to de ect the scannedbeamand thus distort the
written pattern. A thin layer of conducting Im is usedto shield the electric elds
when writing on insulating substrates. Conductive samples,sud as the chrome on
the etched masks, do not needadditional shielding. A thin 7nm chrome layer was
depositedon top of the PMMA and later etchedo with a standard chromeetch (CR-
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Figure 3-13: Micrographsof eld stitching problems.

7) with no e ect on the exposedPMMA. Chrome was selectedfor easy deposition
and etching properties and low{cost in comparisonto exotic conductive polymers,

sud as Aquasave?s.

3.4.6 EXxposure

ExposingPMMA causeghe long polymer chainsto break down in a processreferred
to as scission. The amourt of energy imparted in the photoresist determineshow
much the long polymersare chopped up. Determining the correct amourt of energy
to exposea photoresistis critical for the artwork to be exactly reproduced[42 43].
An incorrect exposuredosewill leadto widening or narrowing of features.
Testfeatures,sud asthoseshovn in gure 3-14,wereusedto evaluatedthe e ect
of di erent doses.NestedL exposuretest featuresallow for cheding line uniformity
and minimum acdievable line separation. Diagonal boxes are useful for chedking
proper exposure and dewelopmen. When the boxes just barely touch, the optimal

parametershave beenacieved.

23Aquasave can be spun on with a coater and is useful for coating samplesthat can not go into
an e{beam evaporator. Available from Mitsubishi Rayon Co. www.mrc.co.jp
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Figure 3-14: Exposuretest featuresallow inspection of focus, dose,and dewelopmern

parameters.
—
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Figure 3-15: Micrograph of a dosematrix written in 100hm of PMMA on Quartz.
Exposedwith the Raith 150 SEBL tool.

Figure 3-15shaws the test structures with three di erent doses.The nestedLs in
this gure aremadeup of apair of 1 m lines,apair of 0:5m linesandthree lineswith
100hm widths. As the doseis increasedthe line{width widens, evertually causing
them to join with adjacen lines. At a doseof 128C =cn? the 100hm lines have
blurred together and the connectionpoint betweenthe diagonal boxeshaswidened.

On the other hand, exposure dosesthat are too low will causeline{widths to
be narrower than desired. One method of cheding for proper exposureis to use

diagonally connectedooxes. The exposureis correctwhenthe boxesarejust touching.
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1.1um line width, 19min exposure, 0.45mW/cm?

4pum line pitch 4um line pitch
19min exposure 25min exposure
0.45mW/cm? 0.45mW/cm?

Figure 3-16: The top micrograph shaows clearing problemswith PMMA on Quartz.

The bottom two exposureshon improperly cleared(left) and properly cleared(right)

4m grating of PMMA on Silicon. The darker areasare PMMA and the light areas
are substrate. Theseexposureswere made with the OAI deep{UV exposuretool in

NSL.

In extreme casesof underexmsure, the photoresistwill not clear when deweloping.

Figure 3-16 shaws sud clearing problemsdue to underexpsure.

NR-7 photoresistwasvery sensitive to exposuredose. With a dose{rateof 4.5mw=cnv
at l{line ( = 365 m), an exposuretime of only 7secondsadcieved good results. For
cortact lithography with a deep{UV ( = 220hm) at 0:47mW=cn?, PMMA did not
clear until after 132Geconds Good result where achieved with an exposuretime of
150Gsecond$50].
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3.4.7 Resist Developing

Dewelopingphotoresistinvolvessubmergingthe waferinto a solution that will dissohe
away exposedareas. The polymer chainsin the exposedareasof PMMA are shorter
dueto scissionmaking removing this material easierfor the deweloper in comparison
to the unexposedPMMA. The proper temperature and dewelopmert times are the

two most critical parameters.

substrate
]
Sum —p 10um
-— [‘ v

photoresist

Figure 3-17: Deweloped exposure/deweloping test features shoving the degree of
over/under dewloping. The left panel shavs underdeeloped clearing problems,and
the right panelshows overde\eloping. The certer panelshav ideal exposure,with the
two boxescominginto perfect cortact.

Unfortunate temperature wasnot takeninto accourt or measuredvhendeweloping
NR{7. In hindsigh, the temperature of NR{7 should have beenrecordedand made
consisten. Dewvelopmert time appearedto be the mostimportant parameterfor NR{
7. Too short a dewelopmert time causedinsu cien t clearing of resistfrom unexposed
regions(NR{7 is a negatiwve resist). A longerthan necessarydewelopmert time caused
pitting of the resist and led to line-width widening, see gure 3-17. The correct
dewelopmen times for NR{7 were determined by trial and error. A 2% solution of
resistdeeloper calledRD2%* wasused. When RD2 wasnot available RD6 wasdiluted

1:3 with deionizedwater into the equivalent of RD2. Dewvelopmen was stopped by

24RD2 is a standard 2% developer for resist supplied by Futurrex, Inc.
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submergingthe samplein deionizedwater.

21°C 10 20.5°C 21.2°C 10 20.8°C 21.5°C 10 20.0°C

Figure 3-18: Changesin width of 1:1 m linesdueto dewloper temperature.

PMMA was deweloped in a one part MIBK 2° diluted with 2 parts IPA. Temper-
ature and dewelopmern time for PMMA appearedto be very sensitive at the 100hm
to 300nm scale. Dewvelopmen times were kept as accurate as possibleto approxi-
mately 2seconds Line{widths would show noticeabledi erences with temperature
variations as little as half a degreeCelsius. A quartity of 500mL of deweloper was
placedin a 1L ask and heatedon a hotplate to exactly 21 using a thermometer
accurateto a 10th of a degree.The ask was removed from the hotplate at exactly
21 and the 90seconddewelopmen was started. The temperature of the deweloper
would drop about half a degreeduring the 90seconds The dewelopmen was stopped
by spraying isopropanolfor 60seconds A spray was usedover immersionto make

sureisopropanolertered the small featuresquickly enoughto avoid over developmer.

3.5 Descum

Besidescleaningand etching (as discussedn section3.3), the O, plasmaasherand
reactive{ion{etching (RIE) can alsobe usedfor removing residualsfrom the exposed
substrate areason the wafer. Sud a \descum" step helps x certain adhesionprob-

lems. The drawbadks of using the O, asherfor descumin lifto applications is that

25MIBK(meth yl isobutyl ketone) or 4{Methyl 2{P entanone (From AlfaAesar #A11618)
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Figure 3-19: Exaggeratedillustration of the e ect onresistpro le from RIE or plasma
asherdescumprocesses.The top gure is the photoresistpro le after developmen
and beforeany descumstep.

the etch is isotropic. Thus the quality of the sidewalls can be degradedcausingthe
metal to bridge, ruining lifto . Descumresults from using the RIE is generally bet-
ter becausethe ions are acceleratedunder a bias voltage resulting in an etch nearly

perpendicular to the substrate, leaving a better pro le for lifto [42 , 47].

The etch rate of PMMA in the O, plasmaasherwas characterized using silicon
test wafers. A single wafer was coatedwith 106n0m of PMMA and then oven baked
for 30min at 170 . This wafer wasthen repeatedly put into the asherand measured
with the ellipsometeruntil the thicknessof PMMA waslessthan 70nm (the point at

which the accuracyof the ellipsometerusedbecomesjuestionable).

To better characterizethe di erence betweenusing the O, asheror O, RIE for
descum,somesilicon test waferswere processed.Preliminary results shov roughing
of the surfaceof the PMMA, see gure 3-21. The di erence in surfaceroughnesamay
be dueto the amourt of time or the parametersusedin the descumstep. More work

is underway to better characterizeand optimize the parametersfor descum.
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Figure 3-20: Etch depth vs. time of 1060m PMMA on Si in O, plasmaasherusing
50W power and 0:3050si averagepressure.Thicknessmeasuredwith an ellipsometer.

3.6 Dep osition

Electron{beam evaporation was usedto deposit aluminum and chrome onto sub-
strates. Evaporation works by heating a source of material in a crucible with an
electron beamin a vacuum [47]. The sourcematerial sublimatesonto an opposing
sample. Usually the sourceis at the bottom of the crucible and the target is at the
top facing down. For lifto applications, the target wafer must be located directly
over the crucible to mitigate the e ects of sidewall shadaving (see gure 3-22).

Aluminum was usedto createthe interdigital transducerson the lithium niobate
for the SAW devices.The thicknessof aluminum rangedfrom 50 200hm. The SiO,
masksused40nm of chrome for the patterns and 7nm of chrome for shielding of the
electron eld for SEBL (seesection3.4.5).

Two di erent evaporation tools were used. A custom built evaporator asserbled

from older evaporator componerts in EML evaporated the aluminum for the 3m
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Cr on PMMA / Cr on Quartz

4

—
10pum

no descum O2 plasma ash O2 RIE

Figure 3-21: Resultsfrom 2sec of O, plasmaasherand RIE descummethods. The
gures shav Cr on Quartz and Cr on PMMA beforethe lifto step. 10nm of PMMA
weretakeno with the O, asher. 7nm of PMMA weretaken o with the RIE.

ngle of deposmon
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Figure 3-22: E ect of o {angle deposition on side{wall coating.

devices.The EML tool operation allows the tool to usea selectionof many di erent
materials’®. Cortamination from these materials was an issuedue to the way the
tool was designed cleaned,and used. Another problem with the EML e{beamevap-
orator was that the Im thicknesswas manually cortrolled with a shutter, yielding
tolerancesof 20nm for aluminum, and asbad as 100wm for chrome. Depositing
chrome was problematic as intermittent spikesin deposition rates made cortrolling

Im thicknessedi cult. Onetheory wasthat the chrome would grow thin laments

260Often evaporation tools are limited in their selectionof materials to avoid contamination prob-
lems.
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40nm Cr
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Figure 3-23: Micrograph of a problem encourier when depositing 40nm Cr onto
100hm of PMMA on an SiO, wafer using the NSL evaporation tool.

during evaporation, which would short to the electron gun under the magnetic eld.
The resulting shorts would causespikes in power and deposition rate, referred to
as\spitting." Films put down under spitting conditions had poor uniformity. The
comet spray patterns shavn in gure 3-23 are beliewed to be the result of chrome
spitting problems. The evaporation tool in NSL was under computer cortrol and
yielded much more consistet and higher quality Ims in comparisonto the EML

evaporator.

3.7 Liftfo and Etching

metal
undercut A
R\
photoresist
m substrate §

Figure 3-24: Undercut allows solvert to dissole photoresistand remove metal overlay.
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After the photoresist has been patterned, and metal has been evaporated onto
the sample,the photoresistis removed taking away the unwanted metal in a process
calledliftfo . Liftfo takesplacein asolert bath that dissolesthe photoresistand
lifts the metal o of the substrate in the processes.The solvernt needsaccesdo the
photoresistunderneaththe metal, which canbe facilitated through sidevall undercut,

photoresistthickness,or as a last resort sonication. See gure 3-24.

Acetoneor Microstrip wasusedto liftfo NR7. Much better resultswereobtained
using Microstrip, asthe acetonetook a lot of time to completely remove the NR7.
The pro le of NR7 hasa decem amourt of undercut aiding in lift-o. On the other
hand, PMMA does not have undercut, which made executing a clean liftfo  very
di cult. NMP? is usedfor dissolvingPMMA in liftfo and is slowly heatedto 80
Heating NMP must be done very carefully as NMP's ash point is 93 , which is

clearly written on the bottle. Poor results were obtained when using unheatedNMP.

Liftfo must be completedbeforeremoving the samplefrom the solvert, or thereis
the possibility that metal will fall into the trenchesand be very di cult or impossible
to remove. Gertly scrubbingthe areawhere stubborn metal piecesare stuck with a

small fab{swab, while the wafer is wet with acetone,may remove them.

The processof liftffo, in theory, should only require immersion in a solvern.
Howewer imprecisepro les or deposition could leave bridging between metal on the
substrate and metal on the photoresist. A hydrophobic photoresistmay also prevert
the sohent from entering very small trenches. Ultrasonic agitation of the sample
in a solhent may aid in liffo by removing stubborn photoresistand metal. This
technique must be usedsparingly and only when necessaryas too much sonication

will damagedevices.See gure 3-25.

Problemsdueto bridging werefound in SEM micrographsof test devicespatterned

2INMP (1-methyl 2-pyrrolidinone)
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Figure 3-25: Damage likely resulting from too much sonication (> 1min) during
lift{o .

onto silicon. Figure 3-26shavs how bridging betweenmetal in the trenchesand metal
on the surfaceof the photoresistwill ruin liftfo. The SEM image shovn in gure

3-27was a clear indication of the bridging that causediiftfo problems. A sectioned
illustration of the side wall problem is shavn in gure 3-28. The liftfo for this

devicewas aided with sonication, and due to the brittle nature of chrome, someof
the unwanted overhangsbroke o .

Too better understandthe liftfo  problems,someSEM micrographswere taken
of the sample after evaporation of lesschrome (30nm instead of 40nm) and before
liftfo, gures 3-29 & 3-31. Theseimagesshow that there is adequateseparation
betweenthe metal on the photoresistand the metal on the substrate, which should
(and did) leadto a successfulifto. Only minor bridging was obsened at the corners
of the metal ngers. Viewing a PMMA coatedsamplein the SEM will causecradking
and melting of the photoresist. This crading is clearly shovn in the gures. Lift{o
in the areasscannedby the SEM failed dueto the changescausedby the bombarding
electrons. Figure 3-30 shaws the areathat was scannedby the SEM after lift{o

when taking the image showvn in gure 3-29.
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10pm

Figure 3-26: Incomplete lifto problems as a result of too much chrome being de-
posited. Shovs 500hm line{widths with 210hm of chrome on quartz. The desired
thicknessof chrome was 100nm. The PMMA thicknesswas 250hm.

| |
250nm

A —
100nm Tum

Figure 3-27: SEM of bridging causedby poor pro le and photoresistthat was too
thin for the thicknessof metal deposited.
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chrome

substrate substrate

(a) Prole beforelift{o . (b) Prole after lift{o .

Figure 3-28: lllustration of liftfo problemswhenthe metal on top of the photoresist
bridgesto the metal on the substrate.

P
1um

— —

Figure 3-29: SEM shawing a wafer after deposition and beforelift{fo . The imagesof
the 100nm gold particlesin the bottom left are given asa referencefor image quality.
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\_incomplete

lift-off
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Figure 3-30: Micrograph shawing a patch of incompletelift-o due to inspection by
the SEM beforelifto to take the imageshown in gure 3-29.

Figure 3-31: Test patterns of Cr on Quartz and Cr on PMMA on Quartz. Same
sampleasshovn in gures 3-29& 3-30.
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chrome —\ /— PMMA

-

before etch after etch

Figure 3-32: Showv the changein image cortrast before and after the etch has been
completed. PMMA was usedas a photoresiston top of chrome and quartz.

Wet etching with a standard electronics grade chromium etchant (CR{7) was
used. Etching chromeis very simple, is doneat room temperature, and only requires
immersion into the chrome etchant. For etching mask artwork, CR{7 was diluted
1:2 with deionizedwater allowing for more precisecortrol over the etch. With the
diluted 1:2solution, etching through 40nm of chrometakesabout 40seconds Etching
chromium is very similar to deweloping photoresist. Leaving the samplein the etchant
for too long will causean over{etch and line{width widening. If the sampleis not
left in the etchant long enoughthere will be clearing problems. In general, proper

etching was very easyto accomplish.

3.8 Moun ting/P ackaging

A DiscoDAD-2H/6T die cutting tool, provided by MTL, wasusedto cut a waferinto
rectangulardie. The deviceson mask1 werenot positionedsothey could easilybe cut
out. To ensurethat the devicesl wanted to test were not destroyed, the die sizewas
adjustedbetween 5mm and 10mm on a side. The deviceson mask?2 and 3 were
positionedsothat they could easilybe cut out andwould t ona4mm 5mm die. A

28{pin SOIC with a 165x20%nil cavity was purchasedfrom Spectrum Semiconductor
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Materials, Inc.?® part number CSO028RP2The test padage, with the lid removed,
was sizedto take a 4mm  5mm die. This padkage was selectedfor size, easeof
wire{b onding to the level cavity, and surfacemount leads,which have lower parasitic
impedance.

The die was super{glued?® to the padkageand then wire{bonded. Care neededto
betakenin application asany excesglue covering the leadswould make wire{b onding
impossible.

Wire{b onding proved to be very problematic. The tool was very dicult to set
up, which involved threading a very thin wire through an ultrasonic tip and adjusting
the bonding power and duration. To simplify the processfor mask 1, the bond pads
weremadein the samestep asthe devices,and thusonly had a thicknessof  200nm.
Thesethin bond padson top of the fragile lithium niobate causedcrading of the wafer
underneaththe pads, leaving the padsto breako. A very narrow range of settings
would allow for proper bonding without ruining the pad and having a medanically
and electrically sturdy connection. In an attempt to make wire bonding easier,as
well asreducewrite time on the Raith 150SEBL tool, masks2 and 3 are designedto
include a separatebond pad layer. Thesebond padswill be madethicker and out of
gold or other easily bondedto material.

The test PCB was designedand drawn in Mentor Graphics DesignView and
Expedition PCB software padkages. See gure 3-33. Advanced Circuits fabricated
the PCBsfrom the gerber les generatedwith Expedition PCB . This high{frequency
designincorporatesse\eral important features. The end{launch SMA connectorsare
in{line with the signal path to reduce impedancevariation and signal re ections.
The traceson the PCB are impedancematchedto 50, and a test trace was placed

on this board to verify proper implemertation. An impedancematching network

28nttp://www.spectr  um-semi. com
29Tech Hold Cyanoacrylate adhesive by TechSpray.
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package
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% impedance
SO ~ matching

devices \E network

Figure 3-33: SAW test devicesmounted to a padkage,wire-bonded, and solderedto
atest PCB.

was placed as closeto the SAW test padkage as possibleto reduce parasitics. All

the parts were surfacemount and placedtop{side as closelytogether as possibleto
reduceparasiticsand prevent noisefrom couplinginto the signalpath. Roundedpads
were usedon RF padagesso solderwould o w with reduceddiscortinuity for better

signal propagation[3. Details, artwork, and sdhematicsare available in appendix D.



Chapter 4

Electronic Design

Included in this sectionis a detailed description of the architecture, design,and im-
plemertation of all of the electronicsand supporting software usedin this project.
Requiremens of the designand the approad taken to meet those requiremerts are
alsocovered. The eld{programmable{gate{array (FPGA) designwert through sev-
eraliterations of increasingcomplexity. Only the highlights arereviewed herebecause
eat implemertation is very complex. Programs written to cortrol of the FPGA
hardware peripheralsrunning on FPGA's enbeddedprocessorare coveredin section
4.7. User interface programsare also coveredin section4.7. To keepthe sizeof the

appendix manageablepnly a few of the most important source les wereincluded.

A short radar chirp cortaining a phase{encaled signal is transmitted by a mea-
suremem station to the SAW transponder (covered in detail in chapter 1). The
measuremen station measuresthe round{trip time{of{igh t to and from the SAW
transponder. Specialized high{speed electronics are necessaryfor a measuremen
station to operate at 224GHz. Signal range, accuracy and noise were di cult re-
quiremerts for the measuremenstation's designto meet. On top of that, limitations

in the both the project's budget and cost for commercially viable systemsmade the

99
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measuremen station's designeven more challenging.

Transmitter Y
> high-speed one-bit RF

shift register DAC amplifier

microprocessor [

Receiver

o.nfe.-bit I hi.gh-spfeed
digitizer shift register

—>

p| gain ¢ ban.dpass ¢ Iow-nlo.lse
control filter amplifier

Figure 4-1: Conceptual measuremen station transceiver block diagram.

The basicdesignof the rst systemis shovn in gure 4-1. A simpi ed designwas
used rst to make the systemtractable. Better performing more complicateddesigns
will be pursued once the concept has been proven. A microprocessordetermines
the correct digital code which needsto be transmitted to selecta particular tag.
The phaseencaled digital code is then shifted out at the carrier frequency Before
transmission via the antenna, the digital signal is conditioned into suitable radio
frequencywaveform and ampli ed.

The receiwer continually samplesfor both the transmitted signal and the SAW
re ected signal. In this way, the microprocessoicandeterminethe time betweenwhen
the transmitted signalwasreceived and the time the transponder'ssignalis receiwed.

The receiwer's front endis typical, cortaining a low-noiseampli er (LNA), a bandpass
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Iter, and a gain cortroller. The gain cortroller is set by the microprocessorin sut
a way that the digitizer doesnot saturate whenthe high-power transmitted signal is
received. A one-bit digitizer and high-speedshift-register capturesthe signal, which
is processedby the microprocessor. To simplify the design,and more importantly
reducethe cost of the demonstration electronics,only a one-bit digitizer (ADC) is
usedin the demonstration system. Future systemswould utilize more sophisticated

ADC's with multi-bit resolution.

The receiwer is the most challenging componen of the electronicsto designand
implemert. To make the initial system evaluation easiera high-speed oscilloscoe
will be usedto digitize the return signals. MATLAB  will then processand simulate
di erent receiwer con gurations beforethe initial designand implemenation of the

customreceiwer electronics.

The measuremenstation wasimplemerted with avery fast oscilloscog, an FPGA
dewelopmen kit, and some custom RF electronics. While detecting a particular
transponder and measuringtime{of{ igh t would be possibleusing a low cost FPGA,
the demandingchallengesinvolved were outside of the practical goalsof this project.
Thereforewe choseto leave an integrated solution for future work. Insteadwe choseto
usea very fast oscilloscog with 5GH z of band{width and capableof 20{Gigisamples{

per{second,to implemen the receiwer.

Commercialinstruments! areavailablethat cangeneratethe radar chirps required.
Howewer, with prices ranging between $40 60k commercial instruments are pro-
hibitiv ely expensiwe for our budget. With a signi cant amourt of work, the necessary
functionality was achieved with an  $1k FPGA dewlopmen board and  $1:5k of
auxiliary electronics. A typical desktop computer with no additional hardware was

utilized as the userinterface. The programming languageswere PERL for the user

1For example, the Agilent 81133A, 3:35GH z, single channel Pulse Pattern Generator.
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interface, MATLAB  for real{time signal analysis,C and VHDL for programming
the FPGA.

Oneapproad to measuretime-of- igh t that wasinitially investigatedis to useone
of a numerouscollection of existing time-to-digital corverter (TDC) designs. TDCs
have beenusedin physics researb and radar applications for over three decades.
Accuraciesof 30ps are tractable, and would lead to a rangeresolution of ¢ 30ps=2 =
4:5mm. Existing TDC designsare not easily interfaced to correlated responsesas
required by our approad. Utilizing a high{speed multi{gigibit{transceiv er appears

to be the most exible, easyto implemert, and economicalsolution.

4.1 System Arc hitecture

\—

Transceiver

FPGA

Clock
Generator

Chirp Generator H MGT

Embedded

Development
Ethernet =
Hub
u Ethernet
Transceiver
Compact
Flash

Figure 4-2: Measuremen station FPGA and transmitter block diagram.

Memory and
Control Registers

User Interface
Computer

The ernvisionedarchitecture calledfor anintegrated measuremenstation asshowvn
in gure 4-2. A Xilinx enmbeddeddewlopmen kit (EDK) printed circuit board
makesup the badkbone of this system. The EDK PCB consistsof a versatile FPGA
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with various peripherals sud as Ethernet, a multi-gigabit-transceiver (MGT), and
a compact ash interface. Ethernet allows the measuremenh station to comrmuni-
cate with other devicesincluding other measuremen stations and the user interface
running on a remote desktop, laptop, or oscilloscoe computers. An external clock
generator provides the precisefrequencyusedby the FPGA to syrthesizethe radar
chirps. The EDK PCB uses les written to the Compact Flash card by the deweloper
to con gure the FPGA. Con guration data includesthe FPGA hardware code and
software running on the FPGA's built{in PowerPC processor. The RF Transceiwer
wasimplemented with customelectronics. Phase{shift encaled data from the FPGA

is transmits though an ampli er and antenna as radar chirps.

B‘\_NECL to
LVPECL

LVPECL

output ﬂ»m

N\— NEGL

clock

—
generator \.»B

Figure 4-3: Photo of NECL clock generator (part number PRL-174ANT-1350) and
NECL to LVPECL logic level translator (part number PRL-460ANLPD).

The clock generationhardware consistsof two commercialmodules. The con g-
urable clock sourceis generatedfrom a Pulse Researb Lab? model PRL-174ANT-
1350 programmable VCO clock source. A PRL-460ANLPD NECL to LVPECL
logic level translator module was usedto convert the negative-emitter-coupled-logic

(NECL) outputs from the clock sourceto the low-voltage-positive-emitter-coupled-

2www.pulseresearhlab.com
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logic (LVPECL) required by the Xilinx Virtex-4 FPGA. NECL and LVPECL are
both widely useddi erential logic standards advantageousfor their high-speedand

superior immunity to noise.

ya transmit output

Ethernet _\D l:l<_/

N

B\

N LVPECL
clock

—— FPGA

compact __\g
flash

Figure 4-4: Photo of Xilinx ML405 evaluation board.

FPGAs allow the implemenation of very fast custom electronicshardware that
is recon gurable. The performanceprovided by FPGAs is far greater than software
implemerted on a DSP, and yet FPGAs are exible and low{cost comparedwith
application{speci c{in tegrated{circuits (ASICs). The Xilinx =~ ML405° Evaluation
Platform was chosenfor the on{board Ethernet cortroller, Virtex-4 FPGA, which
includes multi{gigabit{transceiv er (MGT), on{chip PowerPC, and the systems$1lk
low{cost price. The MGT s a versatile port capableof many di erent commnunica-
tions standardssud as Gigabit Ethernet and PCl Express. RocketlO is Xilinx's
implemertation of an MGT.

Radar chirps are generatedusing a customcon guration of the MGT, asopposed

to standard comnunications protocols, sud asgigabit-ethernet. Data describingthe

3More information available at http://www.xilin ~ x. com
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B [ I e )

(a) Digital output from FPGA's MGT port.

STATALTAV

(b) Ideal analog output after RF signal conditioning of
digital signal.

Figure 4-5: lllustration of signal corversionfrom digital to RF.

chirp pattern is loadedinto the MGT and then shifted out serially as a phase{shift
encaled digital signal. The digital signalis Itered, conditioned,ampli ed, and then
transmitted via the antenna by the custom RF electronics. The ideal digital to RF
transformation is illustrated by gure 4-5.

The PowerPC enbedded processorin the FPGA runs software written in C to
comnunicate with the userinterface via Ethernet. The user software running on a
remote PC is ableto collectdata from the systemaswell asto cortrol the specialized
FPGA radar chirp{generating logic interfaced with the MGT. Using an enmbedded
processorhasthe advantage of exibilit y in implemertation of cortrol and data col-
lecting algorithms, while keepingthe high-speed signal processingimplemerted in
FPGA logic. The PowerPC software is easyto quickly change without the time
consumingcompilation of FPGA logic from VHDL sourcecode.

Se\eral software tools are necessarto dewelop systemsusing Xilinx FPGAs. A
suite of tools cortained in the Xilinx EmbeddedDevelopmen Kit (EDK) is organized
through the Xilinx Platform Studio (XPS) integrateddewelopmen ernvironment. XPS

runs external tools that con gure the PowerPC and systembuses,compile the soft-
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ware running on the embeddedprocessorscompilethe VHDL code to con gure the
FPGA, and generatethe bit-level code usedto programthe FPGA with the software
and hardware con guration. Another collection of Xilinx ~ software toolsis packaged
asthe ISE Foundation integrated dewelopmen ervironmert. ISE provides low-level
FPGA layout and planing tools, many of which can be calledfrom XPS. The FPGA
simulation software provided by Xilinx  was rudimentary. Thus the industry stan-
dard simulation suite, called ModelSim , dewloped by Mentor Graphics , wasused
for simulating beforeand after the FPGA code was compiled'.

The ML405 dewelopmert board loadsFPGA con guration bit{ les and programs
to run on the embedded processorfrom the compact ash card. Once the FPGA
code is compiled using either XPS or ISE, the generatedproject _file.bit le
neededto be corverted to a project _file.ace with the ml40x bit2ace program.
The project _file.ace is copiedto the compact ash card in the /ml405/ace/ di-
rectory and is loaded when the \My own ACE le" is selectfrom the boot loader
meru. Seereferenced54] and the section\My Own ACE File" in reference[55] for

detailed information.

4.2 Analog Comp onents and Test Equipmen t

This sectionbrie y details the variety of test equipmen and electronic componerts
usedin this project. A customprinted circuit board (photos and schematicsare given
in Appendix D), was designedand fabricated to allow testing of the SAW devices.
RF ampli ers and designcomponerts were purchasedfor modularly prototyping the
many test con gurations coveredin chapter 5. Cables,connectors,and power supplies

neededto be carefully selected,as this systemis very sensitive to noise and losses

4Developing FPGA codeis very complicatedwith many di eren t stagesto implemertation. Read-
ers are encouragedto consult with [51, 52, 53]
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at high{frequency The electronicsdesignfor both testing and implemertation is
preliminary. While results are being gathered,there is still more work to be doneon
the electronicdesign. The componerts listed herewill be addedto asthe testing and

dewelopmen progresses.

The most important pieceof equipmen for this project is a high{speedand very
sensitive digital{sampling{oscilloscope (DSO). A fast oscilloscog is hecessaryis to
accuratelycapture the transponder'sreturn responseswith enoughresolutionto allow
for proper signal processing.A fast DSO was also necessaryto debugsignalsat the
operating frequency of 2.4GH z, and to pinpoint unwanted parasitic oscillations at
ewven higher frequencies.Capturing the subtle higher{order return signalsfrom even
the slover 323VIHz SAW transpondersis critical for proper characterization and
understandingof thesedesigns.Observingthe return signalis essetial for the design,
implemertation, and debuggingof the RF receiwer. Beforethe receiwer is designed
the DSO will allow us to complete functional testing and ewaluation of the system,

including time{of{ igh t calculations.

A LeCroy WaveMaster8500ADSO with 5GH z of bandwidth waspurchasedin the
spring of 2007for this project. With a DSO capableof a 20 giga{samples{per{second
rate, evaluation of the round{trip time{of{ igh t to accuraciesof approximately 10cm
should be practical. A vertical sensitivity of 2mV=division with 8bits of resolution
made this the most sensitive oscilloscog we could a ord and will exceedthe re-
quiremerts of a demonstration system. The sensitivity of the DSO limited the input
voltage rangeto 4V. This limitation required attenuators for someof the larger
signals. This scope alsohasa direct interfaceto MATLAB , allowing real{time con-
trol of this oscillosco as a highly con gurable RF{digitizer. The wide bandwidth
allowed inspection of oscillationson the low{noise{ampli er that appearedto be noise

on previously available DSOs. The data capture and report generatingfeatureshave
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greatly increasedthe e ciency of data collection, analysis,and debugging.

An Agilent 8714ET RF Network Analyzer was usedfor measuringand compen-
sating for input transducerimpedanceas well as measuringthe transmissibility of
the SAW lIters. This was a relatively old unit ( > 10yrs ) with no record of cali-
bration. One devicewas characterizedwith this unit, and then measuredon a newer
and recerly calibrated RF Network Analyzer, and the results were reasonableclose.
Details on the useof the RF network analyzerfor impedancematching are given in
section4.3. The section 4.4 covers testing the SAW Iter transmissibility with RF

Network Analyzer.

splitter balun / transformer
ZFSCJ-2-4-S+
amplifier low-noise amplifier
TB-409-84+ ZX60-33LN-S+
terminator

directional coupler

ZX30-17-5-S+
attenuator

Figure 4-6: Photo of analogcomponerts from Mini{Circuits

Seeral pakaged RF prototyping circuits were purchasedfrom Mini{Circuits
Low{noise ampli ers were neededfor the RF receiwer front{fend and power ampli-
ers were needfor the RF transmitter. Seeral ampli ers were purchasedbasedon

availability and price. A selectionof couplerswere necessaryfor interfacing devices
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Part Num ber Description
Testboard with Gali{84+ DC to 6GH z, 25.6dB
TB-409-84+ of gain ampli er with 38&dBm output.
TB-145 Transformertest board.
ZX30-17-5-S+ Directional Coupler, DC to 2GH z.

Low{noise ampli er with 20dB of gain and out-
put power up to 17:5dBm.

Power Splitter / Combiner, 2 way 180, 50 to

ZX60-33LN-S+

ZFSCJ-2-4-S
100M H z.

K1-TMC+ Designer'stransformerskit.

K2{V AT+ Designer's xed attenuator kit. DC to 6GHz, 1
to 10dB.

ANNE-50L+ 50 DC to 12GH z Attenuators.

Table4.1: Componerts usedin this project that werepurchasedfrom Mini{Circuits

to various test equipmen; more details are provided in section4.4 & 4.5. Trans-
forms and baluns were usedfor decouplingsignalsand matching signalssud asthe
RocketlO output to the RF transmitter impedance. The transformersand baluns
were purchasedin akit, and then the desiredonewasinstalled on the Mini{Circuits

test board TB{145. A few 50 terminators and a set of attenuators were purchased
to terminate unusedconnectionsand attenuate large signalsfor test equipmen, espe-
cially the DSO. We found that at the time Mini{Circuits = wasthe mostcoste ective
sourceof thesecomponerts in SMA{compatible padkages.RF Iters have not yet been
purchasedbut will be required as the measuremeh systemis deweloped. Seetable

4.1 for a summary of componerts.

In addition to providing a carrier for the SAW devices,the custom PCB was
createdto amplify the minute signalsas closeto the devicesa possible. The idea
wasto have the ampli er closeto the devicesothe signalscould be ampli ed with as
little noiseaspossibleaddedbeforeampli cation. Unfortunately, the very fast 18GH z

transistors that were selectedcausedoscillationsin the design. Theseproblemswere
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not worked out at the time of writing this thesis. A possiblesolution to removing the
oscillationswould be to add a ferrite beadto the baseof the transistor, which will be

tried soon.

Figure 4-7: 323V Hz antennas made from 16{(AWG copper wire and an SMA con-
nector. Usedfor preliminary isolated indoor tests.

Se\eral other componerts and auxiliary equipmen were usedfor this project. A
low{noise xed linear power supply from Power{One , part number HAA15-0.8-A,
wasusedto power many of the Mini{Circuits  active componerts. Custom 323ViH z
antennaswere built, aspictured in gure 4-7, for a few isolated indoor tests. Other
antennas were purchased for use on the 915V Hz instrumentation{scienti c{and{
medical (ISM) band. A small 58mm Helical Antenna, part number WTH430003from
S.PK ElectronicsCo. LTD., was purchasedalongwith a 236mm monopole antenna,
part number WAN-00514-D8from Wanshih Electronics Co. LTD. 50 SMA patch
cableswere purchasedfor their low{loss SMA connectorsand RG{316 coax cable.
Many other discretecomponerts, sud asinductors and capacitorsusedfor impedance
matching, were selectedfor low{loss/high{Q. Surfacemount inductors from EPCOS,
seriesB82498,were usedfor most implemenations in this project. NPO/COG rated
capacitorswereusedfor their low{loss. Selectionof discretecomponerts for RF design

is very important and the readeris referredto [3].
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Figure 4-8: RF Network Vector Analyzer test setup for re ectance and impedance
measuremets.
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Figure 4-9: Simple L matching network [3, 4].
4.3 Imp edance Matc hing

Matching the characteristic impedanceat higher frequenciess very important. Any
of a number of problems, sud as re ections and oscillations, may occur without a
proper impedancematch[3, 56]. Lossof power due to an improper match can also
distort the characterization of a design. The IDTs of SAW devicesare normally
capacitive, thus a matching network must be addedto bring the input port badk to
50. The procedurewasto measurethe real and compleximpedancesof the input
IDT with the RF network vector analyzer using the setup shavn in gure 4-8. The
measuredcompleximpedancewas then usedto determinethe valuesof componerts
neededto make a an impedancematch. The match was made by using an inductor
and capacitor in an L{match network con guration that is addedto the front of the
input port of the IDT (as showvn in gure 4-9). Low{loss (high-Q) high{frequency

componerts were necessaryto make the match without signal degradation[3,4].
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Calculating the correct valuesis straight forward and may be donewith a Smith

chart or by solving a systemof equations. The equivalert resistancelooking into the

network is a simple voltage divider with L and R + j R%in parallel with C (equation

4.1). By setting this to our desired characteristic impedance,Rmawch, and solving,

we are given the proper valuesfor L and C. Equation 4.1 is split into a real and

imaginary equations4.2 and 4.3 and then solved numerically.

+=(sL+R+jR9

. (4.1)
L+ (sL+R+jR9
1L+ RO .
J m =jC 4.2)
R Rmatch — C (43)

Rmatch( 2L ! R(?

Figure 4-10: MeasuredSmith chart on the RF Network Vector Analyzer of a SAW

transponder.

One problem with measuringthe characteristic input impedanceof a SAW IDT is

that there arere ections and resonanceslueto the devicecharacteristicsthat appear

to causeproblemswith measuremets taken with the RF Network Vector Analyzer.
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Figure 4-10 shaws the measuremen taken of a simple SAW transponder on mask 1.
The curly Qs are supposedlyfrom a combination of re ections from input ngers and
o ofthe downstreamre ectors. Oneway around this that hasyet to be explored(for
lack of accesdo the proper equipmern), is making the measuremets instead with a
time{domain{re ectometer. Another possibility that will be tried is to make a bare
input IDT that is not connectedto anything (i.e. an output IDT asin the caseof a
SAW lter, or coupledre ectors asin the caseof a transponder) for measuringthe

input impedanceof similar transducers.

4.4 SAW Filter Measuremen ts

RF-Network
Analyzer

TX RX

Fral

Figure 4-11: RF Network Vector Analyzer test setup for Transmittance measure-
merts.

Transmissibility measureghe amourt of lossbetweena transmitter and receiwer
at a particular frequency through a black box. The transmissibility of the SAW
Iters was measuredto determine correct function as well asthe lossand frequency
responseof the device. Transmissibility measuremets were also usedto determine
how well the impedancematching adjustmerts worked. A better match yields lower
transmission lossesat the pass{band frequencies. The same RF Network Vector
Analyzer as was usedto determine input impedancewas used for transmissibility

measuremets. Figure 4-11shownsthe setupused,and gure 4-12givesan exampleof
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D<—\

— anti-resonance

Figure 4-12: Measuredtransmissionchart of a SAW lter onthe RF Network Vector
Analyzer. Notice the anti{resonanceartifact, which is ignored for this work.

a measuredresponse. For corvenience,a logarithmic magnitude scalewas selected.

oscilloscope

ch2 ch3

FPGA \
L
board coupler DUT

Figure 4-13: Setup for transiernt measuremets of a SAW lIter using an oscilloscop.

The setupshavn in gure 4-13wasusedto measurethe impulseresponseand the
chirp responseof a SAW Iter. Both measuremets helped with understanding SAW
IDT operation and characterization of the devices. The impulse respopnsewas taken
by generatinga pulseat the resonancdrequencywith the FPGA. One channelof the
oscilloscoe measuresand triggers o  of the transmitted impulse. The responsewas

measuredon the other channel.
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45 SAW Transp onder Measuremen ts

oscilloscope

ch2 ch3

i

FPGA &
ler [ DUT
board coupler U

Figure 4-14: Test setup for SAW transponder measuremets.

The early 323V Hz SAW transpondershave only one port from which to inter-
rogate and measurethe return response. A directional couplerP allows triggering o
of the FPGA{generated chirp pulsewhile observingthe transponder'sreturn signal.
The setupis shovn in gure 4-14. There are someproblemswith the FPGA's trans-
mitted signal saturating the input of the oscilloscog. Solutionsto theseand other

measuremen problemsare in the works.

oscilloscope
antenna ch2 ch3
FPGA »
amp
board DUT

Figure 4-15: SAW transponder measuremets using antennas.

Measuring of the SAW transpondersin their intended con guration, with the
transponder connectedto an antenna, is shavn in gure 4-15. The operation is

similar to the previoussetup, exceptthe coupleris replacedby three antennas. Some

SMini{Circuits has a few useful application notes on directional couplers
(http://www.minici  rcuit s. cont)
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input Itering (not shawvn) after the receiver ampli er will probably be necessary

The bestreceiver designis currertly being investigated.

4.6 FPGA Hardw are Description

The internal logic of an FPGA can be speci ed through seeral di erent languages
(such as VHDL, verilog, even MATLAB) or with high{level schematic capture pro-
grams. VHDL was one of the rst FPGA programming languagesand resentles
ADA. The project usedVHDL exclusiwely, basedon personalpreference.Many other

FPGA languageswould have worked equally as well.

VHDL 1 : Example of IO pad description used VHDL and the Xilinx UNISIM
library.

1

2

3 Xilinx primitives

4 library UNISIM ;

5

6 use UNISIM .VComponents.all;

7

8

9

10

11 IBUFGDS_usrclk : IBUFGDS

12 generic map (

13 IBUF DELAY VALUE => "0",

14 IOSTANDARD => "LVPECL 25",
15 DIFF_-TERM => TRUE)

16 port map (

17 O => usrclk_b,

18 | => usrclk_ip , Diff_p clock
19 IB => usrclk_in Diff_n clock
20 )

21

22

23

24 IBUF _reset : IBUF

25 generic map (

26 IBUF DELAY VALUE => "0",

27 IFD.DELAY VALUE => "AUTO",
28 IOSTANDARD => "LVTTL")
29 port map (

30 O => reset_n_b ,

31 I => reset_n

32 )

Deweloperstake many di erent approadiesto organizingtheir systemdesigns[5F.
The VHDL sourcefor this project was organizedto be hierarchically tailored for

two con gurations, simulation and implemertation. The top-level simulation les are
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known as\testb endes", and are denotedby the naming convertion of flename _tb.vhd .
A testbend providessimulated simulation signalsto the VHDL codethat will become
the descriptionfor the real hardware aswell ascheding the outputs. The implemen-
tation's top-level source le is denotedby filename _pad.vhd, which represets the
physical \pads" of the FPGA's padage. The filename _pad.vhd le usesXilinx de-
vice family dependen logic bladk{b oxesto selectspeci cally how an input or output
pad should be con gured. For example,the IBUFGD&nd IBUF are both black boxes
in VHDL listing 1. The pad con guration parameterscan also be speci ed using a
constrairts le, howewer specifying the con guration in a filename _pad.vhd allows
further compatibility amongtools from di erent vendors,sud as ModelSim . Only
VHDL code that descrites the ertire implemertation usesthe filename _pad.vhd
le. The chirp{generating implemertations that do not use the PowerPC have a

filename _pad.vhd le.

The VHDL code speci es the physical connectionsbetween Con gurable Logic
Blocks (CLBs), the basic building block of an FPGA. Programming the CLBs con-
gures them as ip{ ops, encalers,and other logic elemers, which are connectedin
a xed con guration implemerting the desiredfunctionality . There are also many
di erent typesof specialized xed ASIC componerts on an FPGA, sut asthe MGTs
and PowerPC core. The proper way to correctly specify the connectionsand topology
to imply speci cally the hardware desiredmust be done by following vendor{speci c
VHDL coding standards. Often thesespeci cation are provided in a separate\Syn-
thesisManual,” which may be provided by the FPGA vendor and/or the simulation
and syrthesis vendor (i.e. Mentor Graphics or Simplicity ). For example, the
FPGA provided by Xilinx may have the VHDL con guration code compiled by
Xilinx  software, or PrecisionSyrthesis from Mentor Graphics , or similar product

from Synopsis . Following the synthesis speci cation provided by the vendor of the
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tool being usedfor the particular FPGA selectedis essetial for an accuratesimula-
tion and successfulmplemertation[51]. The UNISIM VHDL libraries provide all the
primitiv e bladk{b oxes along with the timing parametersfor accuratesimulation and

are supplied by Xilinx

As mertioned earlier, there are seeral increasingly complicated implemertation
of the chirp{generating FPGA code. The rst chirp{generating implemertation did
not usethe MGT or a graphical user interface. For simplicity, the buttons on the
ML405 dewlopmen board increasedor decreasehe number of cyclesin a chirp by
ve. The chirp output was a gated clock limited to 400MHz chirps without any
encaling functionality. A gated clock is a poor implemenation becausehe rst and
last cycle of a chirp would be randomly truncated, causing degradedperformance.

The output frequencywas xed by the clock syrthesizer.

In the next designiteration the MGT con guration wasadded. The MGT allowed
phaseencaled chirps to be transmitted at the maximum speedcapableof the FPGA
dewelopmen board. The output chirp washard{codedfor simplicity (the con gurable
implemertation wasto usethe PowerPC processorand Ethernet cortroller) and could

only be changedby recompiling the FPGA sourcecode, a time consumingtask.

The internal FPGA processorarchitecture is very exible and very complex,with
seeral di erent buses,memory architectures, bridges, input{output cortrollers, and
processorgdMicroBlaze and PowerPC ). Figure 4-16 showns a simpli ed depiction
of the organization of the FPGA's embedded processorbus as con gured for this
implemertation. The PowerPC has direct accessto on{chip SRAM con gured for
both program instructions and program data. High{speedperipheralsare connected
directly to the PowerPC on the processorlocal bus. While all peripheralscan be
placedon any bus, good designpracticesseparatehigh{speedcomponerts that only

comnunicate with the processorfrom slowver peripheralsthat may comrmunicate with
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Figure 4-16: Block diagram of FPGA PowerPC processorcon guration.

ead other aswell asthe processor.

The processorocal bus (PLB) bridge connectsthe PowerPC to the on{chip pe-
ripheral bus (OPB). The \UART" allows the program running on the PowerPC to
send simple debug messagewvia RS{232 to a terminal. Debugging problems with
Ethernet communication was greatly aided by the \UAR T" . The generalpurposein-
put output (GPIO) peripheralsare generatedautomatically via a peripheralwizard in
XPS and canbe connectedo anything. The\GPIO LEDs" peripheralwascon gured
to setLEDs asanother simple debugstatus output. The \GPIO buttons" allowed the
program running on the processorto ched the buttons on the ML405 dewelopmen
board. The only custom peripheral was \chirp2" , the secondimplementation which
transmits the phase{encaled chirp.

The organization of the \chirp2" IP is showvn in gure 4-17. Many of thesesource
les were automatically generatedskeleton template les from XPS that were later
appendedand modi ed asneeded.The chirp2.vhd anduser _logic sourceswvereau-

tomatically generatedby the XPS peripheralwizard. They provide a registertransfer
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chirp2 IP

[chirp2.vhd]
PowerPC bus interface glue logic

[user_ logic.vhd]
control register glue logic

[rocketio_glue.vhd]
control and MGT glue logic

Figure 4-17: Top level block diagram of chirp2 VHDL code.

interfaceto the PowerPC processotthat allowsthe programto write to registersthat
con gure and cortrol this peripheral. These les must be modi ed to bring input
and output signalsto the custom peripheral. All of the custom logic is placedin the
user _logic.vhd source le.

Specializedhardware, or \cores", in the FPGA are con gured with a Xilinx  tool
called CoreGen. Optimized implemertation of complex functions, sud as a fast{
fourier{transform, are also provided through CoreGenas black{b oxes. The MGT
was con gured through CoreGen,which generateda VHDL template from all of the
setting speci ed in the CoreGenWizard. These les are then integrated into the
designby instantiating the provided componert code into a higher level componert.
Figure 4-17 shavs the MGT con gured by CoreGenintegrated into the chirp2 IP
wrapped by the rocketio _glue.vhd source le. The CoreGengeneratedcode needs
seweral modi cations to work properly in this design. The clock distribution and
connectionswere not setup asrequired. Details on setting up the MGT clocks is out

of the scoe of this thesisand requirescareful study of [59].
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[rocketio_glue.vhd]

digital
['system clock clock » .M.GT.
initialization

management

y

. MGT MGT MGT
user c n L Ll L 1 u Cl U’
[user clock > > ser clock out

clock wrapper user clock
| L P transmit >

unused
wrapper

Figure 4-18: VHDL code organizational block diagram of the \chirp2" peripheral
implemerting the rocketlO multi{gigabit{transceiv er and support FPGA cores.

All of the custom peripheral managemeh code as well as the implemenation
of the MGT are cortained in rocketio _glue.vhd . This code makesall the proper
connectionsbetweenthe MGT hard{wired coresand the higher{level custom logic.
VHDL listing fragmert 2 shows the custom logic that periodically sendsthe con-
gured chirp by loading the output register with data when the counter readed
delay _time. The majority of the rocketio _glue.vhd is shovn in block diagram 4-
18. The \MGT clock" bladk{b ox bu ers the user clock (set by the external VCO),
separatingthe clock domains,and phaselocking to the MGT userclock. Syndironiza-
tion with adjacert MGT blocks aswell as corverting the MGT clocks to the proper
frequencyis alsohandled by the \MGT clock”. The MGT wrapper encapsulateghe
hundreds of RocketlO con guration parametersto simplify the interface for higher{
level componerts. Most of the complexity of the MGT con guration is due to the
hardware implemertation of di erent high{speedencaling and decaling standards.
The \user clock out" signalis generatedto syndironize the high{speedparallel data
to the rest of the FPGA logic. The \digital clock management”"(DCM) bu ers and
reducesthe clock rate of the \system clock" to drive the MGT power{on resetand
initialization hardware. The receiwer is not connectedin this implemertation. The

MGT hardware comesin pairs of transceivers. The \unused wrapger" componert is
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VHDL 2 : txdata _p processin rocketio _glue.vhd

1 purpose: provides data to MGTOITX

2 type : sequential

3 inputs : usr_clk_.i , reset

4 outputs:

5 txdata_p: process (usr_clk_.i , tx_.system_ready_i, chirp_pattern, delay_-time)
6

7 begin process txdata_p

8 if tx_system_ready_i = '0' then asynchronous reset (active low)
9

10 counter <= (others => '0');

11 mgtO_txdata_i <= (others => '0");

12

13 elsif usr_clk_i "event and wusr_clk_i = '1' then rising clock edge

P
(S0

if counter >= delay-time then

P
~N o

counter <= (others => '0");
mgtO_txdata_i <= chirp_pattern;

NP
SRR

else

NN
N P

counter <= counter + 1;
mgtO_txdata-i <= (others => '0');

N NN
g b w

end if;

NN
~No

end if;
end process txdata_p;

N
o<

the unusedtransceiwer in the sameASIC MGT block asthe utilized MGT [5§.

Someof the status and logic indicators werebrought out to the LEDs to help with
debugging. Systemready, clock managemenh phaselocking, resetsignals,and bu er

ready status conditions were monitored via the LEDs.

Normally ewvery level of VHDL code is simulated individually to ched correct op-
eration, and simulated asa systemto ched integration. The complexity of the MGT
made simulation infeasible due to the complexity of setup and amourt of time to
run. Sometimecompiling the VHDL code and running on the FPGA, with carefully
chosendebugsignalsmadeavailable to test ports, is the bestway to debugan imple-
mertation. Other options for debuggingcode are available, sud as ChipScope from

Xilinx, howewer they were not within our budget.
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4.7 Software

There are two software platforms currently under dewvelopmen. The PowerPC on the
FPGA runs an Internet sener that servicesrequestsfrom other devicescommunicat-
ing via the TCP/IP sockets port. A PC runs a userinterface that allows changesto
the transmitted pattern and frequencyof periodic chirp. The software was deweloped
with the help of an undergraduate, Roshni Cooper, as a part of the Undergraduate
Researb Opportunities Program (UROP)[59]. While the code is usable,and hasba-
sic functionality required to con gure the chirp peripheral, much more work will be
doneasthis project progresses.Future software developmen will allow MATLAB
running on the LeCroy oscilloscog, through the Java sackets library, to signal the
FPGA to transmit a particular code. MATLAB  will then trigger the oscilloscog
and collect and analyzethe data from the return RF signal.

The currernt implemertation hasthe enmbeddedPowerPC processorunning a very
simple programto servicerequestsfrom the userinterface. The sourcecode is located
in Appendix E. There are three libraries and assaiated sourcecode used for this

program;

enet.c : A customized high{level Ethernet interface which calls the Xilinx

provided network APIs.

xromlcd.c : Provides the interfaceto the ML405's LCD display. This source

code was a part of someXilinx democode.
chirp2.c : Interface devicedriver for the chirp2 peripheral.

The top level source le is chirpnet.c . First the \chirp2" and \Ethernet" pe-
ripherals are initialized. Then the main program loop servicesconnectionrequests

with enet_accept() . Up to MAXNETCONNS8om di erent computers are allowed.
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This feature will be useful when multiple measuremen stations must comrmuni-
cate to triangulate a tag's position. Commandsare processedand parsedwith the
enet_proc_conns() function, which chedks eat connectionand executesany pending
requests. Only one command,\ chirp2,delay,high,low; ", hasbeenimplemerted;
wheredelay is an integer specifying the number of cyclesbetweenchirp transmissions,

and high and low give the binary code for the chirp in two 16bit words.

Figure 4-19: chirp _ui.pl Userinterface program written in PERL.

The simple userinterface,shovn in gure 4-19,comnunicatesover Ethernet with
a TCP/IP saockets library. Programmedin PERL, the interfaceis portable, simple,
and easilyextended. The IP addressand the port number of the measuremenstation
is ertered under \Host TCP/IP Address" and \P ort." Two buttons are provided to
connectand disconnectto the measuremenstation. Many patterns may be speci ed
by the three columnsof con gurations, which are stored on disk for later use. The
selectedpattern is sert to the measuremenstation whenthe \Send" button is pressed.

The user interface, while functional and in use,is preliminary, and therefore the
full sourcecode is not provided. Howewer the most important code fragmerts are

given in PERL listing 1. A TCP/IP socket is openedto the measuremenh station
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with 10::Socket::INET->new( ... ). The handle sock is then written to, read
from, and closedthe sameasany le handle. The set chirp( ... ) subroutine

demonstrateshow the \ chirp2,delay,high,low; " commandis asserbled and ser.

PERL 1 : Code fragmerts illustrating how to useTCP/IP sockets.

1 use IO ::Handle;

2 use |10 :: Socket ;

3 use Net:: hostent ;

4 use POSIX qgw/ setsid/;

5 use subs gw/ client_connect/;

6

7 #

8 sub host_connect f

9 sock = 10::Socket ::INET >new( PeerAddr => host,
10 Proto => 'tcp',
11 PeerPort => port );
12 sock >autoflush ( 1 );

13 g

14

15 #

16 sub host_disconnect f

17 return unless defined sock ;

18 close( sock );

19 g

20

21 #

22 sub set_chirp f

23 my delay = shift;

24 my high = shift;

25 my low = shift;

26 host_send ( "chirp2, delay, high, low" );
27 o]

28

29 #

30 sub host_send f

31 my data = shift ;

32 print sock data."nn";

33 g

34

35 #

36 sub host_recv f

37 my data = '';

38 sock >recv ( data,128 );

39 return data;
g

N
o
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Chapter 5

Testing and Characterization

All of the resultspresenied herearevery preliminary. The 915V H z devicesof interest
have not yet beensuccessfullyfabricated (these devicesshould ready withing the rst
two months of the PhD program). The purpose of the data taken thus far is to
con rm that the designis on the right track. To ched our rst simpli ed designs;the
3 m fabrication process,and the test setup, somedata wastaken. Until recerly, we
did not have the necessarytest equipmer (oscilloscog, ampli ers, RF prototyping
componerts, etc.) thereforevery little presemable data was collected. Howeer, the
following is usefulasan illustration of the operation of three SAW devicesalong with

someinsight into their performance.

5.1 SAW Device 0x2C9

Device0x2C9was a band{pass Iter with areasonablygood Iter response.Seetable
5.1 for the detailed speci cations. Figure 5-1 shaws the CAD artwork (layout was
donein MAGIC). This is a bi{directional device,and for the purposesof this data,

oneport is the input and oneis the output. The transmissibility (measuremet setup

127
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is explainedin section4.4) shaws very good band{pass Itering with a pass{bandof

20M Hz ( gures 5-2and 5-3). A simpleimpedancematch wastried and seemedo
work. As shown in gures 5-4 and 5-5, the matching network appearsto improve the
impedance.The pass{bandlossalsoimproved about 3dB after the match was made.
One possibleexplanation for the curlicuesshowvn in gure 5-5is that the resonan
re ections were confusingthe RF Network Vector Analyzer (more investigation is
underway).

Figure 5-6 shows the e ect of internal badk{and{forth re ections between the
input and output IDTs. The magnitude of the internal re ections may bein part due
to an impedancemismatch. The data is taken at the output port, and a short 4{cycle
chirp is sent into the input port. The rst signalthat is detectedis unwanted feed{
through from the input to output port. The main signalis the largest waveform to
be receied at the output. The signalsthat shov up after the main signal are caused
by additional re ections o of the input and output IDTs. Thesemacro re ections
are a set of waves bouncing between the input and output IDTs. There are also
intra{ nger re ections in ead IDT, which are shovn in gure 5-7. The secondary

re ections are discussedn section?2.2.

IDT line{width and spacing | 3m
IDT ngers 50
IDT Length 200m
IDT Apodization 191m
IDT Rail Width 20m
Pad width and height 200m
Input to output separation 1050m

Table 5.1: Speci cations for device0x2C9



5.1. SAW DEVICE 0X2C9 129

Figure 5-1: Drawing of SAW Iter device0x2C9

Figure 5-2: Frequency response from 50MHz to 1GHz. The passband is at
322249M H z.
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Figure 5-3: Pass{bandbandwidth shovn as 20M Hz.

/— 323MHz

Figure 5-4: Smith chart beforeimpedancematching circuit.
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Figure 5-5: Smith chart after impedancematching circuit with 27nH and 10pF.
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first reflection
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Figure 5-6: Internal re ection betweentwo IDTs in device0x2C9
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secondary reflections
internal to IDT

\

Figure 5-7: Example of inter{ nger re ections within a singleIDT.
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5.2 SAW Device 0Ox2ES8

With only 20 ngers and half the apodization (IDT nger overlap) of device 0x2C9
device Ox2E8 has a much lossier response. Not as much data was collected as for
Ox2E8due to lack of time. Figure 5-9 shavs the measuredband{passresponsesas
well assignsof electromagneticfeed{through, which is the coupling of the input signal
to the output via electromagnetics[b The impulseresponseshonn in gure 5-10has
beenlabeledto show the relationship of the output signalto the number of ngers in

the device. For this device,20 ngers or 10 nger pairs on eat IDT yields a 20cycle

output.

IDT line{width and spacing | 3m
IDT ngers 20
IDT Length 100m
IDT Apodization 91m
IDT Rail Width 20m
Pad width and height 200m
Input to output separation 360m

Table 5.2: Speci cations for device Ox2E8

Figure 5-8: Drawing of SAW Iter deviceOx2E8
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sloped ____»D

response

Figure 5-9: The sloped frequencyresponseis dueto electromagneticfeed{through[5.

20

Figure 5-10: Impulse responseof SAW Iter DeviceOx2E8 The number of cycleshas
beenlabeled (1,10,and20). Channel Z2 is the zoomedview of Channel C2.
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5.3 SAW Device OxOE3

One of the four saw re ectors that weretestedis preseted here. 0OXOE3wasthe only
SAW re ector devicethat wastested with the fast 5GH z oscilloscog. Limited data
was taken on three other SAW re ectors with a 500M H z oscilloscoe. Due to the
inadequatebandwidth of the 500M H z oscilloscop, that data is not worth presening.

Figure 5-11 showv the devicewith v e setsof re ector gratings. The responsefrom
an 11{cycle chirp signalis showvn in gure 5-12. Two groupsof re ected signalsare
shown, though more are there, just out of view. Only the re ections from the rst

three gratings are measurable astoo much of the signalis lost by the time the surface
wave readesthe fourth and fth re ector. The delay betweenthe interrogation chip
andthe roundtrip to and bad from the rst re ector is171ns. This delay correspnds
to the surfacevelocity and distance betweenthe input IDT and rst grading. The
surfacevelocity is  4000n=s and the distance betweenthe gratingsis 300m . The
very rst return responsewill start at 15ns. Howewer the rst detectableresponse
will be shortly after becausemore than one wave will needto coupleinto the IDT.

As showvn in gure 5-12,the time until signalis signi cant is 171ns, as expected.

IDT line{width and spacing | 3m
IDT ngers 50
IDT Length 300m
IDT Apodization 291m
IDT Rail Width 20m
Pad width and height 200m
Re ector spacing 300m

Table 5.3: Speci cations for device OXOE3
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Figure 5-11: Drawing of SAW Iter deviceOx0e3

—tx chirp + input IDT
reflection

| 17ns Q\
I 1

second reflection\

first reflection

Figure 5-12: The four cyclechirp responseof deviceOXOE3 ChannelZ3is the zoomed
view of the rst re ection on Channel C3.



Chapter 6

Conclusion

From the beginning we knew this project was very ambitious. Micro{fabrication
projects are particularly dicult to complete over the short duration of a masters
degree. Additional challengesto this project were the high{frequency electronics
designand testing. An an enormousamourt has beenaccomplishedand learnedin
the two yearssincethe start of this project. Extensive investigationsinto the state{of{
the{art of existing solutionsand an analysisof probable performanceof SAW devices
were completed. The ideaof a SAW basedtransponderwith ranging capabilities was
conceptualizedand a patent was led on the technology. The implemenation of the
SAW transpondersis now progressingquickly and should concludewith positive data

and results soon.

Signi cant progresshasbeenmadeunderstandingthe propertiesof lithium niobate
and utilizing this substrate for SAW applications. The rst simple models of SAW
operation were deweloped, implemerted, and veri ed with our initial devices. The
designsof newdevices,currerntly beingfabricated, werebasedon thesemodels. Three
maskswere drawn using two CAD tools, \layout" and \Magic." The foundation has

beenlaid for quickly implemerting newdesignausingthe toolsand methods deweloped
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in the thesis.

The most di cult aspect of this project was attaining pro ciency in microfab-
rication of SAW devices. The majority of the problems were due to inexperience
with the complicated processesand laboratory methods. The use of numeroustools
were learnedand successfullyutilized. Amorphoussilicon dioxide masksand lithium
niobate SAW substrates were selectedand purchased basedon our requiremens.
Cleaningand preparation processesvere learnedand modi ed for our uses,allowing
us to recyclewafersfrom unsuccessfuruns, savzing a signi cant amourt of money.
| becamepro cient in the use of two lithography aligners, one of which signi cant
upgradeswere made to meet requiremen of this project. Knowledge necessaryto
use the scanningelectron beam lithography tool has allowed inspection and writ-
ing of masks. After debugging,the lift{fo processewe achieved reliable fabrication
of devices. 3m deviceswere successfullyfabricated. Seeral 3inch quartz masks
with 1:1m and 300nm deviceson them were successfullyfabricated. Debugging
of the mask making processis nearly complete. The tools and hardware necessary
for mourting the SAW devicesto suitable padkagesand wire{b onding them to the
leadshas been gured out and implemerted. A lot of work asbeenaccomplishedin
learning the details of microfabrication necessaryto make our desireddevices. The
foundation for fabricating SAW transpondershasbeenmade, and the skill necessary

for making our desireddevicesis ready for the nal implemenration.

The architecture necessaryfor the electronicstest suite was designedand dewel-
oped to a point where devicesare able to be tested. A prototype test suite has
beenasserbled, with an FPGA signal source,supporting high{frequency electronics
sud as low{noise ampli ers, and a high{speedoscilloscoe capturing return signals
and debugging. Signi cant progresshas beenmadein verifying that the electronics

will work for the ultimate goalsof this project. The FPGA hardware and software
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has been deweloped su ciently to generatethe required signals. An Ethernet ca-
pable user interface program was written to communicate and cortrol the FPGA.
Impedancematching of the SAW devicesto the standard 50 electronicshas been
gured out. Topologiesfor testing the various SAW deviceshasbeenprototyped and
has collectedsomeusefuldata. The equipmen acquiredshould be nearly everything
necessaryto attain our initial results for ranging measuremets. Data taken thus far

with the electronicslooks encouragingand good results are expected soon.

Basic testing of devicesmadeto date has beenaccomplished,and the results are
reasonable. The test setup and methods for testing SAW Iters has given us result
from four 3m devices. Frequencyand impulse responsesof the 3m deviceshave
been measuredand correspnd to the expected results. The e ect of impedance
matching the SAW IDTs hasbeenveri ed to be an improvemen. The responseof
seweral 3m re ector deviceshave also beeninvestigated. Initial test results shaov
that the available test equipmen, sud asthe RF Network Vector analyzerand os-

cilloscope, are adequate.

The work left to be done before ranging results can be attained are as follows.
Fabrication will cortinue with making the 915M Hz and 2:4GH z devices. The pro-
cessedo make the deviceshave beendeweloped and only needto be tweaked before
working devicesare made. Oncethe high{frequencydevicesare made,the electronics
suite will be put to the test. Somesigni cant debuggingis expectedand di erent ap-
proadesto testing the deviceswill be explored. Testingof all of the di erent devices
will take placeafter the electronicshave beenfully debugged.Following the collection
of the test data, a paper cortaining the results will be published. The end goal of
this project is to transfer SAW transponder ranging and localization technology to

industry.

Localization using small passiwe transpondershas excited se\eral sponsorsof the
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MIT Media Laboratory. The usefulnessof the project is evidert in the amourt of
work being put into other lesselegan solutionsto the tracking problem, summarized
in section1.3. Successfutompletion of this project will solve many tracking problems

for which there is currerntly no practical solution.
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App endix A

Lithograph y Masks

A.1 Mask 1 Generation Scripts

Mask 1 was generatedusing TCL scripts located in the
Jmsk/saw.1l _3.10.2006/scripts/

directory. The makeall.tcl  script was usedto layout the majority of the mask.
This script usesthe saw.tcl library of procedures. After the makeall.tcl  script
wasrun, somemanual touch{up wasnecessaryFirst the deviceswerebumpedaround
to make room for a horizortal alignmert mark. Then the devicesnear the edgesof
the mask were duplicated in the remaining area. The deviceson the left side were
rotated and ipp ed sotheir commonedgewas towards the certer of the mask. The
makestring.tcl script was then run to make the title block at the bottom of the
mask. This script makes use of a char.glyph data le which is generatedby the
makechar.pl script. Postscript documenation was automatically created. Some
bugsin Magic 7.3 necessitatethe useof a fix.pl  script to x the postscript output.
A comma{separated{ariable listing of all the parametersfor eat deviceis output

to the specs.csv le. Note that there is an error in the makeall.tcl  script. When
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the rst 9 saw devicesare madethe REEApodization is not setcorrectly for the rst
device. The half{ ngers are not shorted correctly. This was not worth the time to

correct before making the mask.

TCL : makeall.tcl

1 #===================================================
2 #

3 # Make All : Make the mask

4 #

5 # filename : make_all.tcl

6 # authors : Jason LaPenta (JL)

7 # date : 3/ 4/2006 (JL)

8 # target : Magic v7.3

9 # [http:// opencircuitdesign.com/ magic/]
10 # version : 0.3 alpha (branch 0)

1 #

12 # abstract : generates parameterized SAW
13 # gratings and test features

14 #

15 #==================================================
16 # Mask Layout

17 #

18 # < (70mm,70mm)

19 # j j j

20 # j j j

21 # j i j

22 # j j j

23 # j j j

24 # j j j

25 # (0,0) >

26 #

27 # the bottom corner of 7 is (0,0)

28 # the mask is 4"_square,_with_an.inset._to

29 # the artwork of 15mm on each side, giving

30 # a square of 70x70mm for the artwork

31 #================================================
32 #

33 #

34 # Changes

35 # Date W ho Description

36 #

37 # 2/ 12/ 06 JL New File

38 # 3/5/06 JL Added in dual port saws

39 # 3/6/06 JL redid layout to pack many

40 # devices in a 70mm x 70mm area
41 #

42

43 # saw creation library

I
ES

source saw.tcl

'y
o
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46

47 #==================================================

48 # next
49 #

50 # moves to the next available space on the die

51 #==================================================

52
53 proc next f g f

54

55 global offset_x

56 global offset_y

57 global id

58

59 incr id

60

61 set pos [magic::box pos]

62 set size [magic::box size]

63

64 set x [lindex pos 0]

65 set y [lindex pos 1]

66

67 set w [lindex size 0]

68 set h [lindex size 1]

69

70 # we've run out of room, stop moving

71 if f y < h && offset_x > [expr 70000/2] g f
72 puts "nnnn. ~OUT _OF .ROOM . nnnn"

73 return

74 g

75

76 # check if last device fits

7 # if not then move

78 if f X + w > [expr (70000 / 2) + offset _x
79 magic::select visible

80 magic::move to offset_x [expr 'y h

81 magic::box move east [expr w + offset_y]
82 g else f

83 magic::box move east [expr w + offset_y]
84 o]

85

86 if f y <2 hgtf

87 set offset_x [expr 70000/2 + 1000]

88 magic::box position offset_x [expr 70000
89 g

90

91 g

92
93
94
95
96
97
98
99

153
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100

101 proc output f x y bw bh id g f

102

103 # limit width so documentation is readable
104 set bw2 bw

105 if f bw2 > 4000 g f

106 set bw2 4000

107 g

108

109 magic::box position x [expr vy 450]
110 magic::box size bw2 [expr bh + 450]
111 magic::plot postscript saw_[format "%n# 05x" id].ps fmetall labelsg
112

113 # delete documentation labels

114 magic::box size bw2 450

115 magic::select visible

116 magic::delete

117

118 magic::box position x vy

119 magic::box size bw bh

120 g

121

122 #==================================================
123 # make_cell

124 #

125 # X x position of first finger

126 # vy y position of first finger

127 # h height of surrounding box

128 # w width of surrounding box

129 #==================================================
130

131 proc make_cell f g f

132

133 global saw_spec

134

135 # save the box position for later

136 set pos [magic::box position]

137 set x [lindex pos 0]

138 set y [lindex pos 1]

139

140 set s saw._spec(IDT _Spacing)

141 set w saw_spec(IDT_Width)

142 set | saw._spec(IDT_Length)

143 set a saw_spec(IDT_Apodization)
144

145 set lw saw._spec(Leg-Width)

146 set po saw_spec(Pad_Offset)

147 set pw saw._spec(Pad_width)

148 set ph saw_spec(Pad_height)

149

150 set in_f saw_spec(IN_Fingers)

151 set r_f saw_spec(REF_Fingers)

152 set r._s saw_spec(REF_Spacing)

153 set r.n saw_spec(REF_Number)
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154 set s_I saw_spec(Stop_Length)

155

156 set id saw_spec(ID)

157

158 # calculate the box width of the surrounding box
159 # 50um of padding

160 set pad-x 50

161 # width of the test features

162 set test_w 250

163

164 set bw [expr 2 pad_x + pw + po + ( s+t w) in_f]
165 set bw [expr bw + ren (orof (st w)+ ros)]

166 set bw [expr bw + 2 s_| + po + r_s + test_w]
167

168 # calculate the box height of the surrounding box
169 # 50um of padding

170 set pad.y 50

171

172 set bh [expr 2 pad.y + 2 ph + (2 | a)l

173

174 # make the surrounding box

175 make_outline bw bh 20

176

177 # make the device

178 magic::box position [expr x + pad_x] [expr y + pad.y]
179 make_saw saw._spec x y bw bh pad-x pad._y
180

181 # make test structures

182 magic::box position [expr x + bw test_w ] [expr y + pad_y]
183 make_test bh

184

185 # make index number

186 magic::box position [expr x + pad_y + s_.| + 2 po + pw] [expr
187 make_id id

188

189 # document parameters

190 magic::box position x vy

191 magic::box move south 50

192 document saw_spec x y bw bh

193

194 # output postscript drawing

195 output x 'y bw bh id

19 g

197

198

199 #=========S==-=S=S=S=S=SSSSSSSSSSSSSSSSSSSSSSSSS==========
200 # make_dual

201 #

202 # X x position of first finger

203 # y y position of first finger

204 # h height of surrounding box

2056 # 9w width of surrounding box

206 #===========S==SS=SSSSSSSSSSSSSSSSSSSSSSSSSS=SS=======

207 proc make_dual f g f

y

+

pad.y]

155



156
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the surrounding box

po + 2 ( s+ w) in_f]

+ 2 po + test_w]

the surrounding box

ph + (2 | a)l

pad_x] [expr y + pad.y]

2 pad.y]

saw_spec(IN_Fingers)

1

+ 2 po + pw]

208

209 global saw_spec

210

211 # save the box position for later
212 set pos [magic::box position]
213 set x [lindex pos 0]

214 set y [lindex pos 1]

215

216 set s saw._spec(IDT _Spacing)
217 set w saw_spec(IDT_Width)
218 set | saw_spec(IDT _Length)
219 set a saw._spec(IDT_Apodization)
220

221 set lw saw._spec(Leg-Width)
222 set po saw_spec(Pad_Offset)
223 set pw saw._spec(Pad_width)
224 set ph saw._spec(Pad_height)
225

226 set in_f saw._spec(IN_Fingers)
227 set r_s saw_spec(REF_Spacing)
228 set s_I saw._spec(Stop-Length)
229

230 set id saw_spec(ID)

231

232 # calculate the box width of

233 # 50um of padding

234 set pad_x 50

235 # width of the test features

236 set test_w 250

237

238 set bw [expr 2 pad_-x + 2 pw + 2
239 set bw [expr bw + r.s + 2

240

241 # calculate the box height of

242 # 50um of padding

243 set pad.y 50

244

245 set bh [expr 2 pad.y + 2

246

247 # make the surrounding box

248 make_outline bw bh 20

249

250 # make left stop block

251 magic::box position [expr x +
252 magic::box size s_| [expr

253 magic::paint metall

254

255 # Make Input and Output IDTs

256 set saw._spec(IDT_Fingers)

257 set sawe._spec(Include_Pads)

258 magic::box move north [expr

259 magic::box move east [expr

260 make_idt saw_spec

261 magic::box move east [expr (

s+ w)

in_f + r_s |
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262 set saw._spec(Include_Pads) 1

263 make_idt saw_spec

264

265 # make right stop block

266 magic::box move east [expr pw + 2 po + ( s+ w) in_f]
267 magic::box move south [expr ph]

268 magic::box size s_| [expr bh 2 pad.y]

269 magic::paint metall

270 magic::paint metall

271

272

273 # make test structures

274 magic::box position [expr x + bw test.w ] [expr y + pad.y]
275 make_test bh

276

277 # make index number

278 magic::box position [expr x + pad_y + s + 2 po+ pw] [expr y + pad_y]
279 make_id id

280

281 # document parameters

282 magic::box position x vy

283 magic::box move south 50

284 document saw_spec x y bw bh

285

286 # output postscript drawing

287 output x 'y bw bh id

288 g

289

290 #==========S=SSSSSSSSSSSSSSSSSSSSSSSSSSSSS=S========
291 #==================================================
292

293

294 #f==================================================
295

296 # offset spacing of each device
297 set offset_x 1000

298 set offset_y 50

299

300 # device id

301 set id 0

302

303 # start position

304 magic::box position 1000 [expr 70000 1500]
305

306 # delete any old postscript files

307 exec " ./ delps"”

308

309 B
310 # open a file to print out docs

311 exec rm f specs.csv

312 set fileld [open specs.csv w 0600]

313

314 set fileVars f

315 IDT _Spacing
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316 IDT Width

317 IDT _Length

318 IDT _Apodization
319 IN_Fingers

320 REF_Fingers

321 REF _Spacing

322 REF_Number

323 REF_Apodization
324 REF_Leg-Width
325 Stop_-Length

326 Leg-Width

327 Pad_Offset

328 Pad_width

329 Pad_height

330 Include_Pads
331 g

332

333 set buf "ID,.x,.y,-w,_h,"
334 foreach v filevVars f

335 set buf " buf v, _"
33 g

337 puts fileld " buf_nn"
338

339

340

341 #

342 # Make Devices
343 #

344

345

346

347

348 # make a few very long SAW devices
349

350 array set saw._spec f

351 fiDg 0
352 fIDT _Spacingg 10
353 fIDT _Widthg 10
354 fIDT _Lengthg 300
355 fIDT _Apodizationg 270
356 fIN_Fingersg 20
357 fREF_Fingersg 40
358 f REF_Spacingg 2000
359 fREF_Numberg 10
360 f REF_Apodizationg 270
361 fREF_Leg_Widthg 20
362 f Stop_-Lengthg 200
363 fLeg-Widthg 20
364 f Pad_Offsetg 50
365 fPad_widthg 200
366 f Pad_heightg 200
367 finclude_Padsg 1
368 g

369
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370 set len saw_spec(IDT_Length)

371

372 foreach w f 10 5 3 g f

373

374 set saw._spec(IDT_Spacing) w

375 set saw._spec(IDT_Width) w

376 set saw._spec(IDT_Apodization) [expr len 3 w]
377

378 set saw._spec(REF_Leg-Width) 20
379 set saw._spec(ID) id

380 make_cell

381 next

382

383 set saw._spec(REF_Apodization) 300
384 set saw._spec(ID) id

385 make_cell

386 next

387

388 set saw._spec(REF_Apodization) 300
389 set saw._spec(REF_Leg_Width) 0
390 set saw._spec(ID) id

391 make_cell

392 next

393

394 g

395

396

397 #

398 # For testing only

399

400 H L
401 # make vertical alignment marks

402 # set saw_spec(REF_Spacing) 300

403 # set saw-_spec(ID) id

404 # make_cell

405 # next

406

407 # set saw-_spec(IDT_Length) 100
408 # set saw_spec(IDT_Apodization) 90
409 # set saw_spec(REF_Apodization) 90
410 # make_cell

411  # next

412

413 # set saw_spec(REF_Spacing) 1000
414 # set saw_spec(IDT_Length) 100
415 # set saw_spec(IDT_Apodization) 90
416 # set saw_spec(REF_Apodization) 90
417

418 # make_dual

419

420 #return
421 # testing
422 #

423
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424

425 array set saw._spec f

426 fiDg 0
427 fIDT _Spacingg 10
428 fIDT _Widthg 10
429 fIDT _Lengthg 300
430 fIDT_Apodizationg 296
431 fIN_Fingersg 20
432 fREF_Fingersg 40
433 f REF_Spacingg 0
434 fREF_Numberg 5
435 f REF_Apodizationg 296
436 fREF_Leg_Widthg 20
437 f Stop-Lengthg 200
438 fLeg-Widthg 20
439 f Pad_Offsetg 50
440 fPad_widthg 200
441 f Pad_heightg 200
442 flnclude_Padsg 1
443 g

444

445

446 # finger length
447 foreach len f 300 200 100 g f

448 foreach w f 10 5 3 g f

449

450 # set reflector apodiztion for fully shorted(0), 1/2 shorted (1)
451 # and grating(2)

452 foreach a f 012 g f

453

454 set saw-_spec(IDT_Length) len

455 set saw._spec(IDT _Spacing) w

456 set saw._spec(IDT_Width) w

457 set saw._spec(IDT_Apodization) [expr len 3 w]

458

459 if f a < 2gf

460 set saw._spec(REF_Apodization) [expr len 3 w al
461 set saw._spec(REF_Leg-Width) saw_spec(Leg-Width)
462 g else f

463 set saw._spec(REF_Apodization) len

464 set saw._spec(REF_Leg-Width) 0

465 g

466

467

468 # spacing

469 foreach s f2.0 1.3 2.5¢g f

470 # number of in fingers

471 foreach i_f f10 50 20g f

472 # number of reflector fingers

473 foreach r_f f2.0 1.0 1.5¢g f

474

475 set saw._spec(REF_Number) 5

476

477 # limit width with number of reflectors to no more than
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478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531

# move to next

# 10000um

set

while f

set pos [magic::box pos]

set y [lindex

magic::box position

pos 1]

f

line before making dual

we [expr int (( r_f

we > 8000 g f

i_f) 2

incr saw._spec(REF_Number) 1

if f saw_spec(REF_Number) <=

break ;

9
set we [expr

(int(

r_f ilf) 2

saw_spec(REF_Number) > 2 g f

set saw._spec(IN_Fingers) i

_f

w + (s

2 g f

set saw_spec(REF_Fingers) [expr

set saw._spec(REF_Spacing) [expr

set saw._spec(ID)

make_cell

next

offset _x [expr vy

foreach len f 300 200 100 g f

foreach w f

3510 g f

set saw._spec(IDT_Length) len

set saw._spec(IDT _Spacing) w
set saw._spec(IDT_Width) w
set saw._spec(IDT_Apodization)

foreach

set

i £10 20 509 f

saw_spec(IN_Fingers) i

port

1000]

[expr

foreach s f2.0 2.5 3.0 3.5¢g f

set saw._spec(REF_Spacing) [expr

set saw._spec(ID) id

make_dual

next

id

IDTs

len 3

int( s 2

w]

w

w + int( s

int( r_f

int( s

il

i-f)]

_f

2

w))

w)l

5]

w))

161

saw _spec(REF_Numbe
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532

533

534 H
535 # make vertical alignment marks

536 magic::box size 250 70000

537

538 B
539 # make vertical alignment marks

540 magic::box size 250 70000

541

542 foreach i f 0 34750 69750 g f
543 magic::box position i 0
544 magic::paint metall

545 g

546

547 magic::box size 70000 250
548

549 foreach i f 0 69750 g f

550 magic::box position 0 i
551 magic::paint metall

552 g

553

554

555 magic::select

556 magic::plot postscript all.ps fmetallg
557

558 puts "fixing._postscript._files"”

559 #exec " ./ fix"

560

561 close fileld
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1 #

2 #

3 # SAW Library

4 #

5 # filename : saw.tcl

6 # authors : Jason LaPenta (JL)

7 # date : 3/2/2006 (JL)

8 # target : Magic v7.3

9 # [http:// opencircuitdesign.com/ magic/]
10 # version : 0.2 alpha (branch 0)

1 #

12 # abstract : generates parameterized SAW gratings
13 # and test features

14 #

15 # Changes

16 # Date W ho Description

17 #

18 # 2/12/06 JL New File

19 # 3/5/06 JL added in right pads on IDT
20 #

21

22

23 #

24 # make_saw

25 #

26 # makes a SAW at the cursor's location

27 #

28 # pass saw spec

29

30 proc make_saw f sawSpecName x y bw bh pad_x pad.y g f
31

32 upvar sawSpecName saw._spec

33

34 set s saw._spec(IDT _Spacing)

35 set w saw_spec(IDT_Width)

36 set | saw._spec(IDT_Length)

w
by
(%
o
)

saw_spec(IDT_Apodization)

38 set lw saw_spec(Leg_Width)
39 set po saw._spec(Pad_Offset)
40 set pw saw_spec(Pad_width)
41 set ph saw._spec(Pad_height)
42 set in_f saw_spec(IN_Fingers)
43 set r_f saw_spec(REF_Fingers)
44 set s_I saw._spec(Stop-Length)
45

46

47 # save the box position for later
48 set box_pos [magic::box position]
49

50 # reflector spacing

51 set r_space saw._spec(REF_Spacing)

ul
N
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53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106

#*= OH O H#*

makes and IDT at the cursor

APPENDIX A. LITHOGRAPHY

# make left stop block
magic::box size s_| [expr bh 2 pad.y]
magic::paint metall

# make input IDT
magic::box move north [expr ph]

magic::box move east [expr s_.| + 2 po + pw]
set sawe._spec(Include_Pads) 1
set saw._spec(IDT_Fingers) saw_spec(IN_Fingers)

make_idt saw_spec

# setup for reflectors

set sawe._spec(Include_Pads) 0

set saw._spec(IDT_Fingers) saw_spec(REF_Fingers)

set saw._spec(IDT_Apodization) saw _spec(REF_Apodization)
set saw._spec(Leg-Width) saw _spec(REF_Leg-Width)

# make reflectors

set r_num saw_spec(REF_Number)

for fset i 0g f i < r_numg fincr ig f
set size [magic::box size]
magic::box move east [expr [lindex size 0] + r_space]

make_idt saw_spec

# restore led width and apodization
set saw._spec(Leg-Width) Iw
set saw._spec(IDT_Apodization) a

# add in stop block

magic::box move east [expr [lindex size 0] + r_space]
magic::box move south [expr ph]

magic::box move south [expr 172]

magic::box size s_| [expr 2 1]

magic::box size s_| [expr bh 2 pad.y]

magic::paint metall

# box around the whole device

# draw box around new idt

# todo y overshoots by a small amount

magic::box position [lindex box _pos 0] [lindex box_pos 1]

magic::box move south [expr ph]

magic::box move west [expr pw+ po]

set r_x_dist [expr (( s + w) r_f + r_space) r-_num + ( s + w) in_f]

magic::box size [expr r_x_dist + pw + po + 2 [lindex size 0] +
[lindex size 0]] [expr 2 | a+ 2 ph]

make_idt

s location

MASKS
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107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

#

# pass spec
proc make_.idt f specName g f
# save box position and size
set box_pos [magic::box position]

set box_size [magic::box size]

upvar specName spec

set s spec(IDT _Spacing)

set w spec(IDT _Width)

set | spec(IDT -Length)

set a spec(IDT _Apodization)
set num spec(IDT_Fingers)

set lw spec(Leg-Width)

set po spec(Pad_Offset)

set pw spec(Pad_width)

set ph spec(Pad_height)

# puts "nn._.Making SAW_IDT (- s, W, |,

set start_pos [magic::box position]
set start_pos_x [lindex start_pos 0]

set start_pos_y [lindex start_pos 1]

# apodization offset

set ao [expr ( | a)l 2]

# make one finger at 0,0
magic::box size w |

magic::paint metall

# make second offset finger
magic::box move right [expr w + s]
magic::box move up ao

magic::paint metall

# array 2 fingers number of finger times
magic::box move left [expr w + s]
magic::box move down ao

magic::box size [expr 2 (w+ s)] [expr

magic::select visible

if f [expr num % 2] > 0 g f
# odd number of finger
magic::array [expr ( num + 1) / 2] 1
# delete last finger
magic::select clear
magic::box move right [expr ( w + s)
magic::box size w [expr I + ao]
magic::select visible

magic::delete

+

num ]

a,- num,. lw.)nn"

ao]

165
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161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
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g else f
# even number of finger

magic::array [expr num / 2] 1

# make bottom leg

magic::box position start_pos-x start_pos.y

magic::box move up [expr lw ]
if f [expr num % 2] > 0 g f

# odd number of finger

magic::box size [expr ( w + s) num s] Iw
g else f

# even number of finger

magic::box size [expr ( w + s) ( num 1) s] lw

# correct for shorted grating
if f a >= | g f
if f [expr num % 2] > 0 g f
# odd number of finger
magic::box size [expr ( w + s) ( num 1) + w] Iw
g else f
# even number of finger

magic::box size [expr ( w + s) ( num 1) + w] Iw

magic::paint metall

# make top leg
magic::box position [expr start_pos_x + w + s] [expr start_pos.y + I + ao]
if f [expr num % 2] > 0 g f
# odd number of finger
magic::box size [expr ( w + s) ( num 2) s] lw
g else f
# even number of finger

magic::box size [expr ( w + s) ( num 1) s] Iw

# correct for shorted grating
if f a>= | g f
magic::box position [expr start_pos_-x ] [expr start_pos-y + I+ ao]
if f [expr num % 2] > 0 g f
# odd number of finger
magic::box size [expr ( w + s) ( num 2)] Iw
g else f
# even number of finger
magic::box size [expr ( w + s) ( num 1)] Iw
[¢]
magic::box size [expr ( w + s) num s] lw

magic::paint metall

MASKS
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215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268

# Make bond pads if

if

# Make bond pads if

if

f

f

spec(Include_Pads) ==

puts

# make
magic::
magic::

magic::

# make
magic::
magic::

magic::

# make
magic::
magic::

magic::

# make
magic::
magic::

magic::

puts

magic::
# make
magic::
magic::

magic::

# make
magic::
magic::
magic::

magic::

# make
magic::
magic::
magic::

magic::

# make

requested to

the
1g f

left

" __Making_pads_(- po,—- pw,- ph-)nn"

bottom leg

box position [expr start_pos-x po ] [expr

box size [expr w + s+ po] Ilw

paint metall

top leg

box move up [expr I+ ao + Iw ]

box size [expr w + s+ po] Iw

paint metall

bottom pad

box position [expr start_pos-x po pw ] [expr

box size pw ph

paint metall

top leg

box position [expr start_pos_x po pw] [expr

box size pw ph

paint metall

requested to the right

spec(lnclude_Pads) == 1g f

" __Making_pads_(- po,—- pw,- ph-)nn"

box position start_pos-x start_pos.y

bottom leg

box move east [expr ( w + s) ( num 1) s]

box size [expr w + s + po] Iw

paint metall

bottom pad

box move east [expr w + s + po]

box move north |w

box size pw ph

paint metall

top leg

box move up [expr I + ao + ph]

box move west [expr w + s + po]

box size [expr w + s + po] Iw

paint metall

top pad

box move east [expr w + s + po]

magic::
magic::
magic::

box size pw

paint metall

ph

start_pos.y

lw ]

start_pos.y

start_pos.y +

ph]

|+

ao]

167
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269 # draw box around new idt

270 magic::box position [lindex box _pos 0] [lindex box_pos 1]
271 magic::box size [expr ( s + w) num s] [expr 2 | a]
272 g

273

274 #

275 # document

276 #

277 # labels SAW with paramaters

278 # w width

279 # h height

280

281 proc document f specName x y w h g f
282

283 upvar specName spec

284 global offset_x

285 global offset_y

286

287

288 # vertical offset between lines
289 set os 100

290

291 # check if last device fits

292 # if not then move

293 if f x+ w > (70000 / 2) offset_x g f
294 set x offset _x

295 set y [expr 'y h offset_y]
296 g

297

298 # document with lables

299

300 set vals f

301 IDT _Spacing

302 IDT _Width

303 IDT _Length

304 g

305

306 set doc " [format _"%n# 05x" - spec(ID)]( x, y)n[ wex—- hn]"
307 foreach var vals f

308 set doc " doc: var= spec( var)"
309 g

310

311 magic::box size 1 1

312 regsub all fnsg doc f_g string
313 puts string

314 magic::label string southeast

315 magic::box move south os

316

317 set vals f

318 Leg-Width

319 Pad_Offset

320 Pad_width

321 Pad_height

322 IDT _Apodization
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323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376

set doc
foreach var vals f

set doc " doc: var= spec( var)"

regsub all fnsg doc f_g string
puts string

magic::label string southeast
magic::box move south os

set vals f
IN_Fingers
REF_Fingers
REF _Spacing

set doc
foreach var vals f

set doc " doc: var= spec( var)"

regsub all fnsg doc f_g string
puts string

magic::label string southeast

# add to CSV file
global fileld
global fileVars

set buf "[format._."%n# 05x" . spec(ID)],

foreach v filevars f
set buf " buf spec( v),_-"

9
puts fileld " buf"

make_test_boxes

make two boxes

proc make_test_boxes f g f

set size 64

while f size > 2 g f
magic::box size size size
magic::paint metall
magic::box move northeast size
magic::paint metall

magic::box move west size

169
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377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
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set size [expr size | 2]

magic::box move north [expr size + 10]

make_test_grating

horizontal test lines

proc make_test_grating f y bh g f

H* H H H#

set size 3
set total O
set width 200

while f size < 50 ¢ f
magic::box size width size

magic::paint metall
magic::box move north [expr size + 10]

set total [expr total + size + 10]

set size [expr size 1.5]

if f bh < 750 g f

return

magic::box move north size

set size 3

while f size < 30 g f

magic::box size width 20

magic::paint metall

magic::box move north [expr size + 20]

set size [expr size 1.5]

make_test

makes both boxes and gratings

proc make_test f bh g f

set pos [magic::box pos]
set y [lindex pos 1]

MASKS
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431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484

H OH OH ¥ OH H B ¥ #®

puts "Making_.Test _Features"
make_test_boxes

magic::box move north 50

make_test_grating y bh

make_ticbhox

Makes corner and outline dashes

w width

h height

I's size (tic length)
ts size (tic thickness)

proc make_tichbox fw h Is tsg f

puts "Making_Tic.Box"

# bottom left
magic::box size Is ts
magic::paint metall
magic::box size ts I's

magic::paint metall

# bottom
magic::box move east [expr w/2 Is/ 2]
magic::box size Is ts

magic::paint metall

# bottom right

magic::box move east [expr w/2 Is/ 2]
magic::box size Is ts

magic::paint metall

magic::box move east I's

magic::box size ts I's

magic::paint metall

# right
magic::box move north [expr h/2 Is/ 2]
magic::box size ts I's

magic::paint metall

# top right
magic::box move north [expr h/2 Is/ 2]

magic::paint metall

magic::box move north [expr I's ts]
magic::box move west [expr I's ts]
magic::box size Is ts

magic::paint metall

# top
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485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538

H* W R OH ®H ¥ O W

proc make_outline fw h

#* OH O H#*

magic::box move west

magic::box size I's

magic::paint metall
# top left

magic::box move west
I's

magic::box size

magic::paint metall

magic::box size ts

magic::paint metall
# left

magic::box move south
ts

magic::box size

magic::paint metall

make_outline
makes a box outline

w width
h height

Iw line width

puts

# bottom

magic::box size w

magic::paint metall
# top
magic::box move north

magic::paint metall
# left
magic::box move south

magic::box size Ilw

magic::paint metall
# right

magic::box move east
Iw

magic::box size

magic::paint metall

make_id

Makes a binary

[expr

ts

[expr

ts

[expr

[expr

I's

lwg f

"Making_Tic_Box"

Iw

[expr

[expr

h

[expr

h

identification

w/2

w/2

Is

h/?2

h

h

w

tic

APPENDIX A. LITHOGRAPHY

Is/ 2]

Is/ 2]

+ ts]

Is/ 2]

lw ]

Iw ]

lw ]

feature

MASKS
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539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592

# bin = list of 0 and 1

proc make_.id f id g f

set bin fO 0O 0 00 O0O0OO0 Og

set i 0
while f id > 0gf

set t [expr id % 2]
set id [expr id /1 2]
Iset bin [expr 9 i] ot

incr i

# size of tics
set s 20

magic::box size s s
set i 3
foreach var bin f

magic::paint metall

if f var == 1 g f
magic::move north [expr s]
magic::paint metall

magic::move south [expr s]

magic::move east [expr s + s/ 2]
if f i % == 0g f
magic::move east [expr s]

incr i

make text

proc make_text f str g f

source char.glyph

puts "mtext"

# set pixel width and height
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593 set pw 20

594 set ph 20

595

596 magic::move north [expr 8 ph]

597 magic::box size pw ph

598

599 # wright out text

600 foreach chr [split str """ ] f

601

602 if f chr == "_." g f

603 magic::move east [expr 6 pw]
604 continue

605 g

606

607 puts chr

608

609 set glyph [lindex [array get cmap chr ] 1 ]
610

611 foreach dot [split glyph ""] f
612 if f dot == "." g f

613 magic::move east pw
614 g elseif f dot == "O" g f
615 magic::paint metall
616 magic::move east pw
617 g elseif f dot == "nn" g f
618 magic::move south ph
619 magic::move west [expr 9 pw]
620 g

621 g

622

623 magic::move east [expr 16 pw]
624 magic::move north [expr 8 ph]
625

626 g

627

628 g
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TCL : makestring.tcl

1 proc mtext f str g f

2

3 source char.glyph

4

5 set pos [magic::box pos]

6 set x [lindex pos 0]

7 set y [lindex pos 1]

8

9 # set pixel width and height

10 set pw 40

11 set ph 40

12

13 magic::move north [expr 8 ph]

14 magic::box size pw ph

15

16 # wright out text

17 foreach chr [split str """ ] f

18

19 if f chr == "_." g f

20 magic::move east [expr 6 pw]
21 continue

22 g

23

24 set glyph [lindex [array get cmap chr ] 1 ]
25

26 foreach dot [split glyph ""] f
27 if f dot == "." gf

28 magic::move east pw
29 g elseif f dot == "O" g f
30 magic::paint metall

31 magic::move east pw
32 g elseif f dot == "nn" g f
33 magic::move south ph
34 magic::move west [expr 9 pw]
35 o]

36 g

37

38 magic::move east [expr 16 pw]
39 magic::move north [expr 8 ph]
40 o]

41

42 magic::box position x [expr vy 10 ph]
43 g

44

45 mtext " Massachusetts_Institute_of_Technology"
46 mtext "uTags.SAW._Mask_1_.Rev"

47 mtext "March._.10.2006"

48 mtext "copyright._2006_.Jason .LaPenta"”

49 mtext "MIT _Media_Laboratory"
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TCL : makechar.pl

#1/ usr/ bin/ perl w

use Text::Banner;

a

= Text::Banner >new,;

>size (1);
>fill ('O");
>rotate('h');

print "array _set._cmap-_fnn";

# generate a string of all characters
foreach c (40..126)f

#

print “[ c]lnn";

c = chr( c);

next if ¢ =~ /[n[n]()fg#nn +," .nl]/;
c." )

print "f cg-_fnn";

a >set (

s = a >get;

s =~ s/ "nW [/

chop s;

chop s;

chop s;

s =~ s/ nn/nn/mg;
s =~ s/ | .Img;

print S;

print "gnn";

print "gnn";
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TCL : fix.pl
# 1/ usr/ bin/ perl w
#
# fix postscript files generated by Magic so they
# will be displayed properly.
foreach fn (< .epsi>) f
print "nn_processing_- fnnn";
open ( fh_in, "< fn" ),
open ( fh_outl, ">outl.temp" );
open( fh_out2, ">out2.temp" );
foreach I (< fhi.in>) f
if ( I =~/fb [/ ) f print fh_outl ;g
[¢]
close ( fh_outl );
open ( fh_inl, "<outl.temp" );
seek ( fh_in, 0, 0 );
foreach I (< fhi.in>) f
next if Il =~1fb | ;
if ( Il =~ /~n/ coll7/ ) f
print fh_out2 "/ col18.f0.279.0.128.0.000.0.000._scg._bind._defnn";
¢}

print fh_out?2 l;

if
#

(L=~ /m11 ) f

insert fb lines

print fh_out2 "5_slnncoll8nn";
foreach 12 (< fh_.inl>) f print fh_out2 12; g

print fh_out2 "coll2nn";

close
close

close

( fh_oin );
( fh_.inl );
( fh_out2 );

‘mv out2.temp fn ;
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A.2 Mask 2 & 3 Generation Scripts

PERL : fix.cif.layers.pl

#1/ usr/ bin/ perl w

ARGV [0] =~ /(. ?)n.cif [;
fn = 1;

print "fixing—- fn.cirnn_output_is—_ fn.out.cifnnnn";

system ( “dos2unix - fn.cif" );

© ® N o g b~ w N P

10 open( fhi, "< fn.cif" ) or die '
11 open( fho, "> fn.out.cif" ) or die [
12

13 foreach line (< fhi>) f

14

15 if ( line =~ /"L (. ?); [/ ) f

16

17 last_layer = 1;

18 unless ( defined layersf last _layer g ) f
19 layersf last_layer g = line;
20 g

21

22 g elsif ( line =~ /7~B/ ) f

23 layersf last _layer g .= line;
24

25 g elsif ( line =~ /~(DFjJE)/ ) f
26 next;

27

28 g else f

29 print fho line;

30

31 g

32

33 g

34

35 foreach key (keys %layers) f

36

37 print fho layersf keyg;

38

39 o]

40

41 print fho "DF;nnEnn";

42

43 close( fhi );

44 close( fho );
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PERL : layout.pm

© © N O O Bh W N P
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#1/ usr/ bin/ perl w

#

# Package to simplify generating scripts for
# 'layout' CAD tool

package layout ;

f#==================================================
BEGIN f

require Exporter;

our ( @ISA, @EXPORT, @EXPORTOK, %EXPORT.TAGS );

@ISA = qw(Exporter);

@EXPORT = gw ( head end mac make_idt setup
box mirror copy point2 selectAll
clearPts pt flatAll deselectAll
newCell );

9
my mac_fn = ''; # macro filename
#

sub head f # generate the macro heading

my fn = shift;

open ( mac_file, "> fn" ) jj die [

mac( '# !/ usr/ bin/layout' );

mac( "#name=Macro:_ fn_Perl_Generated" );
mac( ‘#h elp= Recorded _Thu _Jan .7.2007"');
mac( ‘int_main()f ');

9

#

sub end f # end the macro
mac( 'return.0;g9"');

9

#

sub mac f # insert a macro
print mac_file (shift)."nn";

9

#

sub make_idt f # generate macro sequence for an IDT

my name = shift ;

my polarity = shift;

my ¢ = shift; # config hash
my w = c >f Width g;

my | = ¢ >f Len g;

my g= ¢ >f Gap g;

my f = ¢ >f Fingers g;

my a= ¢ >f Ap g; # Apodization
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53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
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# delete existing idt

mac( "layout >drawing >setCell(n" namen");");
mac( ‘'layout >drawing >deleteActuellCell ();" );
#

setup ();

#

# draw IDT finger pairs

newCell ();

mac( "layout >drawing >currentCell >cellName=n" namen";" );
box( 0, 0, w, | );

selectAll ();

copy( 0, 0, (w+ g), (I a)r2);

selectAll ();

foreach ( 2.. f ) f
copy( 0,0,2 (w+ g), 0);

if ( polarity eq 'odd' ) f
clearPts();
selectAll ();
mirror( 0, (3 | a)l 4,
1, (3 | a)l 4 );

g

#

sub setup f # setup drawing mode for metal features
deselectAll ();
clearPts();

mac( ‘'layout >drawing >activeLayer=0;"' );
mac( ‘'layers::num[0].name="metall";"' );
mac( ‘'layers::num[0]. setStyle(6);" );
mac( ‘'layers::num[0].setColor (130,43,43);" );
9
#

sub box f # draw a box

point2( @- );

mac( ‘'layout >drawing >box ();"' );
g

#

sub mirror f # mirror the selected objects
point2( @- );
mac( ‘'layout >drawing >mirror ();" );

g

#

sub copy f # copy selected objects
point2( @- );
mac( 'layout >drawing >copy();"' )
g

#

sub point2 f # select objects between two points
my ( x1, yl, x2, y2) = @-;

MASKS
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107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

mac( ‘'layout >drawing >clearPoints();"' );
pt( x1, yl);
pt( x2, y2);

¢}
#
sub selectAll f
mac( ‘'layout >drawing >selectAll ();"' );
9
#
sub clearPts f # clear selection
mac( ‘'layout >drawing >clearPoints();" );
¢}
#
sub pt f # start a selection
mac( ‘'layout >drawing >point('.(shift)."',".(shift)."');"
¢}
#
sub flatAll f # flatten cell
mac( ‘'layout >drawing >flatAll ();" );
9
#
sub deselectAll f
mac( ‘'layout >drawing >deselectAll();" );
¢}
#
sub newcCell f
mac( 'layout >newCell();"' );
9
1;
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PERL : idt generator: idt.pl

© © N O O B~ W N P
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44

#1/ usr/ bin/ perl w

#

# generates IDTs
#

use layout ;

mac_fn = ARGV [O0];

head ( mac-fn );

# initial setup

setup ();
# all parameters in nm

g = |IDTf Gap ¢ = 1100;
w = IDTf Width g = 1100;
I = IDTf Len g = 100000;
f = |IDTf Fingers g = 5;
IDTf Offset g = 2;

IDTf Ap g = 100000;

# make IDTs

make_idt ( 'CODEO', ‘'even',6 n%IDT );

draw_rails( 2 ( g+ w) f);

name = "IDT .".( w/1000)."um/". f."f/".( 1/1000)."L";
mac( "layout >drawing >currentCell >cellIName=n" namen";

# finish up
selectAll ();

flatAll ();
deselectAll ();
end ();

exit ;

#

sub draw._rails f

my len = shift ;

rw = 30000; # Rail Width
rlen = len + rw;

| = IDTf Len g;

a = IDTf Ap g;

clearPts();

# bottom rail

box ( rw, 0, rlen, rwo);
# top rail
box ( rw, I+ (| a)l 2,
rlen , rw + I+ (| a)l2);

)
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PERL : wide{band idt generator: wb.pl

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
a1
42
43
a4
45
46
a7
48
49
50
51
52

#1/ usr/ bin/ perl w

#

# generates Wide Band SAW IDTS
#

use layout ;

mac_fn = ARGV [O0];

head ( mac_-fn );

# initial setup

setup ();

# all parameters in nm
IDTf Gap ¢ = 3000;
IDTf Width g = 3000;
IDTf Len g = 200000;
IDTf Ap g = 194000;
IDTf Fingers g = 20;
IDTf Offset g = 2;

code = [1,0,1,1,1];

foreach my f ( 1, 5, 20 )f

IDTf Fingers g = f;

# make IDTs

make_idt ( 'CODEO', 'even', n%IDT );
make_idt ( 'CODEl', 'odd', n%IDT );

( wt, len ) = encode( code, n%IDT );
draw_RandP ( wt, len );

# finish up
selectAll ();
flatAll ();
deselectAll ();
¢}
end ();

exit ;

#

# Draw Rails and pads

sub draw_RandP f

my wt = shift;

my len = shift ;
rw = 30000; # Rail Width
rlen = wt len + rw;

| = IDTf Len g;
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# Draw Finger

APPENDIX A. LITHOGRAPHY

a = IDTf Ap g;

clearPts();

# bottom rail

box ( rw, 0, rlen, rwo);

# top rail

box ( rw, I+ (1 a)l 2,
rlen , rw + I+ (| a)l2);

# Draw Pads

pad_size = 100000;

# bottom pad

box ( 0, rw, pad_size, ( pad_size

# top pad

box ( 0, rw + I+ (1 a )2,
pad_size, rw + I+ (1 a)l2 +

sub encode f

my en = shift; # encoding

my c¢ = shift; # config hash
my w = c >f Width g;

my | = ¢ >f Len g;

my g= ¢ >f Gap g;

my f = ¢ >f Fingers g;

my s = ¢ >f Offset g; #offset
my name = ;

newCell ();

Encodings

w) ),

pad_size );

spacing between

if
if

my len = 0; # total lenthing in X
my wt =2 f (w+ g); # width per idt total
foreach my encoding ( @ en ) f
name .= encoding ;
clearPts();
pt( len wt, 0);
mac( 'layout >drawing >cellref ("CODEO"); "' )
mac( ‘'layout >drawing >cellref ("CODE1");"' )
len += S;
print len wt." - len_nn";
]
name = "WB.[ name].";
name .= ( w/1000)."um/". f."f/".( 1/1000)."L";
mac( "layout >drawing >currentCell >cellName=n"
return ( wt, len);

IDTs

encoding == 0;

encoding == 1;
namen";" );

MASKS
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PERL : narrow{band idt generator: nb.pl

© © N o O B W N P
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48

#1/ usr/ bin/ perl w
#

# generates Narrow Band SAW IDTS

#

use layout ;

#

mac_-fn = ARGV [O0];

head ( mac_-fn );

# initial setup

setup ();

# all parameters in nm
IDTf Gap g = 3000;
IDTf Width g = 3000;
IDTf Len g = 200000;
IDTf Ap g = 194000;
IDTf Fingers g = 1;
IDTf Offset g = 1;

# make IDTs
make_idt ( 'CODEO', 'even', n%IDT );
make_idt ( 'CODEl1', ‘'odd', n%IDT );

@encode = ( [1,0,1,1,1],
[0,1,1,1,1],
[1,1,0,1,1],
[1,0,0,1,1] );

foreach my code (@encode) f

( wt, len ) = encode( code, n%IDT

draw_RandP ( wt, len );

# finish up
selectAll ();
flatAll ();
deselectAll ();
9
end ();

exit ;

#
sub draw_RandP f # Draw Rails and pads

my wt = shift;
my len = shift;

rw = 30000; # Rail

Width



186

clearPts(

# bottom

box ( rw
# top rai
box ( rw

APPENDIX A. LITHOGRAPHY

wt len + rw;
IDTf Len g;
IDTf Ap g;

)

rail

, 0, rlen, rw);
|

o+ a)l 2,

rlen , rw + I+ (| a)l2);

# Draw Pads

pad_size
# bottom
box ( 0,
# top pad
box ( 0,

= 100000;
pad

rw, pad_size, ( pad_size rw) );

rw + |+ (| a )2,

pad_size, rw + I+ (1 a)l2 + pad_size );

9
#

sub encode

my en =
my ¢ =
my w =
my | =
my g =
my f =
my s =

my name

mac( 'lay
# Draw Fi
my len =

my wt =

foreach m

f # make incoded finger pattern

shift ; # encoding
shift; # config hash

c >f Width g;

c >f Len g;

c >f Gap g;

c >f Fingers g;

c >f Offset g; #offset spacing between IDTs

out >newCell();" )
nger Encodings
0; # total lenthing in X

2 f (w+ g); # width per idt total

y encoding ( @ en ) f

name .= encoding ;
clearPts();
pt( len wt, 0);

mac( 'layout >drawing >cellref ("CODEO");"' ) if encoding == 0;
mac( 'layout >drawing >cellref ("CODE1");"' ) if encoding == 1;
len += s,

9

name = "NB_[ name].";

name .= ( w/1000)."um/". f."f/".(C 1/1000)."L";

mac( "lay

return (

out >drawing >currentCell >cellName=n" namen";" );

wt , len);

MASKS
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layout : outline.layout

# 1/ usr/ bin/layout
#name= Magic Outline

#help=Adds a box around selected items on current layer

int selected = 0; / was something selected /

1

2

3

4

5 int maxX,maxY ,minX ,minY ;

6

7

8 int getCellExtents( cell cellp, int baseX, int baseY , bool selectall )f
9

10 elementlList elements;

11 element element ;

12 cell tmp;

13

14 pointArray pa;

15 point p;

16

17 if( cellp !'= NULL )

18 f

19 for (elements = cellp >firstElement; elements != NULL; elements = elements >nextElement)
20 f

21 element = elements >thisElement;

22 if( element != NULL )

23 if( element >select jj selectall )
24 f

25 selected++;

26

27 /'l cell reference

28 if( element >isCellref () )

29 f

30 tmp = element >depend();

31 pa = element >getPoints();
32 p = pa.point(0);

33 getCellExtents( tmp , p.x(), p.y(), true );
34 [¢]

35 / only change selected boxes /
36 if(element >isBox ())

37 f

38 / get coordinates /

39 pa = element >getPoints();
40

41 int idx;

42 for ( idx = 0; idx < pa.size(); idx++ )f
43 p = pa.point(idx);

44

45 if( p.x() + baseX > maxX )
46 maxX = p.x() + baseX;

47 if( p.y() + baseY > maxY )
48 maxY = p.y() + baseY;

49 if( p.x() + baseX < minX )
50 mnX = p.x() + baseX;
51 if( p.y() + baseY < miny )
52 mnY = p.y() + baseY;
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53 g

54 g,

55 g; / end if element selected /

56 g

57 g;

58 o]

5 %

60 int getExtents( )

61 f

62 cellList cells;

63 maxX = 99999999;

64 minX = 99999999;

65 maxY = 99999999;

66 minY = 99999999;

67

68 / check if something was selected at all !

69 for (cells = layout >drawing >firstCell; cells!=NULL; cells=cells >nextCell)
70 f

71 getCellExtents(cells >thisCell , 0, 0, false );
72 g;

73

74 if( selected == 0)

75 return O;

76

7 return 1;

78 g

79 %

80 void drawBox ( int x1,int yl,int x2,int y2 )f

81 layout >drawing >point(x1,y1l);

82 layout >drawing >point (x2,y2);

83 layout >drawing >box ();

84 g

85 %

86 int border ()

87 f

88 int width = layout >getlinteger ( "Input” , "width(um)" ) 1000;
89 int offset = layout >getinteger ( "lnput" , "offset (um)" ) 1000;
90

91 minX = offset;

92 minY = offset;

93 maxX += offset ;

94 maxY += offset;

95

96 drawBox ( minX , minY , maxX, minY + width );

97 drawBox ( minX , minY + width, minX + width, maxY width );
98 drawBox ( maxX width , minY + width , maxX, maxY width );
99 drawBox ( minX , maxY width , maxX, maxY );

100 g

101 %

102 int main()f

103 getExtents();

104 border ();

105 return O0;

106 g

MASKS




App endix B

Fabrication Pro cesses

B.1 Device Fabrication Pro cess Details

B.1.1 Cleaning

1. Ultrasonic immersionin Alconox Detergent 10min, unheated.
2. DeionizedH O spray, then 10min deionizedH O soak.
3. Spindry at 3000 pm.

This procedureis usedto remove stubborn particles and organicsfrom heavily con-
taminated dirty wafersor parts.

Table B.1: Alconox cleaningprocedure.
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1. Ultrasonic cleaningin Acetone 20min, unheated.

2. Spray clean with Acetone then Methanol then Isopropanol, and Spin dry at
300G pm.

Acetone may also be usedto remove stubborn particles and organics. While the
wafer is on the coater the Acetone then Methanol then Isopropanolmay be applied
at 1000 pm to help dislodge particles, and then acceleratedto 300G pm to dry.

Table B.2: Ultrasonic cleaningwith Acetone.

1. Mix a 3:1 H,S04:H,0, solution by slovly adding sulfuric acid to hydrogen
peraxide

2. Gertly heat on hotplate at low temperature to keepthe reaction at constart
vigor.

3. Immerse samplefor 20minutes. After 20minutes the e cacy of the piranha
mixture is reduced.

Table B.3: Piranha cleaningprocedure.

1. Selecta large Pyrex dish for spill cortainment and a su ciently large Pyrex
bealer for the SC-1solution. Placeon a hotplate.

2. Fill the bealer with 4 parts deionizedH 0O, then Il the Pyrex dish a 1=4 full
of H,O. Heat to 55

3. Add one part ammonium{hydroxide (N H,OH ) when solution reathes55
4. Add onepart hydrogen{peraxide (H,0O,) whenthe water reades65

5. Insert samplewhen solution reaches75 . Maintain temperature between75
and 80

6. When nished, remove substrate, let solution cool and then dump down drain
with lots of water. Rinsethe bealer three times beforedrying.

Table B.4: RCA or standard clean1 (SC{1) procedure.



B.1. DEVICE FABRICATION PROCESSDETAILS 191

B.1.2 Lithograph y

1. Ready coater by cheking the accelerationis at the minimum setting, that the
target speedis 3500 pm 10Q pm, and the timer is setfor 0 : 60s. Install the
proper cortainment insert and chuck (ched for cleanliness).

2. Mount wafer of the chudk, dust with N,, and then apply  0:5mL of photo
resist covering the useful area (where deviceswill be located) plus about 1cm
extra. Wait 10secfor photoresistto spreadout and interact with the wafer's
surface.

3. Spin the wafer, remove and placein a Quartz wafer boat and then bake in the
ovenat 170 for 30minutes (PMMA).

Generalprocedurefor coating a wafer with photoresist. Bake times and temperatures
vary with resists. This procedureis for PMMA. For NR7{1000P bake for 10minute
at 130 . The oven was usedfor SiO, and lithium niobate wafers for even heating
becausethey have low thermal conductivity, causing poor results when using the
hotplate. An optional 0:45m Iter may be usedwhen applying the PMMA with a
calibrated syringe.

Table B.5: Photoresistcoating procedure.
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Insert the long{wavelength{ Iter. Measure optical power output. Should be
3:5mW=cn? measuredat a wavelength of 320hm.

Selectthe 4inch maskchuck, mount the mask pattern{side out (to cortact the
wafer). Pressthe [VAC Mask] button. Insert and tighten the mask chuck nuts.

Insert the wafer with the cortact lever disengagedtowards the operator). Ad-
just position and alignmert and pressthe [Hard] cortact button.

. Set the exposuretime to 6seconds(nominal dosefor NR7{1000P, a sweep of

exposure times is often necessaryto optimize the dose). Engagethe cortact
lever (by moving away from the operator), then pressthe [Expose] button.

. NR7{1000P must be post{baked for 10minutes at 100 .

Table B.6: Exposingusing the EML high{resolution MJB3 aligner.

. Turn Lamp ON, wait 10sec PressLamp Start, wait 5seg greenled to the right

of the on button shouldilluminate. If the lamp doesnot comeon, wait 30sec
and then retry starting the Lamp. Wait 5 10min for the lamp warm up.

. Setoptical power meter to usethe 220hm sensormwith the switch locatedon the

bad of connector. Slide badk vacuum chuck with optical power meter sensor.
Replacehousingdoor. Turn on exposertimer (the switch is located on the badk
of the box) and take reading from the power meter. Typical valuesare in the
0:45mW=cn?. Turn o exposerandturn o optical power meter.

. Adjust exposuretime and decimal point. Use multiple exposuresfor times in

excesf 100Gec

. Proceedwith substrate/mask alignmert. Seesection C.2. Push badk chudk,

replacehousingdoor and turn on exposer.

Table B.7: Exposing using the NSL OAl.
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1. EnsureenoughlPA is available in the spray bottle to stop the deweloper.

2. Prepare500mL of 2 part IPA to 1 part MIBK deweloperin 1L bealer. Placeon
a hotplate setinitially to 50 . Heat the solution to exactly 21 , lowering
the hotplate temperature to 30 as the solution's temperature rises. Mixing
IPA with MIBK causesan endothermicreaction, thus the temperature must be
carefully monitored.

3. Remove the deweloper from the hotplate and immediately start deweloping the
samplefor exactly 90seconds Immediately spray with IPA for 60secondsafter
wards. Dry with N,.

4. Oven bake at 95 for 30minutes to remove residuals. Make sure the oven
temperature is below the glasstransition temperature to avoid distortions. By
increasingthe temperature, somescallopingmay be removed.

The deweloper may be reusedmany times. The 1L bealer should be rinsed with a
small amourt of deweloper to remove any cortainments beforepouring in the rest of
the deweloper. The deweloper may be stored at room temperature.

Table B.8: PMMA dewelopmen procedure.

1. Dewelopin RD2 at room temperature for 50secondswith light agitation.

2. Submergein deionizedH,O for 2minutes to stop dewelopmert, then dry with
No.

3. Bakeat 90 for 1minute.

This procedurewas poorly implemerted. The temperature of the deweloper should
be monitored, which may explain the inconsistern results.

Table B.9: NR7-1000Pdewelopmert procedure.
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B.1.3 LiftfO and Etching

1. Placesamplein a bath of NMP carefully heatedto 80 (NMP hasa low ash{
point).

2. Genly agitate the wafer for 20min.

3. Carefully remove by spraying a sheetof NMP over the surfaceof the sampleas
it is removed from the bealer. Rinse cleanwith Acetone, Methanol, IPA and
then N, and spin dry.

Ensureliftfo hascompletedasany material that hasnot nished lifto may fall badk
onto the wafer and be impossibleto remove. Light rubbing with a swab saturated
with acetonemay help stubborn liftffo and remove unwanted metal that hasadhered
to surface.Only sonicateasa last resortfor no morethan 10secondswith < 3seconds
usually being su cien t.

Table B.10: Liftfo of PMMA.

1. Placesamplein a bath of Microstrip and Gertly agitate the wafer for 20min.

2. Carefully remove by spraying a sheetof Acetone over the surfaceof the sample
asit is removed from the bealer. Rinsecleanwith Acetone,Methanol, IPA and
then N, and spin dry.

Table B.11: Liftfo of NR7{1000P.
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1. Preparea 75mL of one part deionizedH,O to one part CR{7 chrome etchant
in a 250mL processingdish at room temperature.

2. SubmersePMMA coatedsamplein solution for 40seconds Spray rinsein deion-
ized H,O for 2minutes.

Table B.12: Etching chrome to fabricated a patterned mask.
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B.1.4 Vacuum Mask Fabrication

This processinvolves making a Imm mask master using E-Beam Lithography. The
master mask is then usedto create 250m daugher masksusing vacuum mask ex-
posuretool. The daugher masksare then usedfor making the devices. Daughter
masksare very fragile, which is the reasona Imm master maskis used.

The end{to{end PMMA processallows imagereversal of the daugher mask. Be-
causethe daugher maskis mostly metal, Cr, the conduction should help with the

sparking causedby the LiN bO; handling.

Quartz (1mm mask) PMMA / E-Beam Litho
—d — —d | S—
Quartz (250um mask) PMMA Contact Litho
— T T T T T T | E—
————], | — | — | o
Y LiNb 7] PMMA Contact Litho

Figure B-1: lllustrates the processfor making devicesby rst writing a pattern to a
1mm quartz maskmaster, then transferring the pattern using cortact lithography to
a conformal mask, and nally patterning the lithium niobate substrate to make the
desireddevices.
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Clean Imm master mask.
Deposit 100hm PMMA.

Deposit 7nm chrome.

Pattern with SEBL.

Remove Cr.

Dewelop PMMA with IPA:MIBK.
Descumwith 2s ash (optional).
Deposit 40nm of chrome.

Lift-o with NMP to nish making master mask.

. Clean 25Qum daughter mask.

. Deposit 100om PMMA onto daughter mask

. RCA cleanand plasmaash master mask as required.
. Exposedaughter maskwith OAl.

. Dewelop daughter maskwith IPA:MIBK.

. Deposit 40nm of chrome on daughter mask.

. Lift-o  with NMP to nish making daugher mask.

Table B.13: Processstepsfor making a conformal mask.
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B.1.5 Raith 150 Operational Pro cedure

Loading

1. Load sampleinto load{lo ck chamber.

(a) Deposit 100nm gold particlesin identi able location on conductive surface.
Make a sketch.

(b) Ensureall screwsare secureand gold solution is dry.

(c) Chek cortinuity is< 3Meg. aluminum foil.

(d) Make surewafer at is parallel to x-axisfor alignmert.

(e) N, dust and load sampletray ensuringcourter{b ore hole is aligned, then
rotate clockwise until stop.

(f) DOUBLE CHECK THA T THE CHUCK HAS BEEN INSER TED
CORRECTL Y!

(g) Then closeload{lock door. Ensuretransfer rod is all the way out.

. Log into Raith madine. Passvords are not used.
. [Desktop 1! Sample Loading! Load Sample]
. EnsureRoughing Pump becomeguiet .

. Slowly insert transfer rod when prompted. Then check insertion on video

screenbefore cortinuing.

[OK] Move to Upp er Exchange Position .

. Slowly remove transfer rod when prompted.
. [OK] Reset Coordinates System.

. RecordExtractor Curren t and Gun Vacuum.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
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[OK] Switc h On Beam.

[OK] Set voltage to 10keV.

[OK] Set aperture to 30m .

[OK] Set working distance to default .

[OK] Set focus and stigmation .

Goto the Stage Control window's Destination tab.

(@) LENGTH = mm

(b) BASE = XYZ

(c) POSITION = absolute
(d) Z = 168mm

Put SEM into TV mode. DOUBLE CHECK PREVIOUS STEP

[Start] , watch motion on TV, if there is a problem click the red STOP

button.

[File ! OpenScript ! SHAKEIT.js] , pressgreenrun button. View in Heigh t

Control window.

[Tools ! Goto Control Panell SEMControl ! Detector! InLens]
[Detector | Auto BC]

un-blank beam, ched for stable current on Keithley picoampmeter.

Record the Extractor | current

Focus, Align, and Stigmation

1.

Zoomto 23X and nd gold particles
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2. Zoom to 10X, Focus, Stigmation

3. FocusWobble, Align, then re-Focus.

Align Write Field

1. Adjust UV coordinates and rotation.

(&) TV mode, goto wafer at. Pick rst point for rotation, move, pick second
point for rotation, [Adjust Rotation ! Adjust] Mak e Sure Rotation
Coordinates go from LEFT to RIGHT

(b) Blank beamand move to desiredwrite location.

[Adjust UVW(Global) Origin Correction ! Adjust] SetsUV position
to (0,0)

2. Image and certer gold particles, zoom out to 620X.

3. [Desktop 2! Microscope Control]
[select (set" 62x100m )! Set Button]

4. [Detectors ! Auto BCOff] Ensure Detector is InLens NOT TV.

5. [File ' Newlmage] , [ImageScan Single]
To move stage,[CTRL-right-click ! F5]

6. [File ! NewPosition List]

(a) Zoom to featureswith [right-click] meru

(b) [Scan Managel Align write field procedures]
drag course,medium, and ne to Position List

(c) Add 100m WF - Auto ALWF 1m window

(d) Selectand run eat procedurefrom position list one with [F9]
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(e) [ctrl-left] and drag to referencefeature.

7. Chedk corvergencein Web Browser.

Exp osing :

1. Layout a GDSII le, then import to CleWin and the save from CleWin. This

correctsvarious le format problems.

2. Move stageto Faraday Cup
[Stage Control ! CommahdUser Positions ! OCT2005-CHUCK]

3. [Desktop 4] , Zoomto 100kX,recordpicoampmeter 145A at 10keV, 30m

aperture. [Measure]
4. Add GDSII le and setup exposure

(@) [File ' NewPosition List]
[GDSII Databasd load file]
Drag cell to Position List .
(b) [Position List ! right-click Properties ! Expose Properties]
(c) [Expose Layer] selectlayersto expose.
(d) SetUV position to exposeat.
(e) Set[dose factor ! 1]
(f) [Calculate Dialog] |l in stepsizeand dose.
[dwell--time  calculate icon]
(g) [Times] to calculatewrite time.
(h) [Desktop 4! Exposure! uncheck line and dot]

(i) [OK] to closeExp ose Prop erties

5. Add GDSII dosematrix le and setup exposure
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(a) Add GDSII le to Position List and setup exposureasin previousstep.
(b) [Expose Properties ! Calculate ! Dose] lessthan main le.
(c) SelectDoseMatrix cellin Position List

[Filter ! Matrix Copy]

f selected,1x6,0xE deviceheiglht),V- rst,dose factor 0.1, add, autog

6. Chedk UV coordinatesin Position List .

7. Recordall settings.

8. MAKE SURE SEM IS IN SEM MODE (NOT TV MODE)!
9. [BeamBlank] Chedk Raith beamis blank ed.

10. [Position  List ! Highlight Entries]
[Scan! All]

11. Chek

(a) Proper XY and UV coordinates
(b) High PerformanceScanProcessorBeamOn

(c) Picoampmeter.

Unloading

1. [Desktop 1! Sample Loading! UnLoad Sample]

2. Insert transfer rod when prompted. Then check insertion on video screen

before cortinuing.
3. [OK] Move to Lower Exchange Position .

4. Remove transfer rod when prompted.
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X Date
| , Wafer
Write #

Vacuum Before ON

Extract-l Before ON

Extract-l After ON

Voltage

Working Distance

Stigmation (x,y)

Aperture

Beam Current

Gold (x,y)
Field Size

Area Step

Dwell Time

Area Dose

Beam Speed

Est. Write Time

Start Write Time

Write Time

Dose Matrix

uv)! (xy)
Rotation
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App endix C

OAl documentation

C.1 Housing Drawings

The OAI deep{UV vacuum mask lithography tool in NSL was upgradedto include
a radiation shield over the working area. The shield was made of acrylic which
attenuates = 200wm by 60dB and = 440wm by 40dB. To simplify the design
no fastenerswere used. Instead the housingwas designedwith press{t slot in hole
joints. 4-40tapped holeswere drilled along the edgesfor gaslets. Two clean room
corrosion{resistait magnetic catches (McMaster part number 6680A15) were used
to keepthe front door in place. The patterns were drawn in Pro{Engineer, then
exported asDXF, imported into CorelDraw, and then printed using a laser{cutter at

the Media Laboratory's fabrication facilities.
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Figure C-1. OAIl deep{UV aligner radiation shield. Made from Standard Cast
Acrylic, 0:236nch thick Clearwith BronzeTint, McMaster part numbers. 8505K921,
8505K941,and 8505K951.
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C.2 Mask Chuck Drawings

top gasket

/ A A A A A A A A A A A A A A A A A A A A A A A S A SIS A A A AA o

gasket \ substrate
contact wafer
gasket

vacuum vacuum

Figure C-2: OAI 3inch chuck asserbly.

A new OAIl 3inch vacuum mask chuck was designedfor useon this project. The
existing mask chuck required 5inch mask and operated in a di erent manner. The
3inch chuck asserbly is illustrated in gure C-2. The lower plate (shovn in gure ??
but not in gure C-2) and substrate chuck were pre{existing. The 3inch upper chuck
plate wasthe new part. This part was machined in the MIT Certral Machine Shop.
The substrate gaslet allows atmosphericpressureto be appliedto the badside of the
substrate, aswell as keepthe substratesbad side from cortacting the chuck (useful
when making a mask). The top gaslet makes the sealto the mask and the lower
gaslet make the sealto the chuck for the vacuum cortact. The mask vacuum holds
the mask to the chuck during alignmert. There are three supports underneath the
chuck aspart of the lower plate usedto level the maskto the substrate. An xy{level is
usedto make surethe maskchuck and substrate chuck are perfectly parallel (usually
only doneonce).

The operational procedurefor alignmert and cortact is as follows;

Lower substrate chuck to bottom of limit.
Put down substrate gaslet, substrate, and apply substrate vacuum.

Mount maskto chuck and apply maskvacuum.
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Place mask chuck onto 3{point support.

Raisesubstrate stageuntil fringe patterns are visible, then badk o aturn.
Usethe microscope to align maskto substrate.

Raisesubstrate stageuntil to cortact maskto substrate.

Engage cortact vacuum, slowvly increasing pressurewith the adjustable ball
valve.

Turn o substrate vacuumto allow badside pressureon the substrate.

The valvesoriginally on the OAl weresinglethrow needlevalves. Thesevalvesdo
not vert, meaningthe sealedvacuum chamberswould not releaseafter an exposure.
To allow for self{verting and someamourt of vacuum throttling, the valves were

replacewith SwagelLokpart number B-41VS2brassvented ball valves.

3inch chuck

wafer E/ plate

lower plate

Figure C-3: OAI 3inch chuck asserbly.

The madining costfor this chuck wasnearly $160000. An important note is that
parts with more drawings costmore than parts with fewer drawings. The more sheets
a madinist hasto ip through the higher likelihood of a mistake and the more time
is taking matching up featureson di erent pages.For this reason,only one drawing

pageis usedto specify this part.
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App endix D

Auxiliary Electronics

power -
E SAW

D package

Q\ location

— amplifier

Figure D-1. Analog test board. Holds SAW test padkage, low{noise ampli ers, and
power regulators.

X

tput —
—— w ~ amplifier

~ input

Figure D-2: Closeupof onelow{noise ampli er channel.
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R22 R21 Je@
TP4 TP7 SEPT 26, 2026
T Ry o SN R T11
E —amge Qe iR me
R24 H L3 o L1 .:.C43
QLTI g VeCi 2 Gaas

N . e 0

. L E

J3 I ° c13° R1D
nas?‘ ﬁu ° ﬁ'—z . é@glﬂl i L

7] c1z.

c33 ERc: mm “7zZEEEE, . L rsa

o3 T =T = |
L] g

{° EaEmc e [ 18 | © © VIN

R . 7@
ONTT T NEN TR CRO

Figure D-3: PCT top{side silkscreen.

Figure D-4: PCB top{side metal layer.
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| QTY | REFDES | DEVICE | PACKA GE | VALUE |

115 C10,C11,C12,C13,C16 | C1210-TBD CAP 2.2F

2 |2 C14,C15 C1210P-TBD CAP 22F
C21,C23,C31,C32,C33

3 |13 C42,C43,C61,C62,C63 | C0805-TBD CAP 10nF
C71,C72,C73

4 |1 C22 C0805-TBD CAP 10QoF

5 [1 C50 C1210-TBD CAP 1F

6 [1 C51 C1210-TBD CAP 10nF

7 |1 C52 C1210-TBD CAP 2.2F

8 [2 C60,C70 C1210-TBD CAP inF

9 |4 CGND1,GND1,VCC1,VING016KCT TP1

101 D1 LTST-C170KGKT| TO-5
J2,33,35,16,37,18

119 11,360,970 142-0701-801 | COAX-1

121 J10 640453-5 SIP-5P

13 | 4 L1,L2,L3,L4 L0805-TBD 947

142 L60,L70 L0805-TBD 94z 1U

152 Q2,Q3 BFG424FTR TO-18

16 | 6 RO RILRIZRISRIS | R1210-7BD RES 0

171 R15 R0805-TBD RES 210

182 R21,R31 R0603-TBD RES 500

192 R22,R32 R0603-TBD RES 3K

20| 2 R23,R33 R0603-TBD RES 210

21| 2 R24,R34 R0603-TBD RES 680

22 |2 R25,R35 R0603-TBD RES 10

23 |1 R41 R0603-TBD RES 0

24 [ 1 SAW1 SAW-SOIC-1 SAW-1-NC

251 U50 LP2985A-18DBVR

26 | 2 U60,U70 UPC2711TB AMP-6PINS-1

27[1 uso B3710 SAVB

Table D.1: Parts list for test board
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App endix E

FPGA VHDL/C/XPS

VHDL : rocketio _glue.vhd

1

2 Copyright 2007 Massachusetts Institute of Technology : All rights reserved
3

4 Company: M assachusetts Institute of Technology
5 Engineer: Jason M. LaPenta (JML)

6

7 Create Date: 13:30:08 02/13/2007

8 Design Name : uT ags chirp2_rio

9 Module Name : rocketio_test Behavioral
10 Project Name : uT ags

11 Target Devices: Virtex4 ML405 devel board
12 Tool versions:

13

14 Description: Test configuration of a rocket_io port. Transmitts a pattern
15 cyclically

16

17

18

19 Dependencies:

20

21 Revision:

22 Revision 0.01 File Created

23

24 Changes

25

26 Date W ho Description

27

28

29 Additional Comments:

30

31

32
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33
34
35
36
37
38
39
40
a1
42
43
a4
45
46
a7
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
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library IEEE ;

use

use

use

use

IEEE .STD_LOGIC_1164. all ;
IEEE .STD_LOGICARITH . all;
IEEE .STD_LOGICWUNSIGNED. all;

IEEE .numeric_std .all;

Uncomment the following library declaration if instantiating

any Xilinx primitives in this code.

library UNISIM ;

use

UNISIM .V Components. all ;

entity rocketio_glue is

port (
usrclk_ip : in std_logic; varies
usrclk_in : in std_logic; varies
system_clk : in std_logic; 100 MHz
reset :in std_logic;
chirp_pattern : in std_logic_vector ( 63 downto 0 );
delay_-time : in unsigned ( 31 downto 0 );
RXIN _IN ©in std_logic_vector (0 to 1);
RX1P_N cin std_logic_vector (0 to 1);

end

TXINOUT : out std_logic_vector (0 to 1);
TX1IPOUT : out std_-logic_vector (0 to 1);

led : out std_logic_vector (1 to 10);
usrclk_out_p : out std_-logic;

usrclk_out_n : out std_logic

)i

rocketio_glue;

ARCHITECTURE

architecture Behavioral of rocketio_glue is

component ROCKETIOWRAPPER

generic
(
MGTO-GT11.MODEP : string = "A" Default Location
MGTOMGTID_P : integer := 0 0=A, 1=B
)i
port
(

MGTO  (X0Y3 )

Global Ports
MGTOPOWERDOWNIN : in std_logic;



87

88

89

90

91

92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140

component

MGTO _TXINHIBIT  _IN

MGTORXLOCK OUT
MGTOTXLOCK OUT

MGTO_TXPOLARITY N

MGTO0.COMBUSIN_N
MGTO0.COMBUSOUT OUT

MGTOREFCLK1.IN

MGTORXPMARESET IN
MGTO_TXPMARESET IN
MGTO_TXRESET N

MGTO_-RX1INL.IN
MGTO_RX1P_IN
MGTO_TXINOUT
MGTO_TX1P_OUT

MGTOTXBUFERROUT
MGTO_TXDATA_N
MGTO_TXOUTCLK1OUT
MGTOTXOUTCLK20OUT
MGTO-TXUSRCLK N

MGTO_-TXUSRCLKZ2_IN

)

end component

UNUSED MGT
generic

(
GT11.MODEP
MGT_ID_P

string
integer

229

0);
0);

Ports
0);

MGTORXLOCK OUT
MGTOTXLOCK OUT

MGTO0_.COMBUSIN_N
MGTO0.COMBUSOUT OUT

in std_logic;

PLL Lock
out std_logic;
out std-_-logic;

Polarity Control Ports
in std_logic;

Ports for Simulation
in std_logic_vector (15 downto
out std_logic_-vector (15 downto

Reference Clocks
in std_logic;
Resets
in std_logic;
in std_logic;
in std_logic;
Serial Ports
in std_logic;
in std_logic;
out std-_logic;
out std_logic;
Status
out std_logic;
Transmit Data Path and Control
in std_-logic_vector (63 downto
User Clocks
out std-_-logic;
out std_logic;
in std_logic;
in std_logic
= "B"; Default Location
=1 Default Location
PLL Lock
out std-_-logic;
out std_logic;

Ports for Simulation
in std_-logic_vector (15 downto
out std_logic_vector (15 downto

0);
0);
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141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194

MGTO_REFCLK1.N

Reference Clocks

in std_logic;

APPENDIX E. FPGA VHDL/C/XPS

Resets
MGTORXPMARESET IN in std_logic;
MGTO_-TXPMARESET AN in std_logic;
MGTO_TXRESET_IN in std_logic;
Serial Ports
MGTO_RX1IN_IN in std_logic;
MGTO_RX1P_IN in std_logic;
MGTO_TXINOUT out std_logic;
MGTO_TX1P_OUT out std_logic;
User Clocks
MGTOTXOUTCLK1OUT out std_logic;
MGTO_TXOUTCLK2.0OUT out std-_-logic;
MGTOTXUSRCLKJN in std_logic;
MGTO_TXUSRCLK2.IN in std_logic
)
end component ;
component MGT_USRCLK _SOURCE
port
(
USRCLK_SOURCE out std_logic;
USRCLK2_SOURCE out std-_-logic;
DCM_LOCKED out std_logic;
TXOUTCLK1JIN cin std_logic;
DCM _RESET in std_logic
)i
end component
component GT11.NIT_TX
generic
(
C_SIMULATION integer := 0 Set to 1 for
)
port
(
CLK Tin std_logic;
START _INIT in std_logic;
LOCK Tin std_logic;
USRCLK_STABLE : in std_logic;
PCS_EERROR in std_logic;
PMA RESET out std_logic;
PCSRESET out std_logic;
READY out std_logic
)
end component

simulation



195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248

Instantiations

signal usrclk_b std_logic;
signal usrclk_b2 std_logic;
signal clk_fb std_logic;
signal clk_-33MHz std_logic;

alias dcm_clk_b

std_logic is clk_33MHz;

Reference Clock Signals

signal refclk_b
signal dcm_locked
signal dcm_reset _i

signal mgtO_txlock_i

signal mgtO_tx_pmareset_c

signal mgtO_tx_reset_c

signal mgtO_txbuferr_i

std_logic;

std_logic; TODO

std_logic; TODO
PLL Lock

std_logic;

Resets
std_logic;
std_logic;

Status
std_logic;

Transmit Data Path and Control Ports

signal mgtO_txdata_i

signal mgtO_txoutclkl_i
signal usr_clk_i

signal wusr_clk2_i

signal tx_system_ready_i

signal counter

begin

std_logic_vector (63 downto 0);
User Clocks

std_logic;
std_logic;
std_logic;

Reset System
std_logic; currently unused, for reset of

logic

unsigned ( 31 downto 0 );

Main Body of Code

Static signal Assigments

led (1) <= dcm_locked;
led (2) <= dcm_reset._i;

led (3) <= mgtO_tx_pmareset_c;

led (4) <= mgtO_tx_reset_c;

led (5) <= mgtO_txlock_i;

led (6) <= mgtO_txbuferr_i;

led (7) <= tx_system_ready._i;

led (8) <= "1
led (9) <= '1";
led (10) <= '1°";

usrclk_out_p <= wusr_clk_i;

usrclk_out_n <= usr_clk2_i;

user
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249

250 Processes

251

252 purpose: provides data to MGTOITX

253 type : sequential

254 inputs : wusr_clk_i , reset

255 outputs:

256 txdata_p: process (usr_clk_i , tx_system_ready_i, chirp_pattern, delay_time)
257

258

259 begin process txdata._p

260 if tx_system_ready_-i = '0' then asynchronous reset (active low)
261

262 counter <= (others => '0");

263 mgtO_txdata_i <= (others => '0");

264

265 elsif usr_clk_i "event and wusr_clk_i = "1' then rising clock edge
266

267 if counter >= delay_-time then

268

269 counter <= (others => '0");

270 mgtO_txdata_i <= chirp_pattern;

271

272 else

273

274 counter <= counter + 1;

275 mgtO_txdata_i <= (others => '0");

276

277 end if;

278

279 end if;

280 end process txdata_p;

281

282

283 Components

284

285 user clocks (for refclk_b)

286 IBUFGDS_usrclk : IBUFGDS

287 generic map (

288 IBUF DELAY VALUE => "0",

289 IOSTANDARD => "LVPECL 25",

290 DIFF_TERM => true)

291 port map (

292 O => usrclk_b ,

293 | => usrclk_ip , Diff_p clock

294 IB => wusrclk_in Diff_n clock

295 )

296

297 BUFG _userclk : BUFG

298 port map (

299 O => usrclk_b2, Clock buffer output
300 I => usrclk_b Clock buffer input
301 )

302 Instantiate PMCD/DCM module for the user clocks



303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356

mgt_usrclk_source_i

port map

(

dcm _reset _i

gtll_init_tx_i

USRCLK _SOURCE

USRCLK2_SOURCE = >

DCM_LOCKED
TXOUTCLK 1IN
DCM RESET

)

This module is

as recommended

generic map

(

CSIMULATION => 0

)

port map

(

CLK
START _INIT

=>

<= not

MGT _USRCLK_SOURCE

usr_clk_i ,
usr_clk2_i,
dcm _locked ,
mgtO_txoutclkl_i,

dcm _reset _i

mgtO_txlock_i;

Instantiate an GT11_.INIT module

responsible for performing the correct reset and lock

in

=>

=>

USRCLK _STABLE = >

LOCK
PCS_ERROR
PMA _RESET
PCSRESET
READY

)

the user guide

GTI11.INIT_TX

dem_clk_b,

reset ,

dcm_locked ,
mgtO_txlock_i,
mgtO_txbuferr_i,
mgtO_tx_pmareset_c,
mgtO_tx_reset_c ,

tx_system_ready _i

GT11ICLKMGT Instantiations for upper reference

upper_gtllclk_mgt_inst : GT11CLK

generic map

(
SYNCLK1OUTEN => "ENABLE" ,
SYNCLK20OUTEN => "DISABLE" ,
REFCLKSEL => "REFCLK"
)

port map

(
MGTCLKN => '0', unused
MGTCLKP => '1", unused
REFCLK => usrclk_b2,
RXBCLK => '0", unused
SYNCLK1IN => '0', unused
SYNCLK2IN => '0', unused
SYNCLK1OUT => refclk_b ,

SYNCLK20UT => open

)

clocks

procedure

233



234 APPENDIX E. FPGA VHDL/C/XPS

357

358 Instantiate MGT Wrapper
359

360

361 MGTO (X0Y3 )

362

363 rocketio_wrapper_-i : ROCKETIOWRAPPER

364 generic map

365 (

366 MGTO0GT11.MODEP => "B ",

367 MGTOMGT._IDP =>0

368 )

369 port map

370 (

371 Global Ports
372 MGTOPOWERDOWNIN => '0",

373 MGTO _TXINHIBIT _IN => '0",

374 PLL Lock
375 MGTORXLOCKOUT => open,

376 MGTOTXLOCK OUT => mgtO_txlock_i, unused?
377 Polarity Control Ports
378 MGTO_TXPOLARITYIN => ‘0",

379 Ports for Simulation
380 MGTO_-COMBUSIN_N => X" 0000",

381 MGTOCOMBUSOUT OUT => open,

382 Reference Clocks
383 MGTOREFCLKI1.IN => refclk_b ,

384 Resets
385 MGTORXPMARESETIN => '1",

386 MGTO_TXPMARESETIN => mgtO_tx_pmareset_c,

387 MGTO_TXRESET_N => mgtO_tx_reset_c,

388 Serial Ports
389 MGTO_RXIN_IN => RXIN _IN (0),

390 MGTO_RX1P_IN => RX1P.N(O0),

391 MGTOTXIN.OUT => TXIN_OUT (0),

392 MGTO_TX1P_OUT => TX1P_OUT (0),

393 Status
394 MGTO-TXBUFERROUT => mgtO_txbuferr_i,

395 Transmit Data Path and Control Ports
396 MGTO_TXDATA_N => mgtO_txdata_i,

397 User Clocks
398 MGTOTXOUTCLK1OUT => mgtO_txoutclkl_i,

399 MGTOTXOUTCLK2OUT => open,

400 MGTO.TXUSRCLKIN => usr_clk_i,

401 MGTO-TXUSRCLK2.IN => usr_clk2_i

402

403 )

404

405

406

407

408 Unused MGT paired with MGTO

409

410 unused_mgt_0O_i : UNUSEDMGT



411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464

generic map

(
GT11.MODEP => "B"
MGT._ID_P => 1
)

port map(

MGTORXLOCK OUT =
MGTOTXLOCK OUT =

MGTO0_COMBUSINN =
MGTO0COMBUSOUT OUT =

MGTOREFCLKI1.IN =

MGTORXPMARESETIN =
MGTO.TXPMARESETJIN =
MGTO_TXRESET N =

MGTO_RXIN_N =
MGTO_RX1P_IN =
MGTOTXIN.OUT =
MGTO_TX1P_ OUT =

MGTOTXOUTCLK1.0UT =
MGTOTXOUTCLK2.0UT =
MGTOTXUSRCLKIN =
MGTOTXUSRCLK2IN =
)

divides down system
100MHz / 3 =
DCM _BASE._inst DCM _BASE
generic map (
CLKDV_.DIVIDE
CLKFXDIVIDE
CLKEXMULTIPLY
CLKIN_DIVIDE_BY 2

CLKIN_PERIOD

CLKOUT PHASE SHIFT
CLK FEEDBACK
DCM_AUTOCALIBRATION
DCM PERFORMANCEMODE
DESKEW ADJUST

DFSFREQUENCY MODE
synthesis

>

>

>

Based on MGT Location

PLL Lock
open,
open,

Ports for Simulation
X" o0000" ,
open,
Reference Clocks

refclk_b ,

Resets
1,

mgtO_tx_pmareset_c,

mgtO_tx_reset_c ,

Serial Ports
RXIN _IN (1),
RX1P_N(1),
TXINOUT (1),
TX1P_OUT (1),

User Clocks
open,
open,

> usr_clk_i,

> usr_clk2_i

clock by 3.0
33 MHz clock

to create

=> 3.0, Divide by: 3.0
=> 1, Can be any interger from 1 to 32
=> 4, Can be any integer from 2 to 32
=> false , TRUE/FALSE to enable CLKIN divide by
two feature
=> 10.0, Specify period of input clock in ns
from 1.25 to 1000.00
=> "NONE" , Specify phase shift mode of NONE or FIXED
=> "1X" , Specify clock feedback of NONE or 1X
=> true, DCM calibrartion circuitry TRUE/FALSE

=> "M AX_SPEED" , Can be MAX_SPEED or MAXRANGE
=> "SYSTEM_SYNCHRONOUS" , SOURCE_SYNCHRONOUS,
SYSTEM _SYNCHRONOUS or
an integer from 0 to 15

LOW or

1
\Y

"Low" HIGH frequency mode for frequency
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465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490

DLLFREQUENCY MODE => "LOW" ,
DLL
DUTY CYCLE_CORRECTION => true,
FACTORY JF => X"FOFO" ,
X" FOFO
HHHHHH PHASE SHIFT =>.0,
________ 1023
HHHHHH STARTUP WAIT = > Lfalse) o

______ CLK2X = > L0pen, o
HHHHHH CLK2X180 ._=> LOpen, cocme e
______ CLKOO = > L0PeNn
______ CLKDV = > clk383MHz, oo
HHHHHH CLKFX cee™= > LOPEN | e
______ CLKFX180_=> _0pen , o

~.LOCKED...= >

end_Behavioral ;

APPENDIX E. FPGA VHDL/C/XPS

LOW, HIGH, or HIGH _SER frequency mode for

FALSE

to be set to

Duty cycle correction, TRUE or
FACTORY JF Values Suggested
~Amount _of_fixed _phase_shift .from. 255_to
_Delay._configuration .DONE_until DCM_LOCK,
_TRUE/ FALSE

~.0_degree DCM._CLK _ouptput
~180_degree DCM_CLK _output
.270._degree DCM_CLK _output
_2X DCM_CLK _output
~2X,.180_degree DCM_CLK _out
_90_degree DCM_CLK_output
_Divided DCM_CLK_out _(CLKDV _DIVIDE)
DCM_CLK_synthesis_out _(M/D)
~180_degree_CLK_synthesis_out
DCM_LOCK _status._output
DCM_clock _feedback

~Clock —input o(from _.IBUFG, _.BUFG._or .DCM)
DCM_asynchronous._reset input,_active._high
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VHDL : chirp3 _pads.vhd
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Copyright 2007 Massachusetts

Company: M

Institute of Technology

assachusetts Institute of Technology

Engineer : Jason M. LaPenta

Create Date:
Design Name :
Module Name :

Project Name :

Target Devices:

Tool versions

Description :

Dependencies:

Revision:
Revision 0.01

12:34:27 08/12/ 2006

uT ags chirpl

chirp3 Behavioral

uT ags

Virtex4 ML405 devel board

A simple chirp demonstration the sends

make an ace file

# ./ ml40x_bit2ace chirp3_pads. bit

File Created

Additional Comments:

library IEEE ;

use |[EEE .STD_LOGIC_1164.all;
use |IEEE .STD_LOGICARITH. all;
use |IEEE .STD_LOGICUNSIGNED. all;

Xilinx primitives

library UNISIM ;
use UNISIM .VCom

Entity chirp3

entity chirp3_pa
port (
sysclk_i
usrclk_ip
usrclk_in
reset_n

trig-i

pb_n_i : in
pb_s_i : in
pb_c_.i : in

led_reset
led_trig
led_timeout

test_o

ponents. all ;

ds is

in std_logic;
in std_logic;
in std_logic;
in std_logic;

in std_logic;

std_logic;
std_logic;
std_logic;

out std_logic;
out std_logic;
out std_logic;

out std_logic;

with

All rights reserved

out a configurable

chirp3.ace

100 mhz system clock

user supplied clock for chirp freq

user supplied clock for chirp freq

active low

reset button A10

trigger , starts chirp

push button
push button
push button

illuminates
illuminates
illuminates

test output

north
south

center

when device reset
on trigger

on trigger timeout
H6 diff_clk_out_n
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53 chirp_op : out std_logic; chirp output

54 chirp-on : out std_logic; chirp output

55

56 chirp-.o : out std_logic chirp output signal

57 )

58

59 end chirp3_pads;

60

61

62 architecture

63

64 architecture Behavioral of chirp3_pads is

65

66

67 component chirp3_top

68 port(

69 sysclk_i : in std_logic; 100 mhz system clock

70 usrclk_i : in std_logic; user supplied clock for chirp freq
71 reset._n :in std_-logic;

72 trig-i :in std_logic; trigger , starts chirp

73

74 pb_n_i in std_logic; push button north

75 pb_s_i in std_logic; push button south

76 pb_c_i in std_logic; push button center

7

78 led_reset : out std-logic; illuminates when device reset
79 led_trig : out std_logic; illuminates on trigger

80 led_timeout : out std_-logic; illuminates on trigger timeout
81 test_o : out std-logic; test output H6 diff_clk_out_n
82

83 chirp-o : out std_-logic; chirp output

84

85 chirp_en_o : out std_logic

86 )

87 end component

88

89

90

91 signal sysclk_b : std_logic; 100 mhz system clock

92 signal usrclk_b : std_logic; user supplied clock for chirp freq
93 signal reset_n_b : std_logic;

94 signal trig_-b : std_logic; trigger , starts chirp

95

96 signal pb_n_b : std_logic; push button north

97 signal pb_s_b : std_logic; push button south

98 signal pb_.c_-b : std_logic; push button center

99

100 signal led_reset_b : std_logic; illuminates when device reset
101 signal led_trig_b : std_logic; illuminates on trigger

102 signal led_-timeout_b : std_logic; illuminates on trigger timeout
103 signal test_b : std_logic; test output H6 diff_clk_out_n
104

105 signal chirp_-b : std_logic; chirp output

106
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signal chirp_en_b : std_logic;

begin

top component

top-c : chirp3_top port map(

sysclk_i => sysclk_b ,
usrclk_i => usrclk_b ,
reset_n => reset_n_b ,
trig-i => trig-b,
pb_n_i => pb.n_b,
pb_s_i => pb_s_b,
pb_c_i => pb_c-b,
led_reset => led_reset_b ,
led_trig => led_trig-b ,
led_timeout => led_timeout _b ,
test_o => test_b ,
chirp-o => chirp-b,
chirp_en_o => chirp_en_b

)

IBUFG_sysclk : IBUFG
generic map (
IBUF DELAY VALUE => "0",
IOSTANDARD => "LVTTL")
port map (
O => sysclk_b ,
I => sysclk_i

)

IBUFGDS_usrclk : IBUFGDS
generic map (
IBUF DELAY VALUE => "0",
IOSTANDARD => "LVPECL
DIFF_TERM => TRUE)
port map (
O => usrclk_b,
I => usrclk_ip , Diff_p
IB => usrclk_in Diff_n

)

OBUF _chirp_o : OBUFDS
generic map (
IOSTANDARD => "LVPECL _25"
)
port map (
O => chirp_op,
OB => chirp-on,
I => chirp_b

25",

clock

clock

239
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161 )

162

163

164

165 IBUF _reset : IBUF

166 generic map (

167 IBUF DELAY VALUE => "0",
168 IFD_DELAY _VALUE => "AUTO",
169 IOSTANDARD => "LVTTL")
170 port map (

171 O => reset_n_b,

172 I => reset_n

173 )

174

175

176 IBUF _trig : IBUF

177 generic map (

178 IBUF DELAY VALUE => "0",

179 IFD.DELAY VALUE => "AUTO",
180 IOSTANDARD => "LVTTL")
181 port map (

182 O=> trig-b,

183 I => trig.i

184 )

185

186

187 IBUF _pb_n : IBUF

188 generic map (

189 IBUF DELAY VALUE => "0",
190 IFD_DELAY _VALUE => "AUTO",
191 IOSTANDARD => "LVTTL")
192 port map (

193 O => pb.n_b,

194 I => pb_n_i

195 )

196

197

198 IBUF_pb_s : IBUF

199 generic map (

200 IBUF DELAY VALUE => "0",
201 IFD.DELAY VALUE => "AUTO",
202 IOSTANDARD => "LVTTL")
203 port map (

204 O => pb_s_b,

205 I => pb_s_i

206 )

207

208

209 IBUF_pb_c : IBUF

210 generic map (

211 IBUF DELAY VALUE => "0",

212 IFD_DELAY _VALUE => "AUTO",
213 IOSTANDARD => "LVTTL")

214 port map (
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216
217
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o
1]

> pb_c_b,
I => pb_c_i

OBUF_led_reset : OBUF

generic map (

DRIVE => 12,
IOSTANDARD => "LVTTL",
SLEW => "SLOW")

port map (
O => led_reset ,
I => led_reset_b

)

OBUF_led_trig : OBUF
generic map (

DRIVE => 12,
IOSTANDARD => "LVTTL",
SLEW => "SLOW")

port map (
O=> led_trig,
I => led_trig-b
)

OBUF _led_timeout : OBUF

generic map (

DRIVE => 12,
IOSTANDARD => "LVTTL",
SLEW => "SLOW")

port map (
O => led_timeout ,
|
)i

> led_timeout_b

OBUF _test : OBUF

generic map (

DRIVE => 12,
IOSTANDARD => "LVTTL",
SLEW => "SLOW")

port map (
O => test_o,

| => test_-b

)

OBUF_chirp : OBUFT
generic map (
IOSTANDARD => "LVTTL",
DRIVE => 24,
SLEW => "FAST")

241
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269 port map (

270 T => chirp-en_b ,
271 O => chirp.o,
272 I => usrclk_b
273 );

274

275

276 end Behavioral;




243

VHDL : chirp3 _top.vhd
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52

Copyright 2007 Massachusetts Institute

Company: M assachusetts Institute of
Engineer : Jason M. LaPenta

Create Date: 12:34:27 08/12/ 2006
Design Name : uT ags chirpl

Module Name : chirp3 Behavioral
Project Name : uT ags

Target Devices: Virtex4 ML405 devel

Tool versions:

Description:

Sends a chirp on a trigger

a trigger .

The number of cycles per

This version utilized OSERDES to generate phase shifted wide band chirps.

Dependencies:

Revision:
Revision 0.01 File Created

Additional Comments:

library IEEE ;

use |[EEE .STD_LOGIC_1164.all;

use |IEEE .STD_LOGICARITH.all;
use |[EEE .STD_LOGICUNSIGNED. all ;
use |EEE .numeric_std.all;

Xilinx primitives

library UNISIM ;

use UNISIM .VComponents. all;

Entity chirp3

entity chirp3_top is

port (sysclk_-i : in std_logic;
usrclk_i : in std_logic;
reset._n :in std_logic;
trig-i :in std_logic;
pb_n_i in std_logic;
pb_s_i : in std_logic;
pb_c_i : in std_logic;

led_reset : out std_logic;

board

chirp can be changed using

100 MHz system clock

user supplied clock for

trigger , starts chirp

push button
push button
push button

Illuminates

north
south
center

when device

of Technology All rights reserved
Technology
signal , or at 10Hz in the absence of

the push buttons

chirp fregq

reset
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53 led_trig : out std_logic; illuminates on trigger

54 led_timeout : out std_logic; illuminates on trigger timeout
55 test_o : out std_logic; test output H6 diff_clk_out_n
56

57 chirp-o : out std_logic; chirp output

58

59 chirp_en_o : out std_logic);

60 end chirp3_top;

61

62

63 architecture

64

65 architecture Behavioral of chirp3_top is

66

67

68 component chirp3_gen

69 port(

70 clock _i :in std_logic; variable input clock

71 reset _b :in std_-logic;

72 le_i :in std_logic; data latch enable

73 data-i :in std_logic_-vector ( 5 downto 0 ); data latch enable
74

75 chirp_-o : out std_logic chirp signal output

76 )

77 end component ;

78

79

80 signal clk.5MHz : std_logic; internal divided clock
81 signal clk_fb : std_logic; DCM clock Feed Back

82 signal reset_b : std_logic; Active High Reset for DCM
83

84 signal trig_-timeout : std_logic; signals tigger timeout
85 signal trigger : std_logic; signals to trigger a chirp on rising edge
86

87 signal chirp_en : std_logic;

88 signal chirp_len : unsigned (7 downto 0); chirp length in cycles
89

90 begin

91

92

93 combinational

94 led_timeout <= trig_timeout;

95 led_trig <= trigger;

96 led_reset <= not reset_n;

97 test_o <= clk_.5MHz;

98 reset_b <= not reset_n;

99 chirp_en_o <= chirp_en; active low

100

101

102

103 chirp3_genl : chirp3_gen

104 port map (

105 clock _i => usrclk_i,

106 reset_b => reset_b ,
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le_i => '1'",
data-i => "111111",
chirp_o => chirp_.o
)i

uses trigger to gate chirp output

chirp_p : process (usrclk_i , reset.n)
variable chirp-cntr : unsigned (7 downto 0);
variable trig_last : std_logic;
begin process chirp-p
if reset_n = '0' then
chirp-cntr := (others => '0');
chirp_en <= '1";
elsif usrclk_.i "event and wusrclk_i = '1' then rising clock
if trigger = '1' and trig-last = '0' then
chirp_en <= '0";
chirp_cntr := (others => '0");
else

if chirp_cntr /= chirp_len then

chirp_cntr := chirp_cntr + 1;
chirp_-en <= '0";
else
chirp_.en <= '1";
end if;
end if;
trig_last := trigger;

end if;

end process chirp_p;

purpose: create internal triger if necessary

trig-p : process (clk.5MHz, reset_n, trig-i)

one second timeout
variable trig_to_cntr : unsigned (23 downto 0);

variable trig-last : std-logic;

trig-cntr used for 10kHz timout
variable trig-cntr : unsigned (7 downto 0);

variable trig_internal : std_logic;

edge

245
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161

162 begin process trig-p

163

164 if reset_n = '0' then

165 trig-last = '0";

166 trig_to_cntr := (others => '0');

167

168 trig-_cntr = (others => '0");

169 trig-internal := '0"';

170

171 trig_timeout <= '0"';

172 trigger <= '0";

173

174 elsif clk.5MHz'event and clk.-5MHz = '1' then rising clock edge
175

176 edge detect TRIG, reset timeout if detected
177 if trig-i = '1' and trig-last = '0' then
178 trig_-to_cntr := (others => '0');
179 else

180 if trig_timeout = '0' then

181 trig-to_cntr := trig-to_cntr + 1;
182 end if;

183 end if;

184 trig-last := trig-i;

185

186 1 second signal timeout to start 10kHz signal
187 if trig_.to_cntr = 2000 then 5e6 then
188 trig-timeout <= "'1";

189 else

190 trig_-timeout <= '0";

191 end if;

192

193 internal trigger counter

194 if trig_cntr = 250 then

195

196 trig-cntr = (others => '0");
197 trig_internal := not trig_internal;
198 else

199 trig_cntr = trig-cntr + 1;

200 trig_internal := trig_-internal;

201 end if;

202

203 trigger select

204 if trig_timeout = '0' then

205 trigger <= trig-i;

206 else

207 trigger <= trig_internal;

208 end if;

209

210 end if;

211

212 end process trig_p;

213

214
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purpose: debounce buttons

buttons_p process (clk.5MHz,
one second timeout ,
one second after a press
variable buttons_to_cntr

begin process buttons_p

if reset_n = '0' then

247

reset_n)

disable buttons for

unsigned (21 downto 0);

buttons_to_cntr := (others => '0');
chirp_len <= unsigned (to_unsigned (50, chirp_len '"length));
elsif clk.5MHz'event and clk.-5MHz = '1' then rising clock edge
if buttons_to_cntr = 0 then
increase chirp length by 5
if pb_n_i = "1' and chirp_-len < 250 then
chirp_len <= chirp_len + 5;

buttons_to_cntr := (others = >

decrease chirp length by 5
elsif pb_s_.i = '"1' and chirp_len
chirp_len <= chirp_len

buttons_to_cntr := (others = >

decrease chirp length by 1
elsif pb_s_.i = '"1' and chirp_len
chirp_len <= chirp_len

buttons_to_cntr := (others = >

";

> 10 then
5;
1)

> 1 and
1
1)

chirp-len < 10 then

reset chirp length to 50
elsif pb_c_.i = '1' then
chirp_len <= unsigned (to_unsigned (50, chirp_len 'length));
buttons_to_cntr := (others => '1");
end if;
else
buttons_to_cntr := buttons_to_cntr 1;
end if;
end if;
end process buttons_p;
divides down system clock by 32 to create

100MHz / 20 =
DCM _BASE._inst

5 MHz clock
DCM _BASE
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269 generic map (

270 CLKDV DIVIDE => 10.0, Divide by: 1.5,2.0,2.5,3.0,3.5,4.0,4.5,5.0,5.5,6.0,6.5
271 7.0,7.5,8.0,9.0,10.0,11.0,12.0,13.0,14.0,15.0 or 16.0

272 CLKFXDIVIDE => 1, Can be any interger from 1 to 32

273 CLKFXMULTIPLY => 4, Can be any integer from 2 to 32

274 CLKIN_DIVIDE_BY 2 => true, TRUE/FALSE to enable CLKIN divide by two feature

275 CLKIN_PERIOD => 10.0, Specify period of input clock in ns from 1.25 to 1000.00
276 CLKOUT_PHASE SHIFT => "NONE" , Specify phase shift mode of NONE or FIXED

277 CLK FEEDBACK => "1X" , Specify clock feedback of NONE or 1X

278 DCM_AUTOCALIBRATION => true, DCM calibrartion circuitry TRUE/FALSE

279 DCM PERFORMANCEMODE => "M AX_SPEED" , Can be MAX_SPEED or MAXRANGE

280 DESKEW ADJUST => "SYSTEM_SYNCHRONOUS" , SOURCE_SYNCHRONOUS, SYSTEM._SYNCHRONOUS or
281 an integer from 0 to 15

282 DFSFREQUENCY MODE => "LOW" , LOW or HIGH frequency mode for frequency synthesis
283 DLLFREQUENCY MODE => "LOW" , LOW, HIGH, or HIGH _SER frequency mode for DLL

284 DUTY CYCLE_CORRECTION => true, Duty cycle correction, TRUE or FALSE

285 FACTORYF => X"FOFO" , FACTORY JF Values Suggested to be set to X" FOFO
286 PHASE _SHIFT => 0, Amount of fixed phase shift from 255 to 1023

287 STARTUP_WAIT => false) Delay configuration DONE until DCM LOCK, TRUE/FALSE
288 port map (

289 CLKO => clk_fb , 0 degree DCM CLK ouptput

290 CLK180 => open, 180 degree DCM CLK output

291 CLK270 => open, 270 degree DCM CLK output

292 CLK2X => open, 2X DCM CLK output

293 CLK2X180 => open, 2X, 180 degree DCM CLK out

294 CLK90 => open, 90 degree DCM CLK output

295 CLKDV => clk_.5MHz, Divided DCM CLK out (CLKDV_DIVIDE)

296 CLKFX => open, DCM CLK synthesis out (M/D)

297 CLKFX180 => open, 180 degree CLK synthesis out

298 LOCKED => open, DCM LOCK status output

299 CLKFB => clk_fb , DCM clock feedback

300 CLKIN => SYSCLK.I, Clock input (from IBUFG, BUFG or DCM)

301 RST => reset_b DCM asynchronous reset input, active high

302 )

303

304 end Behavioral;
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C : chirpnet.c
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/

Copyright 2007 Massachusetts Institute of Technology : All rights

Create Date: 3/13/ 2007
Design Name : uT ags xps/ chirp_rio/ chirp2
File Name : chirp2.c

Target Devices: Virtex4 ML405 devel board PowerPC 405

Tool versions: Xilinx XPS 8.2

Description: Simple program to access UART debug

interface ,

Ethernet User Interface, and the rocket_io chirp2

Peripherial.

#include < stdio.h>
#include < stdlib .h>

#include <string.h>

#include < xgpio_l .h>

#include < xbasic_-types.h>

#include

xparameters.h"

#include "xromlcd.h"
#include "chirp2.h"

#include "enet.h"

#define VERSION "ChirpNet_v0.10"

int main (void) f

/ Setup LCD screen [/

XromLCDON () ;

XromLCDInit ();

XromLCDPrintString ( VERSION, "Running...");
xil_printf( VERSION "nn");

/1 initialize chirp2 peripheral
chirp2_reset ();

chirp2_set_delay ( 100 );

chirp2_set_pattern ( O0x88AA55AA , 0 XxFFOOFFFF )
chirp2_enable ();

/1 open Ethernet and Accept New Connections

enet_open ();

for () f
enet_accept ();
enet_proc_conns();

]

return O;

reserved
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53 / Stack Overflow & Interrupt Handler Dummy Functions /
54 void _stack_overflow_exit(void) f

55 xil_printf("Stack.Overflow.nrnn");

58 void _interrupt_handler() fg
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C : enet.c
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Copyright 2007 Massachusetts Institute of Technology : All
Create Date: 3/13/ 2007
Design Name : uT ags xps/ chirp_rio/ chirp2

Target Devices: Virtex4 ML405 devel

Tool Xilinx XPS 8.2

Description:

#include
#include
#include
#include
#include
#include
#include

#include

#include

#include

#include

/'l Server

<

<

<

<

<

<

<

<

versions:

Supports

stdio.h>

stdlib .h>

string .h>

net/ xilnet_config
net/ xilsock .h>
net/ mac.h>
xemac_| .h>

xbasic_-types.h>

xromlcd .h"

"enet.h"

chirp2.h"

States for

#define NET_GET 1
# define NET_GET_PROC 2
#define NET_DONE 3
# define NET_CONNFREE 1

struct

int sock ; 11
int state; 11

M

Global
struct

net_conn_ent f

Variables /

globals f

socket

board PowerPC 405

the Server TCP/IP SocketlO Interface

.h>

connections

// Got a Get request
!/l processing a GET request
/'l done with a GET request processing

/1 conn free to assign to client

descriptor

state of the connection

int isnetinit; // Net Connections Management

int sock;

struct
struct

9 9

Local
void

void

int enet_add_conn( int sock

void

net_conn_ent

sockaddr_in addr;

Function

enet_free_conn ( int

enet_parse_buf ( char

net_conns[MAX_NET_CONNS]J;

Definitions [/

buf );

idx );

)

enet_proc_req ( int cidx );

rights

reserved
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open /

int enet_open ( void ) f

int err;

int idx;

g.isnetinit = 0;

g.sock = 0;

/1 Initialise all net conns

for (idx = 0; idx < MAXNET_CONNS; idx++) f
g.net_conns[idx].sock = 1;
g.net_conns[idx].state = NET_CONN_FREE;

[¢]

g.isnetinit = 1;

/1 Set up MAC & IP addresses and intialise Ethernet HW Table
xilnet_eth_init_hw_addr ( "00:00:00:00:22:38" );
xilnet_eth_init_hw_addr_tbl ();

xilnet_ip_init ( ENETAADDR );

/1 Initialize MAC Baseaddress, set MAC address and enable it
xilnet_mac_init ( XPARMYETHERBASEADDR );
XEmac_-mSetMacAddress( XPARMYETHER_BASEADDR, mb_hw_addr );
XEmac_mEnable( XPARMYETHERBASEADDR );

/'l Create, Bind, Listen on Server Socket

g.sock = xilsock_socket ( AF _LINET , SOCK.STREAM, 0 );

if (g.sock == 1) f
xil_printf("socket()_error.nrnn");

return O0;

g.addr.sin_family = AF _INET ;
g.addr.sin_addr .s_addr = INADDRANY;
g.addr.sin_port = SERVER_PORT;

err = xilsock_-bind ( g.sock, (struct sockaddr )& (g.addr), sizeof(struct

if (err == 1) f
xil_printf("bind()_-error.nrnn");
return O0;

*]

err = xilsock_listen( g.sock , 4 );

if (err == 1) f
xil_printf("listen()—error_nrnn");
return O;

[¢]

return 1;

close /

sockaddr) );
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107 int enet_close ( void ) f

108 xil_printf("warning_-:_enet_close()-not_implemented__nrnn");
109 return 1;

110 g

111

12/

113 accept Accept new connections /

114 int enet_accept ( void ) f
115

116 int alen =
117 int rtn =
118

119 alen = sizeof(struct sockaddr);

120 rtn = xilsock_accept ( g.sock, (struct sockaddr )& (g.addr), & alen )
121

122 if ( xilsock_status_flag & XILSOCKNEW _CONN ) f

123 xil_printf( "New_Connection_nrnn" );
124 enet_add_conn( rtn );

125 g

126

127 return 1;

128 g

129

130 /

131 Add a net connection /

132 int enet_add_conn( int sock ) f

133

134 int idx;

135

136 for ( idx = 0; idx < MAXNET_CONNS; idx++ ) f
137 if ( g.net_conns[idx].state == NET-CONN_FREE )
138 break ;

139 g

140 if ( idx <= MAXNET_CONNS) f

141 g.net_conns[idx].sock = sock;

142 g.net_conns[idx].state = NET_GET;
143 return idx;

144 g

145 xil_printf("no_free_conns_nrnn");

146 return 1,

147 g

148

149 /

150 Process a Net Connection /

151 void enet_proc-req ( int cidx ) f

152

153 unsigned char sndptr = (unsigned char ) n

154 (sendbuf+LINK HDR_LEN+IP _HDR _LEN 4+ (TCPHDRLEN 4));
155 unsigned char buf = xilsock_sockets|[ g.net_conns[cidx].sock ].recvbuf.buf;
156

157 if ( !'buf)

158 return ;

159

160 if ( xilsock_status_flag & XILSOCK_TCPDATA ) f
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161 XromLCDPrintString( strtok (buf,"nn"),"" );

162 enet_parse_buf( buf );

163 memset ( sendbuf, 0, LINKLFRAMELEN );

164 memcpy ( sndptr, buf, strlen(buf) );

165 xilsock_send ( g.net_conns[cidx ].sock , sendbuf, strlen(sndptr)+1 );
166 g

167

168 /'l reset buf ptrs of sockets

169 if ( g.net_conns[cidx].sock != 1) f

170 xilsock _sockets|[ g.net_conns[cidx].sock ].recvbuf.buf = NULL;
171 xilsock_sockets|[ g.net_conns[cidx].sock ].recvbuf.size = O0;
172 g

173 g

174

175/

176 Free a net connection /

177 void enet_free_conn ( int idx ) f

178

179 xil_printf("Free_Connection_%d _nrnn" , idx);
180 xilsock_close( g.net_conns[ idx ].sock );
181 g.net_conns[idx].sock = 1;

182 g.net_conns[idx].state = NET_CONN_FREE;

183 g

184

185 /

186 Process all net connections /

187 void enet_proc_conns( void ) f

188

189 int idx;

190 for (idx = 0; idx < MAXNET_CONNS; idx++)f
191 enet_proc-req( idx );

192 g

193 g

194

195 /

196 enet_parse_buf

197 parse, process, and then execute
198 commands sent by client /

199 void enet_parse_buf ( char buf )f

200

201 int idx = 0;

202 char tok_array [10];

203

204 /1 parse no more than 10 tokens

205 tok_array [0] = strtok ( buf, " ,");

206 xil_printf("Token_0_=_"%s'_nrnn" , tok_array [0] );
207

208 for ( idx = 1; idx < 10; idx++ )f

209 tok_array [idx] = strtok ( O, ",");

210 if ( tok_array[idx] == 0 )f

211 break ;

212 g

213 xil_printf("Token%d_=_%s_nrnn" , idx, tok-array[idx] );

214 g



215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231

I

/1 parse commands

"chirp2

if ( !'strcmp( tok_array[O0],

Xuint32 delay =

Xuint32 high
Xuint32 low

xil_printf (

"chirp2'%d'0x%08X '0x%08X;nrnn" ,

strtoul (
strtoul (

strtoul (

chirp2_set_delay ( delay

"chirp2"

tok_array [1],
tok-array [2],
tok_array [3],

)

chirp2_set_pattern( high,

chirp2_enable ();

return;

low );

) Of

,delay , high,low;

0,
0,
0,

0);
0);
0);

delay ,

high |

low );
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App endix F

MA TLAB Source Code

MA TLAB : pschirpWB.m Sourcecode for simulations in section2.3

1 function chirp = pschirpWB ( encoding )
2 9% 11/29/2006

3 %

4 % creates a phase shifted chirp

5 % the encoding is an array of finger
6 % polarties. 0 = even, 1 = odd phase
7 % 2 = no signal

8

9 f = 915e6; % frequency = 915 MHz
10 w= 2 pi f; % rad/second

11 = 1/ f; % period

12

13 len = size(encoding,2);

14

15 t = 0:(p/100):p;

16

17 even = sin(w t);

18 odd = even;

19 chirp = [0];

20

21 % model input pulse

22 for i = 1:len

23 if encoding(i) == 0

24 chirp = [chirp odd];

25 elseif encoding (i) == 1

26 chirp = [chirp even];

27 else

28 chirp = [chirp zeros(size(even))];
29 end

30 end

257
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MA TLAB : nb.m Sourcecode for simulations in section2.3

1 % This code simulates narrow band

2 % barker codes for SAW correlators.

3

A Y.
5 % n 5 barker code simulation

6

7 % 11101 receive code, narrow band

8 ea = [2101112];

9 rx = pschirpWB ( ea );

10

11 % 10111 transmit output code, narrow band
12 ea = [ 211101 2];

13  tx = pschirpWB( ea );

14

15 % narrow band input idt

16 ec = [2 1 2];

17 inidt = pschirpWB( ec );

18

19 figure

20 t1 = conv( tx,conv(rx,inidt));

21 plot ( t1 )

22

23 b
24 % example narrow band device on mask3.v3
25

26 % 1111110111 receive code, narrow band

27 ea = [2 1111110111 2];

28 rx = pschirpWB( ea );

29

30 % 1011111111 transmit output code, narrow band
31 ea = [2 1110111111 2];

32 tx = pschirpWB( ea );

33

34 % narrow band input idt

35 ec = [2 1 2];

36 inidt = pschirpWB( ec );

37

38 figure

39 t2 = conv( tx,conv(rx,inidt));

40 plot ( t2 )
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MA TLAB : wb.m Sourcecode for simulations in section2.3

© © N O O~ W N P
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% This code simulates wide band and wide band

% barker codes for SAW correlators.

% n 5 barker code simulation with 2 cycle codes

10 = zeros(1,2);
11 = ones(1,2);

ss = 2 ones(1,2);

% 10111 code wide band
ea = [ 2 11 ss 10 ss 11 ss I1 ss 11 2];
rx = pschirpWB( ea );

% 11101 code wide band
ea = [ 2 11 ss I1 ss I1 ss |10 ss I1 2];
tx = pschirpWB( ea );

% narrow band input idt
ec = [2 11 2];
inidt = pschirpWB( ec );

figure
tl = conv( tx,conv(rx,inidt));
plot ( t1 )

% example wide band device on mask3.v3

10 = zeros(1,5);
11 = ones(1,5);
ss = 2 ones(1,5);

% 11101 code wide band
ea = [ 2 11 ss |10 ss I1 ss I1 ss I1 2];
rx = pschirpWB ( ea );

% 11101 code wide band
ea = [ 2 11 ss I1 ss I1 ss 10 ss 11 2];
tx = pschirpWB( ea );

% narrow band input idt
ec = [2 11 2];
inidt = pschirpWB( ec );

figure
t2 = conv( tx,conv(rx,inidt));
plot ( t2 )
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MA TLAB : dual.m Sourcecode for simulations in section2.3

% This code simulates the dual reflector

% narrow band SAW correlator transponder

v = 3992; % surface velocity (m/s)

280e 6; % distance to reflector 1

© N O AN W N R
P
u

r2 = 810e 6; % distance to reflector 2
dl = rl/v; % delay (s) to reflector 1
d2 = r2/v; % delay (s) to reflector 2

10 f = 323e6; % frequency = 323 MHz

11 w = 2 pi f; % rad/second

12 p = 1/ f; % period

13 t = 0:(p/100):400e 9; % 0 to 400ns

14

15 % + and patterns, 5 in cycles in length

16 10 = zeros(1,5);

17 11 = ones(1,5);

18

19 % 11101 code narrow band

20 ea = [ 2 11 10 I1 11 11 2 7;

21 rx = pschirpWB( ea );

22

23 % 11101 code wide band

24 ea = [ 2 11 11 11 10 11 2 J;

25 tx = pschirpWB( ea );

26

27 % narrow band input idt

28 ec = [2 I1 2];

29 inidt = pschirpWB( ec );

30

31 %

32 % signal from inidt to tx

33 s = conv( tx,conv(rx,inidt));

34

35 % amount of time to add to first reflector delay

36 add = (d1 p 3) 100/ p;

37 sl = [zeros(1l,floor(add)), s];

38

39 % amount of time to add to second reflector delay

40 add = (d2 p 3) 100/ p;

41 s2 = [zeros(1l,floor(add)), s];

42

43 sl = [sl1, zeros(1,(size(s2,2) size(sl1,2)))];

44 st = (sl + s2);%/ (2 max(sl));

45

46 % plot of one way signal path

47 figure

48 plot ( t(1l:size(st,2)), st )

49

50 %

51 % signal form tx to inidt

52 s = conv ( inidt ,conv(rx,rx) );



53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

% amount of time to add

add =

sl = [zeros(1,floor (add)), s

(d1 p 3) 100/ p;

% amount of time to add

add =

s2 = [zeros(1l,floor(add)), s

(d2 p 3) 100/ p;

% conbine signals

sl = [sl, zeros(1l,(size
(sl + s2 + st)/ (2 max(st));

st2 =

len =

st2(1:

figure

plot (

size(rx ,2);
len) = st2(1l:len)

t(1l:size(st,2)),

to first reflector delay

to second reflector

(s2,2)

+ rx;

st2 )

size(sl1,2)))1];

delay
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