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Abstract

This thesis covers ongoing work into the design, fabrication, implementation, and
characterizationof novel passive transpondersthat allow rangemeasurements at short
rangeand at high update rates. Multiple RADAR measurement stations usephase-
encoded chirps to selectively track individual transpondersby triangulation of range
and/or angle measurements. Nanofabrication processesare utilized to fabricate the
passive surfaceacoustic wave transpondersused in this thesis. Thesetransponders
have advantagesover existing solutionswith their small size(mm � mm), zero-power,
high-accuracy, and kilohertz update rates. Commercial applications such as human
machine interfaces,virtual training environments, security, inventory control, com-
puter gaming, and biomedical research exist.

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

ThesisSupervisor: 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 researchersandcompanies

have sited tracking of peoplewith special needs,prisoners,or workers in hazardous

situations as useful applications of localization[10]. What this project proposesis

the useof SurfaceAcoustic Wave (SAW) devicesengineeredin a particular fashionto

function astranspondersfor a distributed radar tracking network. The radar network

would track the location of the SAW transponders in 3-d with an update rate on

the order of 10kH z with 10cm accuracy. Improvements over theseestimations are

conceivable in an optimized implementation. A patent application covering the work

in this thesis was �led on March 7th , 2006 under the title \Real-time ranging and

anglemeasurements using Radar and SurfaceAcoustic Wave Transponders."

This thesiscoversall of the work completedto date on this project. While ranging

resultshavenot yet beenobtained,a lot of important progressandexperiencehasbeen

garnered.About two to four months of work remainsbeforeinitial results are ready.

The approach takenfor the overall systemis covered. The transponderdesignprogress

that hasbeenmadeto date is given aswell as future plans for investigation. Micro{

23
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fabrication of the devicesis extensively covered, however processesfor 1:1�m line{

widths have not yet beenattained (we are only two to three weeksfrom fabrication

of working 1:1�m devices).The development of a measurement station is underway.

The FPGA programs, �rm ware, and approach are described in detail. Analog RF

circuits have beenconstructed, and recent 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, extensively simulated, and built; the details of this ampli�er have been

left{out becausethe designis being debugged.

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

radar measurement station.

A SAW transponder re
ects a short pulseof received RF energyback to the mea-

surement station as a phase-encoded pattern of data. An arrangement of correlators

and impedance{modulated re
ectors on the surfaceof the SAW transponder return

encoded data patterns back to the antenna for retransmissionto the measurement

station. Several published techniques for selection, identi�cation, and encoding of

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

SAW deviceswere originally developed in the 1960's[5, 14, 15]. Their function is

basedon the principle of generatingsurfaceacousticwavesin a piezoelectricsubstrate.

SAW devicesare extensively usedas passive narrow-band-pass�lters in commercial

communications equipment such as cellular telephones. Innovation continues 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 such as air-

craft, weather patterns, and cars. Active transpondersassistradar identi�cation by

responding with an encoded signature. This allows the radar to determine exactly

what object is being tracked. Transpondersare usedin almost all airplanesto aid air

tra�c controllers in identi�cation [18, 19].

Figure 1-1: Notational diagram of three measurement stations tracking a singleSAW
transponder.

Each radar measurement station will measuretime-of-
igh t and/or angleof arrival

of the signal returned by the SAW transponder, �gure 1-1. Simple triangulation

calculationsare performedon the data from three or more measurement stations to

localize a tag. Only one measurement from all of the measurement stations, either

time-of-
igh t or angle-of-arrival, is necessaryto localize. However, using more than

the minimum necessarysignals will improve accuracy. For the simpli�ed system

described in this work, the location of the measurement stations must be �xed and

known by the algorithm.

Figure 1-2showsa simpli�ed saw tag with phaseencoding usedto illustrate the ap-

proach we intend to take. The inter{digital transducers(IDTs) convert the electrical
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Figure 1-2: Hypothetical SAW transponderto illustrate the approach takenfor identi-
�cation and commonmoderejection. The IDTs areshown with phase{shift encoding.

energyinto a surfacewave (details will be covered in chapter 2). A SAW transpon-

der must be selective to a particular signal, thus the phaseencoding. To enhance

signal{to{noise and reducebackground radar clutter, a built{in delay between the

received signal and retransmitted signal must be implemented. A mechanism must

also be provided to compensatefor e�ects of temperature on the surfacevelocity of

the SAW device. In this examplethree di�erent IDTs implement the phaseencoding.

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 receive and

transmit codes.

The distancebetweenthe IDTs builds in a delay betweenwhen the radar signal

is received and retransmitted. In this case,IDT 1 has beendesignedto be selected

by the radar chirp from the measurement 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 propagationspeedis the same,the time

betweenthem may be usedto take out commonmode surfacevelocity variations.
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Figure 1-3: Illustrates the signal 
o w 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 accounted 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 measurement station 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 received code.

IDTs 2 & 3 do not correlateand launch only a small surfacewave. When the surface

wave launched by IDT 1 reachesIDT 2 & 3 the transpondedsignal is transmitted as

a convolution of the surfacewave and the phaseencoded IDTs. This waveform is rep-

resented below their respective IDTs. In this casethe samewaveform is transmitted
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by both IDTs, but they may have di�erent encodings if desired.

Figure 1-4: Macro illustration of signalsreceivedby measurements stationsat di�erent
locations (not to scaleeither in time or magnitude).

The transmitted and transponded signalsmay be received by multiple measure-

ment stations. Each additional measurement station would relay the station's posi-

tion and the time measuredfrom the interrogation chirp to the received signalsto the

primary measurement station. Figure 1-4 shows the temporal waveforms from two

measurement stations. The primary measurement station in this exampleis further

away from the transponder than the secondarymeasurement station.

Figure 1-5: Digitization schemefor enhancedlow{cost identi�cation and timing. Each
digital channel,a or b, represents the thresholdedreceive signalat a particular cuto�.
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Figure 1-6: Time measurement to peak of the correlatedsignal.

The approach takento accuratelymeasurethe time delay is illustrated with �gures

1-5 & 1-6. The waveform will be measuredby clipping and digitizing the received

signal at high{speed. The digitized waveform will be captured using the multi{

gigabit{receiver (covered in section4.6). In this example,onedigitization channel is

usedto capture data at two times, represented by (a.) and (b.) in �gure 1-5. The

digitized waveformsare then auto{correlated to the expectedwaveform ascalculated

using a SAW transponder model[20]. The correlated output waveform may look

like the one presented in �gure 1-6. The correlated waveform will have a peak and

that time displacement measurement will be used to derive the time{of{�gh t for

triangulation. Pseudo-randomtransponder codeswill be selectedfor auto{correlated

signals that have signi�cant correlated peaksto allow for improved signal{to{noise

performance. The time measurements from the di�erent digitized channelswill be

approximated into one measurement by averaging the results. Of course,what is

achievable in practice depends on many factors, someof which are the signal{to{

noiseratio of the sampling circuitry, operating environment, multipath e�ects, and

interferenceof other tags.
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1.1 Analysis

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

The following is a simple analysisof the requirements and expectedperformance

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

rangeof 100m, the round trip time for a pulse is 2 � 100m 1
c = 670ns, wherec is the

speedof light. To allow for background 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 1�s beforethe SAW transpondersreturn the signal. Thus the total

delay betweenthe time the radar chirp is transmitted and the return signal is received

must be at least 1:3�s . A 32{bit code at 2:4GH z will take 13ns and consideringthe

returned signal is a 64{bit convolved waveform, the total time for both is only 40ns.

Using three measurement stations with one transmitting and two listening, a single

update can take placein 1:4�s , or at a rate of 700kH z. This is a very impressive 3-d

localization rate in terms of available technology. Resolution improvements 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{locked multi{gigabit{transceiv ers (explained in section4.6) channelswill

be used to double the sampling rate, thus satisfying Nyquist to achieve 2:4GH z
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overall. A very stableclock with 100ppmstabilit y over half an hour drivesthe receiver,

which hasno signi�cant e�ect on rangemeasurements. The peak{to{p eakclock jitter

is 20ps, which results in an error of 3mm. Given the 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:

2c
1
f

= 2 � 3:8� 108 1
2:4� 109 = 6:25cm (1.1)

Temperature e�ects on the surfacewave velocity of the transponder is a concern.

The propertiesof LiN bO3, including temperature dependent 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 3992m=s and temperature coe�cien t

of 75ppm=� . E�ect due to temperature changesmay be compensatedfor through

measurement and calibration.

To analyze the performanceimprovement with temperature measurement com-

pensation consider the dual re
ector con�guration. The amount of error for the

uncompensateddesign,euncomp , will be calculated �rst as a comparisonfor the com-

pensatederror, ecomp. For the 100m maximum range, a delay of d1 = 670ns will

be required (Refer to �gure 1-7). As a starting point, a d2 = 100ns delay between

the temperature measurement dual re
ectors will be chosen. Assuming a tempera-

ture discrepancybetweenthe measurement station and the SAW transponder to be

terror = 10� (a very conservative estimate), the approximate error in the distance

measurement would then be;

dv = vsubterror tcoe�

= 3992
m
s

� 10� � 75
ppm

�

= 3
m
s

(1.2)
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Wherevsub is the substratesurfacevelocity of 128� LiN bO3, and tcoe� is the associated

temperature coe�cien t[5]. With a surfacelength betweenthe input IDT and the �rst

re
ector of
l = vsub � d1

= 3992m=s� 670ns

= 2:7mm

(1.3)

lending to a distancemeasurement error of approximately;

euncomp = c �
�
d1 �

�
l

vsub � dv

� �

= 3� 108 �
�
670ns �

�
2:7mm

3992m=s� 3m=s

� �

= 151mm

(1.4)

An error of 151mm is decent, and probably much worse than what would be

expected under normal conditions. However, such an error would be a signi�cant

degradationof achievableperformance.As brie
y discussedat the beginningof chap-

ter 1, a multi{re
ector scheme will be used to determine the temperature of the

SAW transponder. Several schemesfor using SAW transponders to measuretem-

perature and or compensatefor temperature have beendeveloped and implemented

by others[21, 22]. By using temperature compensationmethods much better results

shouldbeattainable. SAW transpondershavebeendemonstratedto measuretemper-

ature with a resolution of 0:02� [21]. With such precisetemperature measurements

the error due to temperature may be reducedthrough compensationto;

dv = vsubterror tcoe�

= 3992
m
s

� 0:02� � 75
ppm

�

= 6
mm

s

(1.5)
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lending to a distancemeasurement error of approximately;

ecomp = c �
�
d1 �

�
l

vsub � dv

� �

= 3� 108 �
�
670ns �

�
2:7mm

3992m=s� 6mm=s

��

= 0:3mm

(1.6)

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

ignored for the application and designdiscussedin this thesis.

Given we are using a low{cost FPGA to digitize the received signal, measuring

temperature will be a problem. By utilizing the fast oscilloscope we will be able to

measurethe temperatureaccuratelyenoughto prove the concept. Later morecapable

receiver electronicswill be designedto createa cost{e�ectiv e independent solution.

Another issuewith systemutilizing RF for tracking is the degradationand spoof-

ing due to multipath[18]. The 2:4GH z carrier frequencyis susceptibleto multi-path

in environments where the transponder does not have line{of{sight to all the mea-

surement stations. The problemof accuratelocalization becomesoneof observabilit y,

which is out of the scopeof this thesis. There several approachesthat would help with

mitigating e�ects of multipath such aspositioning or adding measurement stations or

implementation of Kalman �ltering or estimation techniques[23, 24,25, 26,27,28, 29].

By using the samecorrelation techniquesexplainedat the beginning of this chapter

and in section 2.3, multiple echos due to multipath can be detected and corrected

for[19]. Continuing work after the basicgoalsof this project are met will include im-

plementation and research into algorithms that exploit systemstate and constraints

to mitigate the e�ects of multipath.
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1.2 Motiv ation

Probably the most lucrative application for a passive localization system is asset,

people, and/or animal tracking. The abilit y to locate products and possessionsin

real{time and 3-d will improve security and retrieval of items with signi�cant im-

provements over existing technologies,such as RFID.

Encoding human body motion is an exampleof a dynamic application which il-

lustrates the utilit y of 3-d tracking[30]. Traditionally body motion hasbeenrecorded

with vision instrumented rooms[31], inertial measurement units (IMU)[32], or ul-

trasonic sensors[33]. A personwearing chip-sized SAW transponderssewn into the

wrists, ankles,and joints of their clothing would have their body motion tracked in

real-time. Such encoding could be usedfor a variety of human computer interfaces.

Two of the many applications which this system is uniquely suited for include al-

lowing unhinderednatural motion in a virtual reality environment, training a robot

through intuitiv e movements, or interactive computer games.

Becauseof their small size, low-cost, and the abilit y to usenumeroustags, SAW

transpondersare well suited for disposableapplications such as tracking animals, for

research, or domestic control. An additional bene�t of SAW transponders is that

they do not requiring external power and their useful life is virtually unlimited and

maintenancefree.
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1.3 Related Work

Existing technologiesare inadequatefor the applicationsa SAW localization systemis

suited for. Ultrasonic transpondersarebulky, requirea power source,andhave limited

line-of-sight and aresusceptibleto environmental interference.IMUs arebulky, costly,

require a power source,and are limited by drift, bandwidth, and accuracy. A vision-

basedtracking systemrequiresa carefully controlled environment to ensureline-of-

sight and su�cien t contrast between the obtrusive visual markers and background

objects. Di�eren tial GPS systemsare bulky, costly, mainly limited to outdoors, and

have marginal update rates[34]. The key advantagesof SAW basedtranspondersis

an unintrusive, robust, and low-cost tracking systemwith high update rates that can

be deployed with thousandof tags. The applicationsof localizing SAW transponders

is broad and poorly met by existing solutions.

Many commercial indoor location and tracking systemshave been implemented

or are in development. Chipcon has developed a hardware core that usessignal

strength and bit{error{rate to estimate the relative location of transceivers [35, 34].

A systemof using small active tags was developed by Carios for the useof tracking

objects at high{speed,such as soccerballs. An assettracking systemwas developed

by Ubisenseutilizing ultra{wide{band technology[36]. All of thesesystemshave one

thing in common, bulky active tags, a major disadvantage in comparison to the

passive SAW transponders.

Meaningful quantitativ e comparisonsbetweenthe mentioned technologiesis di�-

cult asthere are many application speci�c trade-o�s which a�ect performance.A few

of the inherent trade-o�s arebetweenaccuracy, power, cost,update rate, and e�ective

range. For simplicity, many assumptionswere madewhile compiling the data shown

in �gure 1.1[31]. The best performanceas stated from the vendor's documentation

sheet was assumed. Minimal external interferenceunder the best conditions were
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uT ags Di�eren tial GPS Vision Ultrasonic Radar

Tag Size 1x1 cm 16x9x17cm 4x4 cm 5x5x5 cm NA
Tag W eigh t < 2g 1:4kg < 1g � 100g NA

Cost/T ag � $1:00 $1k{ $10k $0:30 � $100:00 NA
Reader Cost � $5k NA � $10k NA � $2k+

Resolution < 10cm < 5cm(xy); < 10cm(z) < 2cm < 1c; � meters
Sample Rate 1{100kH z 1{20H z 30{60H z � 120H z � 1H z

Power/T ag 0 5W 0 200mW 0
Range 1{100m NA 1{10m 1{10m miles

ID Yes Yes no Yes Yes
In/Out Do ors In/Out In/Out In In/Out Out

Chip con Carios Ubisense

Tag Size varies 2x2x0.5 cm 5.8x9.2x1cm
Tag W eigh t varies 5g est. 45g

Cost/T ag unknown 57 EUR 50 EUR
Reader Cost unknown 200k EUR 15k EUR

Resolution 1 � 2m 1 � 2cm 20cm
Sample Rate var ies 100kH z 39H z

Power/T ag 100mW 70mW {175mW unknown
Range 70m 300m 50m

ID Yes Yes Yes
In/Out Do ors In/Out In/Out In/Out

Table1.1: 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 comprehensive comparisonis out of the scope of this thesis,however table

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

technologiesdo not �ll.

Design and fabrication of SAW �lters and correlators has been extensively re-

searched. The usesof SAW devicesis expanding in the area of chemical sensing,

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

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

fringent properties of LiN bO3[39]. Shortly after this project was started companies

producing SAW devicesfor RFID application started to appear[17,40]. The market
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for utilizing SAW RFID technology is relatively untapped, probably for several rea-

son including the amount investedin other RFID technologies,recent developments

in SAW designs,and the prior di�cult y in manufacturing and reading SAW devices

in comparisonto other technologies. A search 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 concept of SAW functionality, the approach taken to

model thesedevicesfor this project, and an explanation of the devicedesignsimple-

mented on masks1 through 3. The approach 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 each iteration. Using real test data at each step will verify our in-

creasinglysophisticatedmodelsand designs,aswell asprogressively build experience

with fabrication, electronics,and design. Existing methods for encoding data into

the SAW transponderswill alsobe experimented with, but are not the primary focus

of this project.

Acoustic surfacewavesarea physical, asopposedto electromagnetic,compression

disturbancemoving alongthe surfaceof a substrate. Visualizing waveson the surface

of a SAW deviceasripples on a pond canbe helpful with understandingthe transient

operation of thesedevices.Surfacewavescanbe initiated in many ways dependingon

the substrate. The SAW devicesin this project consistsof a piezoelectric substrate

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

39
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metal on surfaceof the piezoelectric substrate, the electric �eld causesa physical

disturbance. A cyclical electrical �eld causesripples to be generated.To magnify the

response,many input featuresare actuated in resonancefor constructive interference

of the waves[5].

The SAW transponders in this project consistsof a piezoelectric substrate pat-

terned with a thin �lm of aluminum. Any type of conductive metal can be used

to make the IDT, however there is a trade{o� between adhesion, resistance,and

weight. Somemetals have poor adhesionto LiN bO3. Even though they are very

thin (� 200nm), the weight of the metal �ngers causessignal attenuation and re
ec-

tions. Aluminum was chosenfor reasonableadhesionto LiN bO3, low mass,and low

resistivity.

Figure 2-1: Simpli�ed diagram of basicSAW transponder functional components[1].

A notational diagram of the patterning usedfor a simpli�ed SAW transponder is

shown 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 change incident electrical energy from the bond{pads into a

surfaceacousticwave on the piezoelectric substrate. This wave travelsalongat a slow

velocity (in comparisonto RF) until re
ecting o� discontinuities on the path of travel

such as metallic strips of re
ectors. The re
ected signalsreturn to the IDT and are

retransmitted via the antenna to the base-station.The gapbetweenthe IDT and the
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�rst re
ector builds in a delay between the incident RF burst to the �rst re
ector,

which allows multi-path clutter to diminish beforea rebroadcast,ensuring the base

station receivesa clear signal from the SAW transponder [13, 5, 14].

Anytime the surfacewave encounters a discontinuity, three things may happen.

Someof the energyin the wave may be re
ected, continue 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

an incident 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 aspart 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 resonant, SAW patterns are also designedto resonate

to a speci�c sequenceof patterns, as in the caseof SAW correlators[5,14].

Figure 2-2: Saw correlatorwith correspondingcodeandoutput pulsewaveform. \time
/ position" is the waveform over time at a singlepoint betweenIDTs, or the waveform
over position betweenIDTs at a particular time.

The designof phase{shift SAW correlators involves alternating the arrangement

of the IDT �nger pairs. Figure 2-2 shows a SAW correlator IDT with the respective

matching waveform. As the waveform enters the IDT, at each cycle each �nger
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pair starts a wave of a certain polarity. Thesewavesconstructively or destructively

interact. With the proper input waveform, the total sum of the waves interfering

with each 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 2-2 illustrates

how the input waveform matches to the IDT's �nger pair polarity. In this example

the correlated sequenceis a Barker code which results in a pulse surfacewave with

side lobesof unity magnitude[14,5]. Designand simulation of SAW correlators will

be covered in 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 bO3.

Lithium niobate was chosenfor several reasons. The high coupling{coe�cien t, or

the amount of electrical energy transfered to the surfacewave, of LiN bO3 is much

better than many other suitable materials[5, 2]. LiN bO3 also has a relatively high

characteristic surfacewave velocity. Fastersurfacevelocities enableshigher frequency

devicesto have larger metal patterns, making fabrication easier.

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

The crystalline structuresof LiN bO3, constrainsthe surfacewavesto movealonga

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

to the surfaceof the wafer changesthe propertiesof 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 has the

best coupling coe�cien t (K 2 = 5:3%) and surfacevelocity (3992m=s) with a decent

temperature degradationcoe�cien t (75ppm=� ). All of the devicesdiscussedin 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 bO3 SAW deviceshas

been well characterized[5]. Changesin temperature causea shift in the band{pass

SAW center frequenciesof a SAW �lter[14, 5]. Most implementations appear to

safelyignore temperature e�ects. In caseswherethe surfacevelocity is critical, some

designsusea heater to control temperature[14]. Sometransducersexploit the tem-

perature dependenceof lithium niobate to measuretemperature[21]. 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 stimulus is very complicated. Higher

order �nger re
ections are usually modeled using �nite{element{analysis (FEA) or
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boundary{element{analysis (BEA). Several methods of modeling �nger pairs in FEA

or BEA exist, such the P-Matrix, S-Matrix, coupling{of{modes (COM) modeling

methods[5]. FEA and BEA are both computational intensive, time consuming,and

not particularly intuitiv e. Intuition into the operation of SAW devicesis essential

for understanding the e�ects of design choices. The design of more complicated

implementations lead to longer simulations, making visualizing SAW responseseven

more important.

A simple method of simulation was explored to quickly obtain someexperience

with the macro characteristicsof SAW behavior. The approach taken estimatesthe

loss in 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.

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

A simple exampleillustrating simpli�ed modeling is shown in �gures 2-6. This is

the simulated impulse responsethrough a SAW �lter as designedand implemented

on mask 1, which is shown in �gure 2-5. The surfacewave responseis modeledby a

sine wave in which each �nger pair corresponds to one cycle. The magnitude of the

surfacewave, at any given point betweenthe two IDTs, decreaseswith time because

of re
ection causedby the input IDT �ngers. Another way to visualize this is that

at the moment the impulse couplesinto the IDT there is a surfacewave generated
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Electrical output at second IDT

Figure 2-6: MATLAB � simulation of the normalizedimpulse responseof a 323M H z
SAW band{pass�lter shown if �gure 2-5.

that spansthe IDT with no attenuation of signal. This surfacewave travelsout from

each IDT �nger pair in both directions, and anytime an individual cycle encounters

a �nger someof the energy is 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 geometryof the input and output

IDTs, the electrical signal at the output can be estimated as shown to the right in

�gure 2-6. The code usedto generatethis simulation is given in MATLAB � appendix

F.

An oscilloscope trace from the actual devicecorresponding to this simulation is

shown in �gure 2-7. The test setup and data collection proceduresare detailed in

section4.4. The �rst 25cyclescorrespond very closelyto the simulation, becauseonly

�rst order e�ects of �nger re
ections aredominant. 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

continue to bounceback and forth betweenthe two IDTs, and internal IDT �ngers,

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

1 % Si m p l e s i m u l a t i o n o f t h e i m p u l s e
2 % o f a r e s p o n s e 5 0 f i n g e r s , o r 2 5
3 % f i n g e r p a i r s , saw f i l t e r
4
5 f = 3 2 3 e6 ; % f r e q u e n c y = 3 2 3 M Hz
6 w = 2 � p i � f ; % om ega
7 p = 1 / f ; % p e r i o d
8 f i n g e r P s = 2 5 % n u m ber o f f i n g e r p a i r s
9

10 % t i m e s t e p i s 1 0 0 p s
11 t = 0 : 1 0 0 e � 12 : f i n g e r P s � p ;
12
13 % m o d el i n p u t p u l s e
14 i n p = ( 1 � t � f / 4 0 ) . � s i n ( w � t ) ;
15
16 % n o r m a l i z e
17 i n p = i n p . / m ax ( i n p ) ;
18
19 % m o d el o u t p u t p u l s e
20 o u t p = c o n v ( i n p , i n p ) ;
21
22 % n o r m a l i z e
23 o u t p = o u t p . / m ax ( m ax ( o u t p ) , � m i n ( o u t p ) ) ;

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

account multiple �nger re
ections.
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Figure 2-7: Result of an impulsethrough device0x2C9asrecordedon an oscilloscope.
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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 mask1 designswasprimary speci�cation. The complete

frequencyresponsehasbeenignored for simplicity.

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

Figure 2-8 summarizesthe basicparametersfor the deviceson mask1. The �nger

pitch alongwith the characteristic surfacevelocity determinesthe resonant frequency

of the IDT.
f =

v
�

=
v

2 � p

(2.1)

wherev is the characteristic surfacewave velocity, � is the surfacewave{length, and

f is the center frequency[5].

For the deviceswith 3�m line{widths, and a pitch of 6�m on a 128� {RY crys-

tal cut with a surfacevelocity of 3992m=s, the center frequency is 332M H z. This

di�ers from the measuredcenter frequencyresponseof 323M H z, which may be due

to secondarye�ects such aselectromagneticfeedthrough,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 doneover ten yearsago). More

investigation into the discrepancyis underway.

Apodization, or the amount 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{band response. The simple �lter deviceson mask 1 had constant

apodization.

The number of �nger pairs and length of the apodization determinesthe input

capacitanceof the IDT. Capacitanceper unit length is a fundamental property of

the particular substrate and crystal cut used. For 128� {RY cut lithium niobate, the

capacitanceper �nger pair per unit length is 5pF=cm=�nger{p air. Therefore:

Ct = cf � 100(cm=m) � ap � f p (2.2)

Where Ct is the total IDT capacitance,cf is the fundamental capacitanceper �nger

pair per unit length, ap is the apodization in meters,and f p is the number of �nger

pairs. For device0x2C9 detailedin section5.1,ap = 200�m , cf = 5pF=cm=pairs, and

f p = 25 resulting in a Ct of 2:39pF, which is closeto the measuredinput capacitance

of 2:13pF.

The bond padswere madelarge enoughfor easywire{bonding. 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 signal is not attenuated substantially due to their internal resistance.An

absorption block, see�gure 2-5, stopsunwanted signalsfrom re
ecting back towards

the IDT. The 200�m width chosenwas arbitrary for this design. Future designswill

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

Three di�erent re
ectors for encoding of the return signaturewere tried on mask

1, shown in �gure 2-9. The \op en" re
ector had the largest return responseof the
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Figure 2-9: The three typesof SAW re
ectors were implemented on mask1.

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 equipment and because

fabricating the 915M H z devicesbecamethe priorit y.

SAW correlators are extensively used in SAW �lter and communications appli-

cations [11, 12, 13, 5]. Implementation of SAW correlators for encoding was one of

the goalsof mask 2 & 3. Several 915M H z narrow{band and wide{band correlator

designswere made, with three of them explained here. To keep this stage of the

project asuncomplicatedaspossible,secondarye�ects, such asre
ections, have been

ignored in the following examplesand corresponding simulations. Secondarye�ects

will needto be account for in future designs.The Matlab � scripts usedto generate

the simulation for the following are located in appending F.

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

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

continuouscode. To encode '0' or '1', the phaseof the �nger is reversedfrom one to
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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 peaked waveform at the output. Multiple �nger{pairs may be usedto implement

the encoding which increasesthe total amount of energyin the signalsand increases

signal peaking. A simpli�ed narrow{band SAW con�guration is shown in �gure 2-10

with a Barker code of length �v e encoding. The proper code received by the input

IDT will result in the signalshown in �gure 2-11at the output. Notice the continuous

nature of the output waveform.
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Figure 2-12: Narrow{band output correlator with code [1; 1; 1; 0; 1; 1; 1; 1; 1; 1] utiliz-
ing one�nger{pair encoding.

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

Figure 2-12 shows a designfor a narrow{band SAW correlator on mask 1. This

deviceshasa code that is di�erent from the Barker setsof codes,resulting in a unique

signature to the optimal interrogation code. The expectedoutput is shown in �gure

2-13.
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Figure 2-14: Wide{band output correlator illustration with n = 5 Barker code with
two �nger{pair encoding.

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 phaseencoded signal with a delay basedon the number of �ngers at the input.

When the set of delayed pulsesmatchesthe output code the output waveform peaks,

as shown in �gure 2-14.
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Figure 2-16: Wide{band output correlator.

Figure 2-17: Wide{band correlator responsefor devicefabricated on mask 3, shown
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 encoding. The output encoding is implemented in

the output IDT. A Barker code of length �v e wasused,which with the correct input

sequencegivesthe output waveform in �gure 2-17.
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Figure 2-18: Dual narrow{band transponderwith a Barker code of length �v e with a
�v e �nger encoding.

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

Measuringandcompensatingfor 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 implementation would

have all three IDTs connectedto the sameantenna. They were left disconnectedin

this designto allow independent testing of each port. Figure 2-19shows the expected

waveform whenthe correct code sequenceis 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.

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

Figure 2-19doesnot contain the e�ects of the initial input signalcoupling into the

output IDTs in the con�guration where all IDTs are connectedto the samesource

/ antenna. When the input IDTs and output IDTs are connectedto a common

antenna (typical for a self{contained transponder), the output IDTs also generate

a signal from the output to the input IDT. This signal combine 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 abilit y to use all three IDTs

as input and output transducers,to both increasethe returned power and enhance

encoding and temperature compensation.



Chapter 3

Micro{F abrication

Fabricating devices with feature sizes in the rage of micrometers to nanometers

requires specialized sciences,engineering, and a signi�cant degreeof art. High{

resolutionprocessingis carried out in a clean{room facility with a variety of chemical

processingand meteorologytools. The path generally taken to constructing nano{

structures ascreatedin this project starts with designand layout of artwork describ-

ing the desired features with a CAD tool. A scanning{electron{beam{lithography

(SEBL) tool then writes this CAD artwork into a photoresiston a wafer. The wafer

may be the �nal substrate or an optical mask used to duplicate the artwork onto

the desired substrate. The photoresist is then developed with a chemical solution

to remove areasof photoresist. The substrate now contains 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 photoresist is stripped

from the wafer leaving the desiredfeatures. When the devicesare completed, they

are cut up into small rectangles,mounted to packages,and electrical leadsare wire{

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

may be carried out with processesother than lithography, such as nanoimprint and

57
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atomic forcepatterning technologies,which usephysical meansto transfer a pattern

[42, 43].

There are many emergingmethods and applications of nanotechnology being de-

veloped on a variety of novel custom fabrication tools at MIT. The use of shared

experimental fabrication tools, asopposedto commercialproduction tools, madede-

veloping a processesmuch more di�cult. Many of the tools required a signi�cant

amount of experimentation to yield the desired results. Adding to existing chal-

lenges,someof the toolswould behave di�erently after other lab usersprocessedwith

them. Many factors and a array of processingvariables made fabricating working

devicesa daunting challenge. As with most research projects, costsvary widely and

are di�cult to project aheadof time without signi�cant experience.For this type of

work a typical budget runs between � 7000and � 8000USD per semester.This project

was my �rst exposureto micro{fabrication, and I have learnedan enormousamount

about the �eld. Topics in this chapter aim to explain all the challenging problems

and their solutions, as well as all the processdetails that went into fabricating these

devicesnecessaryto reproducethis work.

The devicesin this project were fabricated utilizing the resourcesof several MIT

micro{fabrication facilities. The NanostructuresLaboratory (NSL), directed by Pro-

fessorHenry Smith and ProfessorKarl Berggren,provided the high{resolution nano{

lithography tools necessaryto createdthe 915M H z and 2:4GH z transponders. The

Research Laboratory of Electronics (RLE) provided the shared scanning{electron{

beam{lithography facility (SEBL at RLE) to write the high{resolution lithography

masks.The MicrosystemsTechnologiesLaboratory (MTL) provided the Experimen-

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

Fabrication started in the EML becauseof the easeof accessand reducedcost

while meeting our initial resolution requirements. A wide variety of experimental
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micro{fabrication projects are supported by EML, wherethe research of over a hun-

dred students is underway. EML is an excellent laboratory to inexpensively develop

processesthat don't requirea high-degreeof cleanlinessand have featuresizesgreater

than � 2�m . 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 solvent and acid hoods, a resist coater,

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

NSL is a community of researchersand students who emphasizecollaboration and

mentoring, which wereinvaluableto the progressof this project. The Nanostructures

Laboratory is a cleaner cleanroom that provides the specialized lithography tools

neededto achieve1:1�m and300nm 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 assmall as300nm[42]. A plasmaasherand ellipsometerwere

alsoutilized in addition to all of the sametools usedin EML.

Deviceswith line{widths of 300nm were required for operation in the 2:4GH z

Instrumentation{Scienti�c{and{Medical (ISM1) frequencyband. As a starting point,

323M H z deviceswith 3�m line{widths weremade�rst for two reasons.Firstly, 3�m

was the minimum resolution reasonablyachievable using tools in EML. 3�m 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. Experiencedgleaned in learning the 3�m fabrication and testing processes

directly transfer to the more di�cult fabrication and testing processesof the 1:1�m

and 300nm.

Waferswere handled from tool to tool with several di�erent typesof specialized

1seeFCC 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 containers2.

Figure 3-1: Simpli�ed one{step lift{o� process.

The SAW deviceswere made using a typical micro-fabrication one-steplift-o�

process. Refer to �gure 3-1. A wafer coated with a photoresist is patterned with

a mask and then developed 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 anotherstandardfabrication processthat wasusedto make

masks. In the wet etch processthat was implemented, a layer of metal wasdeposited

on the wafer beforethe photoresist. See�gure 3-2. The photoresist is then patterned

and developed 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 containers 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 implement than a lift-o� depending on

various factors and requirements.

To create working devicesfrom a new design \alw ays" requires iteration of the

design,fabrication, and testing/evaluation tasks. At best, development of a fabrica-

tion processis a di�cult and tedioustask, much of which is skillful trial and error. A

processdesignernot only relieson a vast collection of knowledgeresources,but also

ingenuity is essential 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-

it y, and the chemicalsused. Even minute particulate contamination will ruin a device

or processstep; thus successdependson cleanliness.The challengesof constructing
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small structures is di�cult not only becauseof the inherent physical limitations, but

the laboratory skill requiredby a student to implement a process.The substrateused

for SAW devices,LiN bO3, causedmany additional problems. LiN bO3 is particularly

fragile and inherent piezoelectric properties causeddegradationof masksand adhe-

sion problems. The challengesto developing a robust processwith repeatableresults

yielding reliable devicesare signi�cant.

3.1 Mask Design and Layout

The lithography processoften makes useof a mask, a pieceof glasspatterned with

metal de�ning the structure of the devices[42, 43]. The metal blocks the light causing

only illuminated parts of the photoresistto be exposed.Di�eren t masksubstratesare

commonlyusedsuch asSoda-lime (commonly calledglass),which is amorphousSiO2

with various additives. Pure, or nearly pure, SiO2 is alsousedasa masksubstrate3.

The proper masksubstratemust be chosento match the wavelength of light emitted

by aligner source. For example,soda{lime blocks almost all light with wavelengths

lessthan 300nm and thus can not be used for 220nm deep{UV wavelengths. Pure

SiO2, which will transmit nearly all light with wavelengthsabove 200nm4, is usedfor

deep{UV lithography.

The �rst masklayout wasdrawn usingthe open-sourcesoftwarepackageMAGIC5.

The devicegeometriesand parameterswere chosenbasedon what I thought would

be reasonablyeasyto designand fabricate given a broad survey of the literature in

the �eld of SAW devices.The goal was to make asmany di�erent devicesaspossible

3SiO2 masksare often referred to by the semiconductor industry as \Quartz masks." However,
thesesubstratesare not crystalline SiO 2 \Quartz," which can be confusingbecausecrystalline SiO 2

\Quartz" is used in SAW device fabrication.
4Further information may be found at http://www.nanof ilm .c om/Substat eMate ri al. PDF.
5MAGIC was originally developed by the University of California at Berkley. Additional infor-

mation can be found at http://opencircu itd esig n.c om/magi c/ .



3.1. MASK DESIGN AND LAYOUT 63

becausethe number of devicesdoesnot e�ect the costof the mask,By automating the

drawing of thesedevicesusingMAGIC's built{in TCL language6 773di�erent designs

with various parameterswhere able to be put on a single mask. The TCL scripts

used to generatethe mask 1 artwork are located in appendix A.1. Simplicity was

the driving factor of our �rst designsbecauseI had no experiencewith the analysis,

fabrication, or testing of SAW devices.

Figure 3-3: Art work for mask1 showing a die section.

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

The artwork for the �nal maskis shown in �gure 3-3. Each deviceincludestwo ab-

sorption blocks, which attenuate surfacewave re
ections, and a set of test structures,

which areusedto determineexposureand developingparameters.The resolutionwas

6TCL is a versatile open{sourcescripting languageoften chosenfor simplicit y.
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limited by how well the mask would contact the substrate using the EML aligner.

The hard{contact mechanism on the EML aligner would, with somemajor di�cult y,

achieve contact su�cien t for 1 � 3�m line{widths. Mask 1 was made of a 100mm

square, 2:29mm thick, soda-lime plate with a chrome coating. This mask would

�t in the EML aligner, cover a 77mm LiN bO3 wafer, and be compatible with the

� = 365nm light source. The mask artwork �lled a 70x70mm squareat the center

of the mask. A defect criteria was speci�ed to the vendor as \zero defectsgreater

than 5�m and lessthan one defect per squareinch." Tolerancesof � 500nm were

speci�ed for line{widths and geometries. Thesespeci�cations were decidedthough

discussionswith the maskvendor7 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 designwassubmitted in a GDS2�le format and

the order was placedMarch 15th ; 2006and cost $575:00.

A lot waslearnedthough the problemsencounteredby usingthis �rst mask. Align-

ment of the devicesto the crystal orientation of the LiN bO3 wafer was problematic.

The alignment 
at on the wafer must be oriented to the devicesusing a microscope

built into the aligner. To do the alignment, the substrate wafer neededto be shifted

to the edgeof the substrate chuck, while the mask was shifted to the limits of the

microscope'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 downstream tool limitations and han-

dling. Another problem was that the deviceswere not arranged into small squares

that could be cut up into � 5x5mm die, the size which �ts the test packages. In

hindsight a lessexpensive 77mm mask with fewer devicesand proper layout would

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

7The maskswerepurchasedfrom AdvanceReproductions Corporation, 100Flagship Driv e, North
Andover, Massachusetts 01845,http://www.advanc erepr o.c om.



3.1. MASK DESIGN AND LAYOUT 65

inating the area required to allow for partitioning the mask into 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 successfullymade, incorporated

both higher frequencyand phase{shift encoded devices.See�gure 3-5. The designs

on thesemaskshad line{widths of 300nm and 1:1�m , which yield a center frequency

of 915M H z and 2:4GH z. Seesection2.3. Fabrication of thesedevicesproved to be

very di�cult and time consumingbecauseof their small features.

Thesedesignswheredrawn using another open-sourcesoftware tool, layout8. lay-

out wasmuch easierto usethan MAGIC and alsoprovided a usefulmacro language.

Macros were created to automate generationof devicesusing both layout's built in

macro languageand PERL9. The macro sourcecode is provided in appendix A.2.

Figure 3-5: Art work for mask2.

This mask was designedwith a bond pad layer, and a device layer. 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 single sell as a .cif �le. Ensure layer 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 convert 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 causesthe 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 precisealignment can be a problem, some

overlap betweenthe layers was addedto the design.

Two methods of fabricating these masks were tried. Lift{o� was used with

marginal results, discussedin detail later in this chapter. The complete process

is detailed in Appendix ?? and ??. In summary, � 120nm of PMMA 10 wasdeposited

on a cleanquartz wafer. A thin �lm of 7nm of Chromium was then evaporated onto

the surfaceof the PMMA to shield the magnetic lens from electric �elds during the

SEBL write. Seesection 3.4.5. The artwork as then written to the wafer using a

VS-2611 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 developed using a dilution of one

part MIBK 12 to two parts Isopropyl alcohol, followed by a descumto remove resid-

10PMMA is a very high{resolution positive photoresist from MicroChem Inc. www.microchem.com
11Operated by Mark Mondol at the Research Laboratory for Electronics at MIT.
12MIBK(meth yl isobutyl ketone)or (4-Methyl 2-Pentanone) 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 220nm deep{UV light, which is su�cien t for exposureof PMMA

photoresist[44]. Unwanted Chromium was then removed via lift{o� by striping the

remaining PMMA with NMP13, �nishing the processand leaving the desiredmask.

A wet{etch maskmakingprocesssimpli�es the number of fabrication steps. Masks

madeby wet{etch using SEBL were dark{�eld masks,and could be usedto directly

pattern to the LiN bO3 substrateusingthe positivephotoresistPMMA. 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 maskwassubmergedin the etchant after the maskwaswritten

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

Task Time Cost

Coat & Bake 1hr $80:00
Evaporate Cr 30min $40:00
Write Pattern (SEBL) 2hr $160:00
Strip Cr & Develop 30min $40:00
Evaporate Cr 30min $40:00
Lift{o� 30min $40:00
Total 5hr $400:00

Table3.2: Processingcostsand time estimatesto processonemaskwith lift{o�. This
doesnot include meteorology.

The reasonwe made these masks in{house was two fold. Commercially made

maskswith line{widths smaller than 1�m would have been very expensive, in the

$1; 500:00 range. Also, by making the lithography masksat the NSL we were able

to a�ord 
exibilit y in testing di�erent transponder designsmore economically. The

unprocessedcleanquartz mask waferscost � $50:00=ea:. The bulk of the cost goes

13NMP (1-methyl 2-pyrrolidinone)
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into processingthe maskwafer to pattern the devices.

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

The third maskwasdesignedto eliminate the bond{padsand 100�m die boundary

marking squaresto save valuable and expensive SEBL machine time. Instead the

large bond{pads would be added later in a separatestep using a cheaply printed

transparency�lm 14. An added advantage is that the bond{pads will have a thicker

layer of metal deposited making them more robust.

Mask 3 version3, shown 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.

14Transparency�lms with 25�m resolution are supplied by www.pageworks.com.
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Figure 3-7: Art work for mask 3 version3.

3.2 Substrates

Two di�erent substrates were used in the micro{fabrication part of this project,

Quartz and lithium niobate wafersSeetable 3.3 substratedetails.

Amorphous Silicon dioxide (also called fused SiO2 and sometimesreferred to

incorrectly as Quartz) is usedfor deepUV photo-lithography masksbecause,unlike

glass or other substrates, quartz is transparent to 220nm deep UV radiation. A

relatively thick 1mm quartz waferswere chosenfor the mask written by SEBL and

used for hard contact printing or transfer to 
ex masks. The secondarymask has

a thicknessof 250�m , to allow for conformal 
exing during vacuum mask contact

pattern transfer. Transferring the pattern to a secondarymask allows a 
at and

ridged structure for the SEBL to write to. Handling the thin 250�m quartz wafers

was a challenge,as they are very fragile. If they are broken, transferring the pattern

from the primary mask is much easierand lesstime consumingthan writing a new

mask via SEBL.
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Mark Optics
www.markoptics.com

PN# WF3000X03931101
Quartz* w/ 
at
OD: 3:000� 0:008inch
THK: 1mm +/- 25�m
Double SidePolished

PN# WF3000X00131101
Quartz* w/ 
at
OD: 3:000� 0:008inch
THK: 250� 25�m
Double SidePolished

Crystal Technology Inc.
www.crystaltechnology.co m

Lithium Niobate
Part Number : 99-60011-01
128� RY-Cut
OD: 3:000� 0:008inch
THK: 0:0197� 0:0008inch
SingleSidePolished
X-
at and marker 
at

Lithium Niobate
Part Number : 99-60011-01
Y-Cut
OD: 3:000� 0:008inch
THK: 0:0197� 0:0008inch
SingleSidePolished
Z-
at and marker 
at

Table 3.3: Suppliersand speci�cations of substratesused. * Amorphous SiO2.

Mark Optics specializesin semi{conductorlithography optical substratesand sup-

plied the quartz wafers. Thesewafersarrived in a plastic canisterwith foam cushions

and paper in between each wafer. Even though theseoptical wafers were supplied

from a company selling semi{conductor gradesubstrates,they were especially dirt y.

Dust from the paper and other unidenti�ed particles were on the surfaceand very

di�cult to remove. These particles causedproblems with obtaining intimate con-

tact betweenthe conformalmasksand the substrate. Cleaning thesewaferswasalso

costly. Contacting the vendor to ensurethe wafers are manufactured and shipped

from a clean{room in cleanpackaging is highly recommendedif not essential 15.

15Mark Optics doessupply clean{room cleanedand packed substratesupon request. Their clean
processis advertised as; the wafers are SC-1 cleaned, followed by machine scrubbing. Then they



3.3. SUBSTRATE PREPARATION AND CLEANING 71

Lithium niobate is a manufactured in crystalline ingots and then cut and polished

into 
at wafers. The propertiesof 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. Refer to section2.1 for details on the di�erences

in the properties of these two crystal cuts [2, 41]. Lithium niobate wafers are also

very fragile and must be handledwith extra care.

The piezoelectric charging properties of lithium niobate causedproblems in the

fabrication process. Whenever the wafer was heated, either to cure photo resist or

during processingsuch as e{beamevaporation, the wafer would chargeand then arc

near conductive surfaces. Unfortunate electrostatic dischargesthrough the chrome

on the maskoccurredoften, each 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

contamination. Contamination comesin the form of organic residues,metals, and

particles. Residues,such as oils, photo resist, and scumcauseadhesionproblemsfor

photo resist and metals. Particulate contamination causesintimate contact problems

in contact mask lithography and will distort or ruin any device features in close

proximit y. Unwanted metals can causethe sameproblems as particles as well as

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

mega-sonicallyclean in recirculating �ltered over-
o w baths. The �nal step is scrubbing with ma-
chines using soft spongebrushes.
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recycled wafer is processed,a cleaning procedure is used to remove contaminates

unlessthe wafer was su�cien tly cleanedby the vendor[42,46].

Wafersthat have chromeon them (such asthe wafersusedfor the chromemasks)

are stripped with CR-716 or equivalent chrome etchant. The chrome etch is repeated

several times after the RCA17 or Piranha18 clean to ensurethat all the chrome un-

derneath the photoresist is removed.

A mixture of three parts sulfuric acid (H2SO4) to one part hydrogen peroxide

(H2O2) is called \piranha." This cleaningstep is is usedto vigorously cleana wafer

and remove heavy metals, particles, and organicssuch asaluminum 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 hydrogenperoxide

reaction dissipates. The mixture is carefully heated to maintain temperature and

vigor.

Standard clean1 (SC-1, alsoknown asRCA-1 cleaning),wasusedto cleanglass-

ware, masks,and wafers beforeuse. This was usedas the last cleaningstep before

coating wafers with photo resist. Using a solvent clean after SC-1 is unnecessary

and only increasedthe likelihood of contamination. Waferswere submergedin 4:1:1

solution of water:ammoniumhydroxide:hydrogen peroxide heatedto 80� for 20min

After a dozenor socontact prints a thin residue�lm (scum) of photo resistwould

build up on the 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

amount the resist moleculesto clump together into very hard balls �rmly stuck to

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

16A standard 7% chromium etch solution.
17A cleaning processdeveloped by RCA corporation and often referred to as SC{1, or standard

clean 1. 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 mask with chrome.

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

One clever solution to the buildup of scum that also resolves the problem with

the mask sticking to the substrate is to Te
on coat the light{�eld masks. This pro-

cess,suggestedby another student 19, will be implemented as soon as new masks

are ready. The material is Trideca
uoro{1,2,2{Tetrahydrooctyl, Trichlorosilane20

(CF3 � (CF2)5 � CH2 � CH2SiC l3), a very durable self-assembling te
on mono-

layer that coats the exposedquartz[48]. SomeNanoimprint stampsusethis coating

to keepthe resist from sticking to and breaking the relief structures. The coating is

hydrophobic and toleratesRCA and solvent 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.Wafers were also

placed in a bath of Liqui{No x � heated to � 50� for up to an hour. An ultrasonic

acetonebath was also tried, with limited success. Spin drying wafers with high

accelerationon the coater with acetone,methanol, and isopropanol21 wasmarginally

19Filip Llievski of the MIT Materials Scienceand Engineering Department
20Available from Gelest Inc. part number : S1T8174.0{106M
21Often referred to as IPA or 2-proponal.
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e�ective at removing stubborn particles. Acetonemust be followedby methanolwhile

the wafer is kept wet becauseAcetone displacesmethanol. Likewise, isopropanol

displacesmethanol. If either acetoneor methanol dries beforebeing displaced,then

dissolved organicsmay redeposit onto the surfaceof the sample.Someparticles were

removed by scrapingthem o� with a needleunder a microscope. Scrapingis usedasa

last resort becauseof the hight likelihood of damagingthe mask. Stubborn particles

may also blasted o� with a snow gun (compressedCO2 gun), that createstiny ice

crystals which help sweepaway particles.

Equipment and supplies, such as glassware and parts for the deep{UV aligner,

must be throughly cleanedwhen they are brought into the lab. Liqui{No x � , and the

powdered form Alconox � , are strong detergents usedto clean laboratory equipment

in the samemanner as onewashesdishes.Thesedetergents remove grease,oils, and

other organic contaminates. Following washing and drying, the parts or glassware

would be followed up by a solvent rinse before use. A quick rinse of the glassware

with the solution to be used removes any contaminations that may dissolve in the

chemical. Glassware, such as 
asks usedfor photoresist,are cleanedwith RCA{1 to

insure absolutecleanliness.

3.4 Lithograph y

Lithography is a technique used in microfabrication to transfer an image to a pho-

toresist (photo sensitive polymer). The photoresistis then developed to remove areas

which correspond to the artwork desired. Further processingusesthe photoresist

to mask o� areasof the substrate to allow for deposition or etching. Several dif-

ferent processesexist for transferring artwork into a photoresist. The two methods

of photo{lithography used in this project are scanning{electron{beam{lithography

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

terned with SEBL, while photo{lithography is generallyusedwhen many duplicates

of the samedevicesareneeded.This sectiondescribesthe entire lithography processes

used,from applying photoresistto a wafer, through exposure,and development. Refer

to �gure 3-9.

A photoresist polymer is made of long chains of moleculesand often comesdis-

solved in a solvent 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 4000rpm. Someof the solvent evaporatesout of the photoresist

while spinning the wafer. Before the wafer can be exposed,the photoresist must be

cured though heating to completely remove the solvent, producing a durable layer

that can resist etching, ion{b ombardment, and evaporation. In the caseof PMMA

photoresist, exposing the photoresist to radiation causesthe polymer chains break

down. A developer is used to dissolve away the exposedphotoresist. When a neg-

ative photoresist is used, the exposedarea of the polymer are cross{linked after a

post{bake step, causingunexposedareato develop 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 thicknesses,development rates,

sensitivity, and maximum resolution. Theseparametersare all related and have cor-

responding trade{o�s. Three di�erent photoresistswere usedfor this project; NR8,

NR7, and PMMA[42].

The negative photoresistsNR8-1000P22 and NR7-1000Pwere used for the 3�m

deviceson mask1. Theseresistsareparticularly suited for lift-o� applicationsbecause

exposuredosecontrols undercut, seesection3.7. See�gure 3-24on page90.

The NR8-1000pwasthe �rst photoresistusedand wasbasedon a processalready

developed by another student working on a similar project. A similar resist, NR7-

1000p,was later substituted for NR8-1000pfor several reasons.NR8-1000prequired

cold storageand must be warmed to room temperature beforeuse,while NR7-100p

is stored at room temperature. NR8-1000pis an older resist that has a very limited

shelf life whereas NR7-1000pis a standard product with a longer shelf life.

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 corresponds to

a thicknessof 1000nm.

Polymethyl methacrylate(PMMA) wasthe third photoresistused.For this project,

PMMA was usedfor SEBL and contact photo lithography to achieve 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 contrast, 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 containers. PMMA also works well in variety

of environments, tolerating varying humidity and temperature well. Chlorobenzene

and Anisole are two solvents usedto dilute PMMA. The saferand environmentally

friendly Anisole formulation was selected.Stock 11%950k molecularweight PMMA

solution dissolved in Anisole was diluted to achieve di�erent �lm thicknesses.A so-

lution of 3 parts Anisole to onepart 11%950PMMA results in the spin{curve shown

in �gure 3-10.

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

A coater tool was used to deposit a thin uniform �lm of photoresist onto the

substrate. Photoresist dilution and spin speed parametersdetermine the thickness

of the photoresist. The procedureis to place 1 � 5mL of photoresist in the center

of the wafer and then spin for 60sec. A slow accelerationrate is usedto allow the

photoresist to spreadout slowly, which yields a more uniform coating. When a new

batch of photoresist is diluted, the �rst step is to run several silicon wafers through

at various speedsto determinethe thicknessfor a given speed. The thicknessof each

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

the photoresist thickness.

3.4.3 Con tact Lithograph y

Contact lithography brings the mask into contact with the photoresist. The equip-

ment for contact lithography is relatively simple and much lesscostly comparedto

optical projection systems,making the processideal for research applications. Con-

tact lithography leavesa small gap betweenthe maskand substrate,which limits the

resolution due to near-�eld di�raction. For the best contact lithography systems,the

resolution is limited to � 1�m [49]. Industry prefersother methods, becausecontact

lithography wearsdown the expensive masksquickly in production systems.Contact

mask lithography is more than adequatefor research applications. Contact lithogra-

phy system usually contain an (x; y; � ) stage,allowing precisealignment 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, such as I{line for � = 365nm[50].

The EML I-Line aligner wasusedfor making the 3�m devices.This commercially

producedtool had limitations and problemsdue to 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 as the (x; y; � ) stage's

motion was limited. To view the LiN bO3 wafer 
at in the microscope, the wafer

neededto be o�set by a few centimeters, which leadsto degradedcontact 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 used to achieve higher{

resolution than the EML I-line aligner was capableof. Conformablecontact lithog-

raphy is a simple method of yielding very high resolution at low cost for research

and low-volumeproduction[15]. The vacuumaligner in NSL is a uniquecustom{built

experimental system,which is capableof resolving line{widths of 100nm[45, 44]. A

X eHg lamp provided � = 220nm deep{UV light. Air is evacuated from between

the conformablevacuum mask and the substrate, causing them to be in intimate

contact. This closecontact allows featuressmaller than the di�raction limit to be

resolved[15, 49]. The vacuum aligner usesvery thin, 250�m thick, 
exible quartz

masksto allow conformingaround contamination particles and to accommodate any


atness variation in the wafers.

The NSL deep{UV aligner required a new mask chuck to use the 3inch wafers

in this project. The mask chuck holds the mask for alignment and makes vacuum

contact with the mask. I designeda three inch chuck, which wasfabricatedat the MIT

central machine shop. The existing vacuum systemwas controlled by on/o� needle

valves,which did not releasethe vacuumon the wafer or substrate. Thesevalveswere

replacedwith venting ball valves to allow proper operations. A light{tigh t housing

madeof acrylic wasalsofabricated to protect the lab spacefrom hazardousdeep{UV

radiation. Details of thesemodi�cations are provided in Appendix C.2.

As air escapes from betweenthe mask and the substrate when they are brought

in closercontact with each other. Beforethe two waferscontact fully, fringe patterns

appear, as shown in �gure 3-11. The number of fringes directly relates to the wave-

length of the light. There may still be a signi�cant gap at � = 220nm, even if no

fringesare detectedin the visible spectrum[15].
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Figure 3-11: Fringe patterns resulting from imperfect contact between mask and
substrate while under vacuum and illuminated with a green monochromatic light.
This shows the OAI 77mm chuck with a top{down rubber gasket over the mask. The
mask was 1mm quartz and the substrate was a 77mm silicon wafer.

3.4.5 Scanning Electron Beam Lithograph y

A scanning{electron{beam{lithography tool is essentially a scanning{electron{beam{

microscope (SEM) usedto aim electronsat a sampleto exposepatterns onto a pho-

toresist. SEBL electron beam{widths can approach 1nm with 30nm resolution[42].

The Raith{150 is able to write lines asnarrow as17nm and gratings of 70nm. While

SEBL is able to write very small features, the drawback is that this is a scanned

beamwhich meanswriting large high{resolution patterns will be very time consum-

ing. For example,to write a simplemasktakesabout 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 step to writing a pattern with the SEBL is to correct for misalignment,

focus, aberrations, and stigmation. 100nm gold particles deposited from a liquid

suspensionwere dried onto the surfaceof the sampleand imaged. Adjustments are



3.4. LITHOGRAPHY 81

Figure 3-12: Simpli�ed diagram of a SEBL tool. The detector is used for imaging
test particles that are usedto adjust for focus,aberration, stigmation, and write �eld
alignment.

madeto give a nice imageof a gold particle. The areathat the electron{beamscansis

small, from 50�m to 500�m dependingon beam{ width. To increasethe writable area

an xy{stage repositionsthe sampleafter each scan�eld hasbeenwritten. Moving the

stageintroducesfurther errors, and calibrations must be madeto ensureproper �eld

stitching alignment. Field stitching errors were a commonproblem and someof the

resultsare shown in �gure 3-13. Stitching problemsweremost likely due to improper

executionof the write{�eld alignment 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 �lm is usedto shield the electric �elds

when writing on insulating substrates. Conductive samples,such 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 standardchromeetch (CR-
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Figure 3-13: Micrographsof �eld stitching problems.

7) with no e�ect on the exposedPMMA. Chrome was selectedfor easydeposition

and etching properties and low{cost in comparisonto exotic conductive polymers,

such as Aquasave23.

3.4.6 Exp osure

ExposingPMMA causesthe long polymer chains to break down in a processreferred

to as scission. The amount of energy imparted in the photoresist determineshow

much the long polymersare chopped up. Determining the correct amount of energy

to exposea photoresist is critical for the artwork to be exactly reproduced[42, 43].

An incorrect exposuredosewill lead to widening or narrowing of features.

Test features,such asthoseshown in �gure 3-14,wereusedto evaluated the e�ect

of di�erent doses.NestedL exposuretest featuresallow for checking line uniformit y

and minimum achievable line separation. Diagonal boxes are useful for checking

proper exposureand development. When the boxes just barely touch, the optimal

parametershave beenachieved.

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 development
parameters.

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

Figure 3-15shows the test structures with three di�erent doses.The nestedLs in

this �gure aremadeup of a pair of 1�m lines,a pair of 0:5�m linesand three lineswith

100nm widths. As the doseis increasedthe line{width widens, eventually causing

them to join with adjacent lines. At a doseof 128�C =cm2 the 100nm lines have

blurred together and the connectionpoint betweenthe diagonalboxeshaswidened.

On the other hand, exposure dosesthat are too low will causeline{widths to

be narrower than desired. One method of checking for proper exposure is to use

diagonallyconnectedboxes. The exposureis correctwhenthe boxesarejust touching.
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Figure 3-16: The top micrograph shows clearing problemswith PMMA on Quartz.
The bottom two exposureshow improperly cleared(left) and properly cleared(right)
4�m 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 underexposure, the photoresist will not clear when developing.

Figure 3-16shows such clearing problemsdue to underexposure.

NR-7 photoresistwasvery sensitive to exposuredose.With a dose{rateof 4:5mW=cm2

at I{line (� = 365nm), an exposuretime of only 7secondsachieved good results. For

contact lithography with a deep{UV (� = 220nm) at 0:47mW=cm2, PMMA did not

clear until after 1320seconds. Good result whereachieved with an exposuretime of

1500seconds[50].
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3.4.7 Resist Dev eloping

Developingphotoresistinvolvessubmergingthe wafer into a solution that will dissolve

away exposedareas.The polymer chains in the exposedareasof PMMA are shorter

due to scission,making removing this material easierfor the developer in comparison

to the unexposedPMMA. The proper temperature and development times are the

two most critical parameters.

Figure 3-17: Developed exposure/developing test features showing the degreeof
over/under developing. The left panel shows underdeveloped clearing problems,and
the right panelshows overdeveloping. The center panelshow ideal exposure,with the
two boxescoming into perfect contact.

Unfortunate temperaturewasnot takeninto account or measuredwhendeveloping

NR{7. In hindsight, the temperature of NR{7 should have beenrecordedand made

consistent. Development time appearedto be the most important parameterfor NR{

7. Too short a development time causedinsu�cien t clearingof resist from unexposed

regions(NR{7 is a negative resist). A longerthan necessarydevelopment time caused

pitting of the resist and led to line-width widening, see�gure 3-17. The correct

development times for NR{7 were determined by trial and error. A 2% solution of

resistdeveloper calledRD224 wasused. When RD2 wasnot availableRD6 wasdiluted

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

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

Figure 3-18: Changesin width of 1:1�m lines due to developer temperature.

PMMA was developed in a one part MIBK 25 diluted with 2 parts IPA. Temper-

ature and development time for PMMA appearedto be very sensitive at the 100nm

to 300nm scale. Development 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 quantit y of 500mL of developer was

placed in 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 90seconddevelopment was started. The temperature of the developer

would drop about half a degreeduring the 90seconds. The development wasstopped

by spraying isopropanol for 60seconds. A spray was used over immersion to make

sureisopropanolentered the small featuresquickly enoughto avoid over development.

3.5 Descum

Besidescleaningand etching (as discussedin section3.3), the O2 plasmaasherand

reactive{ion{etching (RIE) can alsobe usedfor removing residualsfrom the exposed

substrate areason the wafer. Such a \descum" step helps �x certain adhesionprob-

lems. The drawbacks of using the O2 asherfor descumin lifto� applications is that

25MIBK(meth yl isobutyl ketone) or 4{Meth yl 2{Pentanone (From AlfaAesar #A11618)
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Figure 3-19: Exaggeratedillustration of the e�ect on resistpro�le from RIE or plasma
asherdescumprocesses.The top �gure is the photoresist pro�le after development
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 generallybet-

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 O2 plasma asherwas characterizedusing silicon

test wafers. A single wafer was coatedwith 106nm 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 was lessthan 70nm (the point at

which the accuracyof the ellipsometerusedbecomesquestionable).

To better characterize the di�erence between using the O2 asheror O2 RIE for

descum,somesilicon test waferswere processed.Preliminary results show roughing

of the surfaceof the PMMA, see�gure 3-21. The di�erence in surfaceroughnessmay

be due to the amount 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 106nm PMMA on Si in O2 plasmaasherusing
50W power and 0:305psi averagepressure.Thicknessmeasuredwith an ellipsometer.

3.6 Dep osition

Electron{beam evaporation was used to deposit aluminum and chrome onto sub-

strates. Evaporation works by heating a sourceof material in a crucible with an

electron beam in 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 shadowing (see�gure 3-22).

Aluminum was usedto createthe interdigital transducerson the lithium niobate

for the SAW devices.The thicknessof aluminum rangedfrom 50� 200nm. The SiO2

masksused40nm of chrome for the patterns and 7nm of chrome for shieldingof the

electron �eld for SEBL (seesection3.4.5).

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

from older evaporator components in EML evaporated the aluminum for the 3�m
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Figure 3-21: Results from 2sec of O2 plasma asherand RIE descummethods. The
�gures show Cr on Quartz and Cr on PMMA beforethe lifto� step. 10nm of PMMA
were taken o� with the O2 asher. 7nm of PMMA were taken o� with the RIE.

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

materials26. Contamination from these materials was an issuedue to the way the

tool wasdesigned,cleaned,and used. Another problem with the EML e{beamevap-

orator was that the �lm thicknesswas manually controlled with a shutter, yielding

tolerancesof � 20nm for aluminum, and as bad as � 100nm for chrome. Depositing

chrome was problematic as intermittent spikes in deposition rates made controlling

�lm thicknessesdi�cult. One theory was that the chrome would grow thin �laments

26Often evaporation tools are limited in their selectionof materials to avoid contamination prob-
lems.
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Figure 3-23: Micrograph of a problem encounter when depositing 40nm Cr onto
100nm of PMMA on an SiO2 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 uniformit y. The

comet spray patterns shown in �gure 3-23 are believed to be the result of chrome

spitting problems. The evaporation tool in NSL was under computer control and

yielded much more consistent and higher quality �lms in comparisonto the EML

evaporator.

3.7 Lift{o� and Etc hing

Figure 3-24: Undercut allowssolvent to dissolvephotoresistand removemetal overlay.
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After the photoresist has been patterned, and metal has been evaporated onto

the sample,the photoresist is removed taking away the unwanted metal in a process

called lift{o�. Lift{o� takesplacein a solvent bath that dissolvesthe photoresistand

lifts the metal o� of the substrate in the processes.The solvent needsaccessto the

photoresistunderneaththe metal, which canbe facilitated through sidewall undercut,

photoresist thickness,or as a last resort sonication. See�gure 3-24.

Acetoneor Microstrip wasusedto lift{o� NR7. Much better resultswereobtained

using Microstrip, as the acetonetook a lot of time to completely remove the NR7.

The pro�le of NR7 has a decent amount of undercut aiding in lift-o�. On the other

hand, PMMA does not have undercut, which made executing a clean lift{o� very

di�cult. NMP27 is usedfor dissolvingPMMA in lift{o� 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 wereobtained whenusing unheatedNMP.

Lift{o� must becompletedbeforeremoving the samplefrom the solvent, or there is

the possibility that metal will fall into the trenchesand be very di�cult or impossible

to remove. Gently scrubbing the areawherestubborn metal piecesare stuck with a

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

The processof lift{o�, in theory, should only require immersion in a solvent.

However imprecisepro�les or deposition could leave bridging betweenmetal on the

substrateand metal on the photoresist. A hydrophobic photoresistmay alsoprevent

the solvent from entering very small trenches. Ultrasonic agitation of the sample

in a solvent may aid in lift{o� by removing stubborn photoresist and metal. This

technique must be usedsparingly and only when necessary, as too much sonication

will damagedevices.See�gure 3-25.

Problemsdueto bridging werefound in SEM micrographsof test devicespatterned

27NMP (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 3-26shows how bridging betweenmetal in the trenchesand metal

on the surfaceof the photoresist will ruin lift{o�. The SEM image shown in �gure

3-27wasa clear indication of the bridging that causedlift{o� problems. A sectioned

illustration of the side wall problem is shown in �gure 3-28. The lift{o� for this

devicewas aided with sonication, and due to the brittle nature of chrome, someof

the unwanted overhangsbroke o�.

Too better understand the lift{o� problems,someSEM micrographswere taken

of the sampleafter evaporation of lesschrome (30nm instead of 40nm) and before

lift{o�, �gures 3-29 & 3-31. These imagesshow that there is adequateseparation

betweenthe metal on the photoresist and the metal on the substrate, which should

(and did) lead to a successfullifto�. Only minor bridging wasobserved at the corners

of the metal �ngers. Viewing a PMMA coatedsamplein the SEM will causecracking

and melting of the photoresist. This cracking is clearly shown in the �gures. Lift{o�

in the areasscannedby the SEM failed due to the changescausedby the bombarding

electrons. Figure 3-30 shows the area that was scannedby the SEM after lift{o�

when taking the imageshown in �gure 3-29.
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Figure 3-26: Incomplete lifto� problems as a result of too much chrome being de-
posited. Shows 500nm line{widths with 210nm of chrome on quartz. The desired
thicknessof chrome was 100nm. The PMMA thicknesswas 250nm.

Figure 3-27: SEM of bridging causedby poor pro�le and photoresist that was too
thin for the thicknessof metal deposited.
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(a) Pro�le before lift{o�. (b) Pro�le after lift{o�.

Figure 3-28: Illustration of lift{o� problemswhenthe metal on top of the photoresist
bridgesto the metal on the substrate.

Figure 3-29: SEM showing a wafer after deposition and beforelift{o�. The imagesof
the 100nm gold particles in the bottom left are given asa referencefor imagequality.
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Figure 3-30: Micrograph showing a patch of incomplete lift-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
sampleasshown in �gures 3-29& 3-30.
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Figure 3-32: Show the changein image contrast beforeand 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 chrome is 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 precisecontrol over the etch. With the

diluted 1:2solution, etching through 40nm of chrometakesabout 40seconds. Etching

chromium is very similar to developingphotoresist. Leaving the samplein the etchant

for too long will causean over{etch and line{width widening. If the sample is 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 wafer into

rectangulardie. The deviceson mask1 werenot positionedsothey couldeasilybecut

out. To ensurethat the devicesI wanted to test werenot destroyed, the die sizewas

adjusted between� 5mm and � 10mm on a side. The deviceson mask2 and 3 were

positionedsothat they could easilybe cut out and would �t on a 4mm � 5mm die. A

28{pin SOIC with a 165x205mil cavit y waspurchasedfrom Spectrum Semiconductor
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Materials, Inc.28 part number CSO028P2. The test package, with the lid removed,

was sized to take a 4mm � 5mm die. This package was selectedfor size, easeof

wire{bonding to the level cavit y, and surfacemount leads,which have lower parasitic

impedance.

The die wassuper{glued29 to the packageand then wire{bonded. Care neededto

betakenin application asany excessgluecovering the leadswould makewire{bonding

impossible.

Wire{b onding proved to be very problematic. The tool was very di�cult 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 samestepasthe devices,and thusonly had a thicknessof � 200nm.

Thesethin bond padson top of the fragile lithium niobatecausedcracking of the wafer

underneath the pads, leaving the pads to break o�. A very narrow rangeof settings

would allow for proper bonding without ruining the pad and having a mechanically

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 packages. See�gure 3-33. AdvancedCircuits fabricated

the PCBs from the gerber �les generatedwith Expedition PCB � . This high{frequency

designincorporatesseveral 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 impedancematched to 50
, and a test trace was placed

on this board to verify proper implementation. An impedancematching network

28http://www.spectr um-semi. com
29Tech Hold � Cyanoacrylate adhesive by TechSpray.
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Figure 3-33: SAW test devicesmounted to a package,wire-bonded,and solderedto
a test PCB.

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

the parts were surfacemount and placed top{side as closely together as possibleto

reduceparasiticsand prevent noisefrom coupling into the signalpath. Roundedpads

wereusedon RF packagessosolderwould 
o w with reduceddiscontinuity for better

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



Chapter 4

Electronic Design

Included in this section is a detailed description of the architecture, design,and im-

plementation of all of the electronicsand supporting software used in this project.

Requirements of the designand the approach taken to meet those requirements are

alsocovered. The �eld{programmable{gate{arra y (FPGA) designwent through sev-

eral iterations of increasingcomplexity. Only the highlights arereviewed herebecause

each implementation is very complex. Programs written to control of the FPGA

hardware peripheralsrunning on FPGA's embeddedprocessorare covered in section

4.7. User interface programsare also covered in section4.7. To keepthe sizeof the

appendix manageable,only a few of the most important source�les were included.

A short radar chirp containing a phase{encoded signal is transmitted by a mea-

surement station to the SAW transponder (covered in detail in chapter 1). The

measurement station measuresthe round{trip time{of{
igh t to and from the SAW

transponder. Specialized high{speed electronics are necessaryfor a measurement

station to operate at 2:4GH z. Signal range, accuracy, and noise were di�cult re-

quirements for the measurement station's designto meet. On top of that, limitations

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

99
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measurement station's designeven more challenging.

Figure 4-1: Conceptualmeasurement station transceiver block diagram.

The basicdesignof the �rst systemis shown 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 select a particular tag.

The phaseencoded 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 receiver continually samplesfor both the transmitted signal and the SAW

re
ected signal. In this way, the microprocessorcandeterminethe time betweenwhen

the transmitted signalwasreceived and the time the transponder'ssignal is received.

The receiver's front endis typical, containing a low-noiseampli�er (LNA), a bandpass
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�lter, and a gain controller. The gain controller is set by the microprocessorin such

a way that the digitizer doesnot saturate when the 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

reduce the 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 receiver is the most challenging component of the electronicsto designand

implement. To make the initial system evaluation easiera high-speed oscilloscope

will be usedto digitize the return signals. MATLAB � will then processand simulate

di�erent receiver con�gurations before the initial designand implementation of the

custom receiver electronics.

The measurement station wasimplemented with a very fast oscilloscope,an FPGA

development 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 wereoutsideof the practical goalsof this project.

Thereforewechoseto leavean integratedsolution for future work. Insteadwechoseto

usea very fast oscilloscopewith 5GH z of band{width and capableof 20{Gigisamples{

per{second,to implement the receiver.

Commercialinstruments1 areavailable that cangeneratethe radar chirps required.

However, with prices ranging between $40� 60k commercial instruments are pro-

hibitiv ely expensive for our budget. With a signi�cant amount of work, the necessary

functionality was achieved with an � $1k FPGA development board and � $1:5k of

auxiliary electronics. A typical desktop computer with no additional hardware was

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

1For example, the Agilent 81133A,3:35GH z, single channel Pulse Pattern Generator.



102 CHAPTER 4. ELECTRONIC DESIGN

interface, MATLAB � for real{time signal analysis, C and VHDL for programming

the FPGA.

Oneapproach to measuretime-of-
igh t that wasinitially investigatedis to useone

of a numerouscollection of existing time-to-digital converter (TDC) designs.TDCs

have been used in physics research and radar applications for over three decades.

Accuraciesof 30ps are tractable, and would lead to a rangeresolution of c� 30ps=2 =

4:5mm. Existing TDC designsare not easily interfaced to correlated responsesas

required by our approach. Utilizing a high{speedmulti{gigibit{transceiv er appears

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

4.1 System Arc hitecture

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

The envisionedarchitecture calledfor an integratedmeasurement station asshown

in �gure 4-2. A Xilinx
�

embedded development kit (EDK) printed circuit board

makesup the backboneof this system. The EDK PCB consistsof a versatile FPGA
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with various peripherals such as Ethernet, a multi-gigabit-transceiver (MGT), and

a compact 
ash interface. Ethernet allows the measurement station to communi-

cate with other devicesincluding other measurement stations and the user interface

running on a remote desktop, laptop, or oscilloscope computers. An external clock

generatorprovides the precisefrequencyusedby the FPGA to synthesizethe radar

chirps. The EDK PCB uses�les written to the Compact Flash card by the developer

to con�gure the FPGA. Con�guration data includes the FPGA hardware code and

software running on the FPGA's built{in PowerPC processor. The RF Transceiver

was implemented with customelectronics.Phase{shift encoded data from the FPGA

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

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 Research Lab2 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.pulseresearchlab.com
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logic (LVPECL) required by the Xilinx Virtex-4 FPGA. NECL and LVPECL are

both widely useddi�erential logic standardsadvantageousfor their high-speedand

superior immunity to noise.

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

FPGAs allow the implementation of very fast custom electronicshardware that

is recon�gurable. The performanceprovided by FPGAs is far greater than software

implemented on a DSP, and yet FPGAs are 
exible and low{cost comparedwith

application{speci�c{in tegrated{circuits (ASICs). The Xilinx � ML4053 Evaluation

Platform was chosenfor the on{board Ethernet controller, Virtex-4 FPGA, which

includes multi{gigabit{transceiv er (MGT), on{chip PowerPC, and the systems$1k

low{cost price. The MGT is a versatile port capableof many di�erent communica-

tions standardssuch as Gigabit Ethernet and PCI Express� . RocketIO � is Xilinx's

implementation of an MGT.

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

to standard communications protocols,such asgigabit-ethernet. Data describingthe
3More information available at http://www.xilin x. com.
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(a) Digital output from FPGA's MGT port.

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

Figure 4-5: Illustration of signal conversion from digital to RF.

chirp pattern is loaded into the MGT and then shifted out serially as a phase{shift

encoded digital signal. The digital signal is �ltered, 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 embedded processorin the FPGA runs software written in C to

communicate with the user interface via Ethernet. The user software running on a

remotePC is able to collect data from the systemaswell asto control the specialized

FPGA radar chirp{generating logic interfaced with the MGT. Using an embedded

processorhas the advantage of 
exibilit y in implementation of control and data col-

lecting algorithms, while keeping the high-speed signal processingimplemented in

FPGA logic. The PowerPC software is easy to quickly change without the time

consumingcompilation of FPGA logic from VHDL sourcecode.

Several software tools are necessaryto develop systemsusing Xilinx FPGAs. A

suite of toolscontained in the Xilinx EmbeddedDevelopment Kit (EDK) is organized

through the Xilinx Platform Studio (XPS) integrateddevelopment environment. XPS

runs external tools that con�gure the PowerPC and systembuses,compile the soft-
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ware running on the embeddedprocessors,compile the VHDL code to con�gure the

FPGA, and generatethe bit-level code usedto program the FPGA with the software

and hardware con�guration. Another collection of Xilinx � software tools is packaged

as the ISE Foundation integrated development environment. ISE provides low-level

FPGA layout and planing tools, many of which can be called from XPS. The FPGA

simulation software provided by Xilinx
�

was rudimentary. Thus the industry stan-

dard simulation suite, called ModelSim
� , developed by Mentor Graphics� , wasused

for simulating beforeand after the FPGA code was compiled4.

The ML405 development 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 converted to a project file.ace with the ml40x bit2ace program.

The project file.ace is copied to the compact 
ash card in the /ml405/ace/ di-

rectory and is loaded when the \My own ACE �le" is select from the boot loader

menu. Seereferences[54] and the section \My Own ACE File" in reference[55] for

detailed information.

4.2 Analog Comp onents and Test Equipmen t

This section brie
y details the variety of test equipment and electronic components

usedin this project. A customprinted circuit board (photos and schematicsaregiven

in Appendix D), was designedand fabricated to allow testing of the SAW devices.

RF ampli�ers and designcomponents werepurchasedfor modularly prototyping the

many test con�gurations coveredin chapter 5. Cables,connectors,and power supplies

neededto be carefully selected,as this system is very sensitive to noiseand losses

4DevelopingFPGA code is very complicatedwith many di�eren t stagesto implementation. Read-
ers are encouragedto consult with [51, 52, 53]
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at high{frequency. The electronicsdesign for both testing and implementation is

preliminary. While results are being gathered,there is still more work to be doneon

the electronicdesign.The components listed herewill be addedto asthe testing and

development progresses.

The most important pieceof equipment for this project is a high{speedand very

sensitive digital{sampling{oscilloscope (DSO). A fast oscilloscope is necessaryis to

accuratelycapture the transponder'sreturn responseswith enoughresolutionto allow

for proper signal processing.A fast DSO was also necessaryto debugsignalsat the

operating frequencyof 2:4GH z, and to pinpoint unwanted parasitic oscillations at

even higher frequencies.Capturing the subtle higher{order return signalsfrom even

the slower 323M H z SAW transponders is critical for proper characterization and

understandingof thesedesigns.Observingthe return signal is essential for the design,

implementation, and debuggingof the RF receiver. Before the receiver is designed

the DSO will allow us to complete functional testing and evaluation of the system,

including time{of{
igh t calculations.

A LeCroy WaveMaster8500ADSOwith 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 oscilloscope we could a�ord and will exceedthe re-

quirements of a demonstrationsystem. The sensitivity of the DSO limited the input

voltage range to � 4V. This limitation required attenuators for someof the larger

signals. This scope alsohasa direct interfaceto MATLAB
�

, allowing real{time con-

trol of this oscilloscope as a highly con�gurable RF{digitizer. The wide bandwidth

allowed inspection of oscillationson the low{noise{ampli�er that appearedto benoise

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 transducer impedanceas well as measuringthe transmissibility of

the SAW �lters. This was a relatively old unit ( > 10yrs ) with no record of cali-

bration. One devicewascharacterizedwith this unit, and then measuredon a newer

and recently calibrated RF Network Analyzer, and the results were reasonableclose.

Details on the useof the RF network analyzer for impedancematching are given in

section 4.3. The section 4.4 covers testing the SAW �lter transmissibility with RF

Network Analyzer.

Figure 4-6: Photo of analogcomponents from Mini{Circuits � .

Several packaged RF prototyping circuits were purchasedfrom Mini{Circuits
�

.

Low{noise ampli�ers were neededfor the RF receiver front{end and power ampli-

�ers were needfor the RF transmitter. Several ampli�ers were purchasedbasedon

availabilit y and price. A selectionof couplerswere necessaryfor interfacing devices
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Part Num ber Description

TB-409-84+
Test board with Gali{84+ DC to 6GH z, 25:6dB
of gain ampli�er with 38dBm output.

TB-145 Transformertest board.
ZX30-17-5-S+ Directional Coupler, DC to 2GH z.

ZX60-33LN-S+
Low{noise ampli�er with 20dB of gain and out-
put power up to 17:5dBm.

ZFSCJ-2-4-S Power Splitter / Combiner, 2 way 180� , 50 to
1000M 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: Components usedin this project that werepurchasedfrom Mini{Circuits � .

to various test equipment; more details are provided in section 4.4 & 4.5. Trans-

forms and baluns were usedfor decouplingsignalsand matching signalssuch as the

RocketIO � output to the RF transmitter impedance. The transformersand baluns

werepurchasedin a kit, 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 largesignalsfor test equipment, espe-

cially the DSO. We found that at the time Mini{Circuits � wasthe most coste�ective

sourceof thesecomponents in SMA{compatible packages.RF �lters havenot yet been

purchasedbut will be required as the measurement system is developed. Seetable

4.1 for a summary of components.

In addition to providing a carrier for the SAW devices, the custom PCB was

created to 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 selectedcausedoscillations in 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: 323M H z antennas made from 16{AWG copper wire and an SMA con-
nector. Usedfor preliminary isolated indoor tests.

Several other components and auxiliary equipment 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 components. Custom 323M H z

antennaswere built, as pictured in �gure 4-7, for a few isolated indoor tests. Other

antennas were purchased for use on the 915M H z instrumentation{scienti�c{and{

medical(ISM) band. A small 58mm Helical Antenna, part number WTH430003from

S.P.K ElectronicsCo. LTD., waspurchasedalong with 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 discretecomponents, such asinductors and capacitorsusedfor impedance

matching, wereselectedfor low{loss/high{Q. Surfacemount inductors from EPCOS,

seriesB82498,wereusedfor most implementations in this project. NPO/COG rated

capacitorswereusedfor their low{loss. Selectionof discretecomponents for RF design

is very important and the reader is referredto [3].
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Figure 4-8: RF Network Vector Analyzer test setup for re
ectance and impedance
measurements.

C

L

R + j R0

MatchingNetwork SAW IDT

Figure 4-9: Simple L matching network [3, 4].

4.3 Imp edance Matc hing

Matching the characteristic impedanceat higher frequenciesis very important. Any

of a number of problems, such as re
ections and oscillations, may occur without a

proper impedancematch[3, 56]. Loss of 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 added to bring the input port back to

50
. The procedurewas to measurethe real and complex impedancesof the input

IDT with the RF network vector analyzer using the setup shown in �gure 4-8. The

measuredcomplex impedancewas then usedto determine the valuesof components

neededto make a an impedancematch. The match was madeby 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 shown in �gure 4-9). Low{loss (high-Q) high{frequency

components 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 equivalent resistancelooking into the

network is a simple voltage divider with L and R + j R0 in parallel with C (equation

4.1). By setting this to our desiredcharacteristic impedance,Rmatch, and solving,

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

imaginary equations4.2 and 4.3 and then solved numerically.

1
sC (sL + R + j R0)

1
sC + (sL + R + j R0)

(4.1)

j
! L + R0

! RmatchR
= j C (4.2)

R � Rmatch

Rmatch(� ! 2L � ! R0)
= C (4.3)

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

Oneproblem with measuringthe characteristic input impedanceof a SAW IDT is

that there are re
ections and resonancesdue to the devicecharacteristicsthat appear

to causeproblemswith measurements taken with the RF Network Vector Analyzer.
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Figure 4-10shows the measurement taken of a simple SAW transponder on mask 1.

The curly Qs are supposedlyfrom a combination of re
ections from input �ngers and

o� of the downstreamre
ectors. Oneway around this that hasyet to be explored(for

lack of accessto the proper equipment), is making the measurements 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 as in the caseof a

SAW �lter, or coupled re
ectors as in the caseof a transponder) for measuringthe

input impedanceof similar transducers.

4.4 SAW Filter Measuremen ts

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

Transmissibility measuresthe amount of lossbetweena transmitter and receiver

at a particular frequency through a black box. The transmissibility of the SAW

�lters was measuredto determine correct function as well as the lossand frequency

responseof the device. Transmissibility measurements were also usedto determine

how well the impedancematching adjustments worked. A better match yields lower

transmission lossesat the pass{band frequencies. The same RF Network Vector

Analyzer as was used to determine input impedancewas used for transmissibility

measurements. Figure 4-11shows the setupused,and �gure 4-12givesan exampleof
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Figure 4-12: Measuredtransmissionchart of a SAW �lter on the RF Network Vector
Analyzer. Notice the anti{resonanceartifact, which is ignored for this work.

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

Figure 4-13: Setup for transient measurements of a SAW �lter using an oscilloscope.

The setupshown in �gure 4-13wasusedto measurethe impulseresponseand the

chirp responseof a SAW �lter. Both measurements helped with understandingSAW

IDT operation and characterization of the devices.The impulse responsewas taken

by generatinga pulseat the resonancefrequencywith the FPGA. Onechannelof the

oscilloscope measuresand triggers o� of the transmitted impulse. The responsewas

measuredon the other channel.
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4.5 SAW Transp onder Measuremen ts

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

The early 323M H z SAW transpondershave only one port from which to inter-

rogate and measurethe return response. A directional coupler5 allows triggering o�

of the FPGA{generated chirp pulsewhile observingthe transponder's return signal.

The setup is shown in �gure 4-14. There are someproblemswith the FPGA's trans-

mitted signal saturating the input of the oscilloscope. Solutions to theseand other

measurement problemsare in the works.

Figure 4-15: SAW transponder measurements using antennas.

Measuring of the SAW transponders in their intended con�guration, with the

transponder connectedto an antenna, is shown in �gure 4-15. The operation is

similar to the previoussetup,exceptthe coupler is replacedby three antennas. Some

5Mini{Circuits
�

has a few useful application notes on directional couplers
(http://www.minici rc uit s. com/ )
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input �ltering (not shown) after the receiver ampli�er will probably be necessary.

The best receiver designis currently being investigated.

4.6 FPGA Hardw are Description

The internal logic of an FPGA can be speci�ed through several 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 resembles

ADA. The project usedVHDL exclusively, 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 � � � � X i l i n x p r i m i t i v e s
4 l i b r a r y UNISIM ;
5
6 u se UNISIM . V C om p on en t s . a l l ;
7
8 . . .
9

10 � � ���������	���������
�	�
���	�
���	�
���	�
�	���
�	���
�	���
�	�	�	�	�	�	�	�	�	�	�	�
���	�
���	�
���

11 I B U F G D S u sr c l k : IBU FGD S
12 g e n e r i c m ap (
13 IBU F D EL A Y V A L U E = > " 0 " ,
14 IOST ANDARD = > " LVPECL 25 " ,
15 D IFF T ERM = > T RUE)
16 p o r t m ap (
17 O = > u s r c l k b ,
18 I = > u s r c l k i p , � � D i f f p c l o c k
19 I B = > u s r c l k i n � � D i f f n c l o c k
20 ) ;
21
22
23 � � ���������	���������
�	�
���	�
���	�
���	�
�	���
�	���
�	���
�	�	�	�	�	�	�	�	�	�	�	�
���	�
���	�
���

24 I B U F r eset : IBUF
25 g e n e r i c m ap (
26 IBU F D EL A Y V A L U E = > " 0 " ,
27 IFD D EL A Y V A L U E = > " AUTO" ,
28 IOST ANDARD = > " LV T T L " )
29 p o r t m ap (
30 O = > r e s e t n b ,
31 I = > r e s e t n
32 ) ;
33 . . .

Developerstake many di�erent approachesto organizingtheir systemdesigns[57].

The VHDL source for this project was organized to be hierarchically tailored for

two con�gurations, simulation and implementation. The top-level simulation �les are
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known as\testb enches",andaredenotedby the namingconvention of filename tb.vhd .

A testbench providessimulated simulation signalsto the VHDL codethat will become

the description for the real hardware aswell aschecking the outputs. The implemen-

tation's top-level source�le is denotedby filename pad.vhd, which represents the

physical \pads" of the FPGA's package. The filename pad.vhd �le usesXilinx de-

vice family dependent logic black{b oxesto selectspeci�cally how an input or output

pad should be con�gured. For example,the IBUFGDSand IBUFare both black boxes

in VHDL listing 1. The pad con�guration parameterscan also be speci�ed using a

constraints �le, however specifying the con�guration in a filename pad.vhd allows

further compatibilit y amongtools from di�erent vendors,such as ModelSim� . Only

VHDL code that describes the entire implementation usesthe filename pad.vhd

�le. The chirp{generating implementations 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, encoders,and other logic elements, which are connectedin

a �xed con�guration implementing the desiredfunctionality . There are also many

di�erent typesof specialized�xed ASIC components on an FPGA, such asthe MGTs

and PowerPC core. The proper way to correctly specify the connectionsand topology

to imply speci�cally the hardware desiredmust be doneby 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 synthesis 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 PrecisionSynthesis� 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 essential for an accuratesimula-

tion and successfulimplementation[51]. The UNISIM VHDL libraries provide all the

primitiv e black{b oxesalong with the timing parametersfor accuratesimulation and

are supplied by Xilinx � .

As mentioned earlier, there are several increasinglycomplicated implementation

of the chirp{generating FPGA code. The �rst chirp{generating implementation did

not use the MGT or a graphical user interface. For simplicity, the buttons on the

ML405 development board increasedor decreasethe number of cyclesin a chirp by

�v e. The chirp output was a gated clock limited to 400MHz chirps without any

encoding functionality. A gated clock is a poor implementation becausethe �rst and

last cycle of a chirp would be randomly truncated, causingdegradedperformance.

The output frequencywas �xed by the clock synthesizer.

In the next designiteration the MGT con�guration wasadded. The MGT allowed

phaseencoded chirps to be transmitted at the maximum speedcapableof the FPGA

development board. The output chirp washard{codedfor simplicity (the con�gurable

implementation wasto usethe PowerPC processorand Ethernet controller) and could

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

The internal FPGA processorarchitecture is very 
exible and very complex,with

several di�erent buses,memory architectures, bridges, input{output controllers, and

processors(MicroBlaze� and PowerPC� ). Figure 4-16 shows a simpli�ed depiction

of the organization of the FPGA's embedded processorbus as con�gured for this

implementation. 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 peripherals can be

placedon any bus, good designpracticesseparatehigh{speedcomponents that only

communicate with the processorfrom slower peripheralsthat may communicate with
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Figure 4-16: Block diagram of FPGA PowerPC processorcon�guration.

each other as well as the processor.

The processorlocal bus (PLB) bridge connectsthe PowerPC to the on{chip pe-

ripheral bus (OPB). The \UAR T" allows the program running on the PowerPC to

send simple debug messagesvia RS{232 to a terminal. Debugging problems with

Ethernet communication wasgreatly aided by the \UAR T" . The generalpurposein-

put output (GPIO) peripheralsaregeneratedautomatically via a peripheralwizard in

XPS and canbeconnectedto anything. The \GPIO LEDs" peripheralwascon�gured

to setLEDs asanother simpledebugstatus output. The \GPIO buttons" allowed the

program running on the processorto check the buttons on the ML405 development

board. The only custom peripheral was \chirp2" , the secondimplementation which

transmits the phase{encoded chirp.

The organizationof the \chirp2" IP is shown 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 and user logic sourceswereau-

tomatically generatedby the XPS peripheralwizard. They provide a registertransfer
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Figure 4-17: Top level block diagram of chirp2 VHDL code.

interfaceto the PowerPC processorthat allows the program to write to registersthat

con�gure and control 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 implementation of complex functions, such as a fast{

fourier{transform, are also provided through CoreGen as 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 component code into a higher level component.

Figure 4-17 shows the MGT con�gured by CoreGen integrated into the chirp2 IP

wrapped by the rocketio glue.vhd source�le. The CoreGengeneratedcode needs

several modi�cations to work properly in this design. The clock distribution and

connectionswerenot setup asrequired. Details on setting up the MGT clocks is out

of the scope of this thesisand requirescareful study of [58].
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Figure 4-18: VHDL code organizational block diagram of the \chirp2" peripheral
implementing the rocketIO multi{gigabit{transceiv er and support FPGA cores.

All of the custom peripheral management code as well as the implementation

of the MGT are contained in rocketio glue.vhd . This code makes all the proper

connectionsbetween the MGT hard{wired coresand the higher{level custom logic.

VHDL listing fragment 2 shows the custom logic that periodically sendsthe con-

�gured chirp by loading the output register with data when the counter reached

delay time . The majorit y of the rocketio glue.vhd is shown in block diagram 4-

18. The \MGT clock" black{b ox bu�ers the user clock (set by the external VCO),

separatingthe clock domains,and phaselocking to the MGT userclock. Synchroniza-

tion with adjacent MGT blocks as well as converting the MGT clocks to the proper

frequencyis alsohandled by the \MGT clock". The MGT wrapper encapsulatesthe

hundredsof RocketIO con�guration parametersto simplify the interface for higher{

level components. Most of the complexity of the MGT con�guration is due to the

hardware implementation of di�erent high{speedencoding and decoding standards.

The \user clock out" signal is generatedto synchronize 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 reset and

initialization hardware. The receiver is not connectedin this implementation. The

MGT hardware comesin pairs of transceivers. The \unused wrapper" component is
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VHDL 2 : txdata p processin rocketio glue.vhd

1 � � p u r p o se : p r o v i d e s d a t a t o M GT 0 T X
2 � � t y p e : s e q u e n t i a l
3 � � i n p u t s : u s r c l k i , r e s e t
4 � � o u t p u t s :
5 t x d a t a p : p r o c e s s ( u s r c l k i , t x s y s t e m r e a d y i , c h i r p p a t t e r n , d e l a y t i m e )
6
7 b e g i n � � p r o c e s s t x d a t a p
8 i f t x s y s t e m r e a d y i = ' 0 ' t h en � � a sy n c h r o n o u s r e s e t ( a c t i v e l o w )
9

10 c o u n t e r < = ( o t h e r s = > ' 0 ' ) ;
11 m g t 0 t x d a t a i < = ( o t h e r s = > ' 0 ' ) ;
12
13 e l s i f u s r c l k i ' ev en t and u s r c l k i = ' 1 ' t h en � � r i s i n g c l o c k ed ge
14
15 i f c o u n t e r > = d e l a y t i m e t h en
16
17 c o u n t e r < = ( o t h e r s = > ' 0 ' ) ;
18 m g t 0 t x d a t a i < = c h i r p p a t t e r n ;
19
20 e l s e
21
22 c o u n t e r < = c o u n t e r + 1 ;
23 m g t 0 t x d a t a i < = ( o t h e r s = > ' 0 ' ) ;
24
25 end i f ;
26
27 end i f ;
28 end p r o c e s s t x d a t a p ;

the unusedtransceiver in the sameASIC MGT block as the utilized MGT [58].

Someof the status and logic indicators werebrought out to the LEDs to help with

debugging.Systemready, clock management phaselocking, resetsignals,and bu�er

ready status conditions were monitored via the LEDs.

Normally every level of VHDL code is simulated individually to check correct op-

eration, and simulated asa systemto check integration. The complexity of the MGT

made simulation infeasible due to the complexity of setup and amount of time to

run. Sometimecompiling the VHDL code and running on the FPGA, with carefully

chosendebugsignalsmadeavailable to test ports, is the best way to debugan imple-

mentation. Other options for debuggingcode are available, such asChipScope� from

Xilinx, however they were not within our budget.
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4.7 Soft ware

There are two software platforms currently under development. The PowerPC on the

FPGA runs an Internet server that servicesrequestsfrom other devicescommunicat-

ing via the TCP/IP sockets port. A PC runs a user interface that allows changesto

the transmitted pattern and frequencyof periodic chirp. The software wasdeveloped

with the help of an undergraduate,Roshni Cooper, as a part of the Undergraduate

Research 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

doneas this project progresses.Future software development will allow MATLAB
�

running on the LeCroy oscilloscope, through the Java sockets library, to signal the

FPGA to transmit a particular code. MATLAB
�

will then trigger the oscilloscope

and collect and analyzethe data from the return RF signal.

The current implementation hasthe embeddedPowerPC processorrunning a very

simpleprogramto servicerequestsfrom the userinterface. The sourcecode is located

in Appendix E. There are three libraries and associated sourcecode used for this

program;

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

provided network APIs.

� xromlcd.c : Provides the interface to the ML405's LCD display. This source

code was a part of someXilinx democode.

� chirp2.c : Interfacedevicedriver 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 servicesconnection requests

with enet accept() . Up to MAXNETCONNSfrom di�erent computers are allowed.
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This feature will be useful when multiple measurement stations must communi-

cate to triangulate a tag's position. Commandsare processedand parsedwith the

enet proc conns() function, which checks each connectionand executesany pending

requests. Only one command, \ chirp2,delay,high,low; ", has beenimplemented;

wheredelay is an integerspecifying 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 User interfaceprogram written in PERL.

The simpleuserinterface,shown in �gure 4-19,communicatesover Ethernet with

a TCP/IP sockets library. Programmedin PERL, the interface is portable, simple,

and easilyextended.The IP addressand the port number of the measurement station

is entered under \Host TCP/IP Address" and \P ort." Two buttons are provided to

connectand disconnectto the measurement station. Many patterns may be speci�ed

by the three columnsof con�gurations, which are stored on disk for later use. The

selectedpattern is sent to the measurement station whenthe \Send" button is pressed.

The user interface, while functional and in use, is preliminary, and therefore the

full sourcecode is not provided. However the most important code fragments are

given in PERL listing 1. A TCP/IP socket is opened to the measurement station
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with IO::Socket::INET->new( ... ) . The handle � sock is then written to, read

from, and closedthe sameas any �le handle. The set chirp( ... ) subroutine

demonstrateshow the \ chirp2,delay,high,low; " commandis assembled and sent.

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

1 u se I O : : H a n d l e ;
2 u se I O : : So c k et ;
3 u se N et : : h o s t en t ;
4 u se PO SI X qw / s e t s i d / ;
5 u se su b s qw / c l i e n t c o n n e c t / ;
6
7 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
8 su b h o s t c o n n e c t f
9 
 so c k = I O : : So c k et : : I N ET� > n ew ( P eer A d d r = > 
 h o st ,

10 P r o t o = > ' t c p ' ,
11 P eer P o r t = > 
 p o r t ) ;
12 
 so c k � > a u t o f l u s h ( 1 ) ;
13 g
14
15 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
16 su b h o s t d i s c o n n e c t f
17 r e t u r n u n l e s s d e f i n e d 
 so c k ;
18 c l o s e ( 
 so c k ) ;
19 g
20
21 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
22 su b s e t c h i r p f
23 m y 
 d e l a y = s h i f t ;
24 m y 
 h i g h = s h i f t ;
25 m y 
 l o w = s h i f t ;
26 h o s t s e n d ( " c h i r p 2 , 
 d el a y , 
 h i g h , 
 l o w " ) ;
27 g
28
29 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
30 su b h o s t s e n d f
31 m y 
 d a t a = s h i f t ;
32 p r i n t 
 so c k 
 d a t a . " n n " ;
33 g
34
35 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
36 su b h o s t r e c v f
37 m y 
 d a t a = ' ' ;
38 
 so c k � > r e c v ( 
 d a t a , 1 2 8 ) ;
39 r e t u r n 
 d a t a ;
40 g
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Chapter 5

Testing and Characterization

All of the resultspresented herearevery preliminary. The 915M H z devicesof interest

have not yet beensuccessfullyfabricated (thesedevicesshouldreadywithing 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 check our �rst simpli�ed designs,the

3�m fabrication process,and the test setup, somedata was taken. Until recently, we

did not have the necessarytest equipment (oscilloscope, ampli�ers, RF prototyping

components, etc.) thereforevery little presentable data was collected. However, the

following is usefulasan illustration of the operation of three SAW devicesalongwith

someinsight into their performance.

5.1 SAW Device 0x2C9

Device0x2C9wasa band{pass�lter with a reasonablygood �lter response.Seetable

5.1 for the detailed speci�cations. Figure 5-1 shows the CAD artwork (layout was

done in MAGIC). This is a bi{directional device,and for the purposesof this data,

oneport is the input and oneis the output. The transmissibility (measurement setup
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is explainedin section4.4) shows very good band{pass�ltering with a pass{bandof

� 20M H z (�gures 5-2 and 5-3). A simple impedancematch was tried and seemedto

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 wasmade.

One possibleexplanation for the curlicues shown in �gure 5-5 is that the resonant

re
ections were confusing the RF Network Vector Analyzer (more investigation is

underway).

Figure 5-6 shows the e�ect of internal back{and{forth re
ections between the

input and output IDTs. The magnitudeof the internal re
ections may be in 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 signal that is detectedis unwanted feed{

through from the input to output port. The main signal is the largest waveform to

be received at the output. The signalsthat show 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 each IDT, which are shown in �gure 5-7. The secondary

re
ections are discussedin section2.2.

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

Table 5.1: Speci�cations for device0x2C9
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Figure 5-1: Drawing of SAW �lter device0x2C9

Figure 5-2: Frequency response from 50M H z to 1GH z. The pass band is at
322:249M H z.
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Figure 5-3: Pass{bandbandwidth shown as � 20M H z.

Figure 5-4: Smith chart beforeimpedancematching circuit.
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Figure 5-5: Smith chart after impedancematching circuit with 27nH and 10pF.

Figure 5-6: Internal re
ection betweentwo IDTs in device0x2C9.
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Figure 5-7: Example of inter{�nger re
ections within a singleIDT.
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5.2 SAW Device 0x2E8

With only 20 �ngers and half the apodization (IDT �nger overlap) of device0x2C9,

device 0x2E8 has a much lossier response. Not as much data was collected as for

0x2E8due to lack of time. Figure 5-9 shows the measuredband{passresponsesas

well assignsof electromagneticfeed{through, which is the couplingof the input signal

to the output via electromagnetics[5]. The impulseresponseshown in �gure 5-10has

beenlabeledto show the relationship of the output signal to the number of �ngers in

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

output.

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

Table 5.2: Speci�cations for device0x2E8

Figure 5-8: Drawing of SAW �lter device0x2E8
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Figure 5-9: The sloped frequencyresponseis due to electromagneticfeed{through[5].

Figure 5-10: Impulse responseof SAW �lter Device0x2E8. The number of cycleshas
beenlabeled(1,10,and20). ChannelZ2 is the zoomedview of ChannelC2.
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5.3 SAW Device 0x0E3

One of the four saw re
ectors that were tested is presented here. 0x0E3was the only

SAW re
ector devicethat was tested with the fast 5GH z oscilloscope. Limited data

was taken on three other SAW re
ectors with a 500M H z oscilloscope. Due to the

inadequatebandwidth of the 500M H z oscilloscope, that data is not worth presenting.

Figure 5-11 show the devicewith �v e setsof re
ector gratings. The responsefrom

an 11{cycle chirp signal is shown 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 gratingsaremeasurable,astoo much of the signal is lost by the time the surface

wave reachesthe fourth and �fth re
ector. The delay betweenthe interrogation chip

and the round trip to andback from the �rst re
ector is 171ns. This delay corresponds

to the surfacevelocity and distance between the input IDT and �rst grading. The

surfacevelocity is � 4000m=s and the distancebetweenthe gratings is 300�m . The

very �rst return responsewill start at 150ns. However the �rst detectableresponse

will be shortly after becausemore than one wave will needto couple into the IDT.

As shown in �gure 5-12, the time until signal is signi�cant is 171ns, as expected.

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

Table 5.3: Speci�cations for device0x0E3
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Figure 5-11: Drawing of SAW �lter device0x0e3

Figure 5-12: The four cyclechirp responseof device0x0E3. ChannelZ3 is the zoomed
view of the �rst re
ection on ChannelC3.



Chapter 6

Conclusion

From the beginning we knew this project was very ambitious. Micro{fabrication

projects are particularly di�cult to complete over the short duration of a masters

degree. Additional challengesto this project were the high{frequency electronics

designand testing. An an enormousamount has beenaccomplishedand learned in

the two yearssincethe start of this project. Extensive investigationsinto the state{of{

the{art of existing solutionsand an analysisof probableperformanceof SAW devices

werecompleted. The idea of a SAW basedtransponderwith ranging capabilities was

conceptualizedand a patent was �led on the technology. The implementation of the

SAW transpondersis now progressingquickly and shouldconcludewith 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 developed, implemented, and veri�ed with our initial devices. The

designsof newdevices,currently beingfabricated, werebasedon thesemodels. Three

masksweredrawn using two CAD tools, \la yout" and \Magic." The foundation has

beenlaid for quickly implementing newdesignsusingthe toolsandmethodsdeveloped
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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 majorit y of the problems were due to inexperience

with the complicatedprocessesand laboratory methods. The useof numeroustools

were learnedand successfullyutilized. Amorphoussilicon dioxide masksand lithium

niobate SAW substrates were selectedand purchased based on our requirements.

Cleaningand preparation processeswere learnedand modi�ed for our uses,allowing

us to recyclewafers from unsuccessfulruns, saving a signi�cant amount of money..

I becamepro�cient in the use of two lithography aligners, one of which signi�cant

upgradeswere made to meet requirement of this project. Knowledgenecessaryto

use the scanning electron beam lithography tool has allowed inspection and writ-

ing of masks. After debugging,the lift{o� processeswe achieved reliable fabrication

of devices. 3�m deviceswere successfullyfabricated. Several 3inch quartz masks

with 1:1�m and 300nm deviceson them were successfullyfabricated. Debugging

of the mask making processis nearly complete. The tools and hardware necessary

for mounting the SAW devicesto suitable packagesand wire{bonding them to the

leadshas been�gured out and implemented. A lot of work as beenaccomplishedin

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 implementation.

The architecture necessaryfor the electronicstest suite was designedand devel-

oped to a point where devicesare able to be tested. A prototype test suite has

beenassembled, with an FPGA signal source,supporting high{frequency electronics

such as low{noise ampli�ers, and a high{speedoscilloscope capturing return signals

and debugging. Signi�cant progresshas beenmade in verifying that the electronics

will work for the ultimate goalsof this project. The FPGA hardware and software
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has been developed su�cien tly to generatethe required signals. An Ethernet ca-

pable user interface program was written to communicate and control the FPGA.

Impedancematching of the SAW devicesto the standard 50
 electronicshas been

�gured out. Topologiesfor testing the variousSAW deviceshasbeenprototyped and

hascollectedsomeusefuldata. The equipment acquiredshould be nearly everything

necessaryto attain our initial results for ranging measurements. Data taken thus far

with the electronicslooks encouragingand good results are expectedsoon.

Basic testing of devicesmadeto date hasbeenaccomplished,and the results are

reasonable.The test setup and methods for testing SAW �lters has given us result

from four 3�m devices. Frequencyand impulse responsesof the 3�m deviceshave

been measuredand correspond to the expected results. The e�ect of impedance

matching the SAW IDTs has beenveri�ed to be an improvement. The responseof

several 3�m re
ector deviceshave also been investigated. Initial test results show

that the available test equipment, such as the RF Network Vector analyzer and os-

cilloscope, are adequate.

The work left to be done before ranging results can be attained are as follows.

Fabrication will continue with making the 915M H z and 2:4GH z devices. The pro-

cessesto make the deviceshave beendeveloped and only needto be tweaked before

working devicesare made. Oncethe high{frequencydevicesaremade,the electronics

suite will be put to the test. Somesigni�cant debuggingis expectedand di�erent ap-

proachesto testing the deviceswill be explored. Testingof all of the di�erent devices

will takeplaceafter the electronicshave beenfully debugged.Following the collection

of the test data, a paper containing 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 passive transpondershas excited several sponsorsof the



140 CHAPTER 6. CONCLUSION

MIT Media Laboratory. The usefulnessof the project is evident in the amount of

work being put into other lesselegant solutions to the tracking problem, summarized

in section1.3. Successfulcompletionof this project will solve many tracking problems

for which there is currently 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

./msk/saw.1 3.10.2006/scripts/

directory. The makeall.tcl script was used to layout the majorit y of the mask.

This script usesthe saw.tcl library of procedures. After the makeall.tcl script

wasrun, somemanual touch{up wasnecessary. First the deviceswerebumpedaround

to make room for a horizontal alignment mark. Then the devicesnear the edgesof

the mask were duplicated in the remaining area. The deviceson the left side were

rotated and 
ipp ed so their commonedgewas towards the center 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 documentation was automatically created. Some

bugsin Magic 7.3 necessitatethe useof a fix.pl script to �x the postscript output.

A comma{separated{variable listing of all the parametersfor each device is output

to the specs.csv �le. Note that there is an error in the makeall.tcl script. When

151
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the �rst 9 saw devicesare madethe REFApodization is not set correctly for the �rst

device. The half{�ngers are not shorted correctly. This was not worth the time to

correct beforemaking the mask.

TCL : makeall.tcl

1 # = = = = = = = = = = = = = = = = = = = == = == = == = == = == = = == = == = == = == = == = =

2 #

3 # M ake A l l : M ake t h e m ask

4 #

5 # f i l e n a m e : m a k e a l l . t c l

6 # a u t h o r s : J a so n L a P en t a ( J L )

7 # d a t e : 3 / 4 / 2 0 0 6 ( J L )

8 # t a r g e t : M a gi c v 7 . 3

9 # [ h t t p : / / o p e n c i r c u i t d e s i g n . c o m / m a g i c / ]

10 # v e r s i o n : 0 . 3 a l p h a ( b r a n c h 0 )

11 #

12 # a b s t r a c t : g e n e r a t e s p a r a m e t e r i z e d SAW

13 # g r a t i n g s an d t e s t f e a t u r e s

14 #

15 # = = = = = = = = = = = = = = = = = = = == = == = == = = == = == = == = == = == = = == = ==

16 # M ask L a y o u t

17 #

18 # � � � � � � � � � � � � � < � ( 7 0 mm,70mm )

19 # j j j

20 # j j j

21 # j j j

22 # j j j

23 # j j j

24 # j j j

25 # ( 0 , 0 ) � > � � � � � � � � � � � � �

26 #

27 # t h e bo t t o m c o r n er o f 7 i s ( 0 , 0 )

28 # t h e m ask i s 4 " s q u a r e , w i t h an i n s e t t o

29 # t h e a r t w o r k o f 1 5mm on ea c h s i d e , g i v i n g

30 # a s q u a r e o f 7 0 x70mm f o r t h e a r t w o r k

31 # = = = = = = = = = = = = = = = = = = = == = = == = == = == = == = = == = == = == = = ==

32 #

33 #

34 # C h a n ges :

35 # D a t e W ho D e s c r i p t i o n

36 # � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

37 # 2 / 1 2 / 0 6 J L New F i l e

38 # 3 / 5 / 0 6 J L A dded i n d u a l p o r t sa w s

39 # 3 / 6 / 0 6 J L r e d i d l a y o u t t o p a c k m any

40 # d e v i c e s i n a 7 0mm x 7 0mm a r ea

41 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

42

43 # saw c r e a t i o n l i b r a r y

44 so u r c e s a w . t c l

45
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46

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

48 # n e x t

49 #

50 # m oves t o t h e n e x t a v a i l a b l e sp a c e on t h e d i e

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

52

53 p r o c n e x t f g f

54

55 g l o b a l o f f s e t x

56 g l o b a l o f f s e t y

57 g l o b a l i d

58

59 i n c r i d

60

61 s e t p o s [ m a g i c : : b o x p o s ]

62 s e t s i z e [ m a g i c : : b o x s i z e ]

63

64 s e t x [ l i n d e x 
 p o s 0 ]

65 s e t y [ l i n d e x 
 p o s 1 ]

66

67 s e t w [ l i n d e x 
 s i z e 0 ]

68 s e t h [ l i n d e x 
 s i z e 1 ]

69

70 # we ' v e r u n o u t o f r o o m , s t o p m o v i n g

71 i f f 
 y < 
 h && 
 o f f s e t x > [ ex p r 7 0 0 0 0 / 2 ] g f

72 p u t s " n n n n ������� OUT OF ROOM ����� n n n n "

73 r e t u r n

74 g

75

76 # c h ec k i f l a s t d e v i c e f i t s

77 # i f n o t t h en m ove

78 i f f 
 x + 
 w > [ ex p r ( 7 0 0 0 0 / 2 ) + 
 o f f s e t x � 2 0 0 0 ] g f

79 m a g i c : : s e l e c t v i s i b l e

80 m a g i c : : m o v e t o 
 o f f s e t x [ ex p r 
 y � 
 h � 
 o f f s e t y ]

81 m a g i c : : b o x m ov e e a s t [ ex p r 
 w + 
 o f f s e t y ]

82 g e l s e f

83 m a g i c : : b o x m ov e e a s t [ ex p r 
 w + 
 o f f s e t y ]

84 g

85

86 i f f 
 y < 2 ��
 h g f

87 s e t o f f s e t x [ ex p r 7 0 0 0 0 / 2 + 1 0 0 0 ]

88 m a g i c : : b o x p o s i t i o n 
 o f f s e t x [ ex p r 7 0 0 0 0 � 1 5 0 0 ]

89 g

90

91 g

92

93

94

95 # = = = = = = = = = = = = = = = = = = = == = == = == = = == = == = == = == = == = = == = ==

96 # o u t p u t

97 #

98 # m akes p o s t s c r i p t o u t p u t s

99 # = = = = = = = = = = = = = = = = = = = == = == = == = = == = == = == = == = == = = == = ==
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100

101 p r o c o u t p u t f x y bw b h i d g f

102

103 # l i m i t w i d t h so d o c u m en t a t i o n i s r e a d a b l e

104 s e t b w 2 
 b w

105 i f f 
 b w 2 > 4 0 0 0 g f

106 s e t b w 2 4 0 0 0

107 g

108

109 m a g i c : : b o x p o s i t i o n 
 x [ ex p r 
 y � 4 5 0 ]

110 m a g i c : : b o x s i z e 
 b w 2 [ ex p r 
 b h + 4 5 0 ]

111 m a g i c : : p l o t p o s t s c r i p t sa w [ f o r m a t " %n# 05x " 
 i d ] . p s f m et a l 1 l a b e l s g

112

113 # d e l e t e d o c u m en t a t i o n l a b e l s

114 m a g i c : : b o x s i z e 
 b w 2 4 5 0

115 m a g i c : : s e l e c t v i s i b l e

116 m a g i c : : d e l e t e

117

118 m a g i c : : b o x p o s i t i o n 
 x 
 y

119 m a g i c : : b o x s i z e 
 b w 
 b h

120 g

121

122 # = = = = = = = = = = = = = = = = = = = == = == = == = = == = == = == = == = == = = == = ==

123 # m a k e c e l l

124 #

125 # x � x p o s i t i o n o f f i r s t f i n g e r

126 # y � y p o s i t i o n o f f i r s t f i n g e r

127 # h � h e i g h t o f s u r r o u n d i n g bo x

128 # w � w i d t h o f s u r r o u n d i n g bo x

129 # = = = = = = = = = = = = = = = = = = = == = == = == = = == = == = == = == = == = = == = ==

130

131 p r o c m a k e c e l l f g f

132

133 g l o b a l sa w sp ec

134

135 # sa v e t h e bo x p o s i t i o n f o r l a t e r

136 s e t p o s [ m a g i c : : b o x p o s i t i o n ]

137 s e t x [ l i n d e x 
 p o s 0 ]

138 s e t y [ l i n d e x 
 p o s 1 ]

139

140 s e t s 
 sa w sp ec ( I D T Sp a c i n g )

141 s e t w 
 sa w sp ec ( I D T W i d t h )

142 s e t l 
 sa w sp ec ( I D T L en g t h )

143 s e t a 
 sa w sp ec ( I D T A p o d i z a t i o n )

144

145 s e t l w 
 sa w sp ec ( L eg W i d t h )

146 s e t p o 
 sa w sp ec ( P a d O f f se t )

147 s e t pw 
 sa w sp ec ( P a d w i d t h )

148 s e t p h 
 sa w sp ec ( P a d h e i g h t )

149

150 s e t i n f 
 sa w sp ec ( I N F i n g er s )

151 s e t r f 
 sa w sp ec ( R E F F i n g er s )

152 s e t r s 
 sa w sp ec ( R E F Sp ac i n g )

153 s e t r n 
 sa w sp ec ( R E F N u m b er )
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154 s e t s l 
 sa w sp ec ( S t o p L en g t h )

155

156 s e t i d 
 sa w sp ec ( I D )

157

158 # c a l c u l a t e t h e bo x w i d t h o f t h e s u r r o u n d i n g bo x

159 # 5 0 um o f p a d d i n g

160 s e t p a d x 5 0

161 # w i d t h o f t h e t e s t f e a t u r e s

162 s e t t e s t w 2 5 0

163

164 s e t bw [ ex p r 2 ��
 p a d x + 
 p w + 
 p o + ( 
 s+ 
 w ) ��
 i n f ]

165 s e t bw [ ex p r 
 b w + 
 r n � ( 
 r f � ( 
 s+ 
 w ) + 
 r s ) ]

166 s e t bw [ ex p r 
 b w + 2 ��
 s l + 
 p o + 
 r s + 
 t e s t w ]

167

168 # c a l c u l a t e t h e bo x h e i g h t o f t h e s u r r o u n d i n g bo x

169 # 5 0 um o f p a d d i n g

170 s e t p a d y 5 0

171

172 s e t b h [ ex p r 2 ��
 p a d y + 2 ��
 p h + ( 2 ��
 l � 
 a ) ]

173

174 # m ake t h e s u r r o u n d i n g bo x

175 m a k e o u t l i n e 
 b w 
 b h 2 0

176

177 # m ake t h e d e v i c e

178 m a g i c : : b o x p o s i t i o n [ ex p r 
 x + 
 p a d x ] [ ex p r 
 y + 
 p a d y ]

179 m ak e saw sa w sp ec 
 x 
 y 
 b w 
 b h 
 p a d x 
 p a d y

180

181 # m ake t e s t s t r u c t u r e s

182 m a g i c : : b o x p o s i t i o n [ ex p r 
 x + 
 b w � 
 t e s t w ] [ ex p r 
 y + 
 p a d y ]

183 m a k e t es t 
 b h

184

185 # m ake i n d e x n u m ber

186 m a g i c : : b o x p o s i t i o n [ ex p r 
 x + 
 p a d y + 
 s l + 2 ��
 p o + 
 p w ] [ ex p r 
 y + 
 p a d y ]

187 m a k e i d 
 i d

188

189 # d o c u m en t p a r a m et e r s

190 m a g i c : : b o x p o s i t i o n 
 x 
 y

191 m a g i c : : b o x m ov e so u t h 5 0

192 d ocu m en t sa w sp ec 
 x 
 y 
 b w 
 b h

193

194 # o u t p u t p o s t s c r i p t d r a w i n g

195 o u t p u t 
 x 
 y 
 b w 
 b h 
 i d

196 g

197

198

199 # = = = = = = = = = = = = = = = = = = = == = == = == = = == = == = == = == = == = = == = ==

200 # m a k e d u a l

201 #

202 # x � x p o s i t i o n o f f i r s t f i n g e r

203 # y � y p o s i t i o n o f f i r s t f i n g e r

204 # h � h e i g h t o f s u r r o u n d i n g bo x

205 # w � w i d t h o f s u r r o u n d i n g bo x

206 # = = = = = = = = = = = = = = = = = = = == = == = == = = == = == = == = == = == = = == = ==

207 p r o c m a k e d u a l f g f
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208

209 g l o b a l sa w sp ec

210

211 # sa v e t h e bo x p o s i t i o n f o r l a t e r

212 s e t p o s [ m a g i c : : b o x p o s i t i o n ]

213 s e t x [ l i n d e x 
 p o s 0 ]

214 s e t y [ l i n d e x 
 p o s 1 ]

215

216 s e t s 
 sa w sp ec ( I D T Sp a c i n g )

217 s e t w 
 sa w sp ec ( I D T W i d t h )

218 s e t l 
 sa w sp ec ( I D T L en g t h )

219 s e t a 
 sa w sp ec ( I D T A p o d i z a t i o n )

220

221 s e t l w 
 sa w sp ec ( L eg W i d t h )

222 s e t p o 
 sa w sp ec ( P a d O f f se t )

223 s e t pw 
 sa w sp ec ( P a d w i d t h )

224 s e t p h 
 sa w sp ec ( P a d h e i g h t )

225

226 s e t i n f 
 sa w sp ec ( I N F i n g er s )

227 s e t r s 
 sa w sp ec ( R E F Sp ac i n g )

228 s e t s l 
 sa w sp ec ( S t o p L en g t h )

229

230 s e t i d 
 sa w sp ec ( I D )

231

232 # c a l c u l a t e t h e bo x w i d t h o f t h e s u r r o u n d i n g bo x

233 # 5 0 um o f p a d d i n g

234 s e t p a d x 5 0

235 # w i d t h o f t h e t e s t f e a t u r e s

236 s e t t e s t w 2 5 0

237

238 s e t bw [ ex p r 2 ��
 p a d x + 2 ��
 p w + 2 ��
 p o + 2 � ( 
 s+ 
 w ) ��
 i n f ]

239 s e t bw [ ex p r 
 b w + 
 r s + 2 ��
 s l + 2 ��
 p o + 
 t e s t w ]

240

241 # c a l c u l a t e t h e bo x h e i g h t o f t h e s u r r o u n d i n g bo x

242 # 5 0 um o f p a d d i n g

243 s e t p a d y 5 0

244

245 s e t b h [ ex p r 2 ��
 p a d y + 2 ��
 p h + ( 2 ��
 l � 
 a ) ]

246

247 # m ake t h e s u r r o u n d i n g bo x

248 m a k e o u t l i n e 
 b w 
 b h 2 0

249

250 # m ake l e f t s t o p b l o c k

251 m a g i c : : b o x p o s i t i o n [ ex p r 
 x + 
 p a d x ] [ ex p r 
 y + 
 p a d y ]

252 m a g i c : : b o x s i z e 
 s l [ ex p r 
 b h � 2 ��
 p a d y ]

253 m a g i c : : p a i n t m et a l 1

254

255 # M ake I n p u t an d O u t p u t I D T s

256 s e t sa w sp ec ( I D T F i n g er s ) 
 sa w sp ec ( I N F i n g er s )

257 s e t sa w sp ec ( I n c l u d e P a d s ) 1

258 m a g i c : : b o x m ov e n o r t h [ ex p r 
 p h ]

259 m a g i c : : b o x m ov e e a s t [ ex p r 
 s l + 2 ��
 p o + 
 p w ]

260 m a k e i d t sa w sp ec

261 m a g i c : : b o x m ov e e a s t [ ex p r ( 
 s+ 
 w ) ��
 i n f + 
 r s ]
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262 s e t sa w sp ec ( I n c l u d e P a d s ) � 1

263 m a k e i d t sa w sp ec

264

265 # m ake r i g h t s t o p b l o c k

266 m a g i c : : b o x m ov e e a s t [ ex p r 
 p w + 2 ��
 p o + ( 
 s+ 
 w ) ��
 i n f ]

267 m a g i c : : b o x m ov e so u t h [ ex p r 
 p h ]

268 m a g i c : : b o x s i z e 
 s l [ ex p r 
 b h � 2 ��
 p a d y ]

269 m a g i c : : p a i n t m et a l 1

270 m a g i c : : p a i n t m et a l 1

271

272

273 # m ake t e s t s t r u c t u r e s

274 m a g i c : : b o x p o s i t i o n [ ex p r 
 x + 
 b w � 
 t e s t w ] [ ex p r 
 y + 
 p a d y ]

275 m a k e t es t 
 b h

276

277 # m ake i n d e x n u m ber

278 m a g i c : : b o x p o s i t i o n [ ex p r 
 x + 
 p a d y + 
 s l + 2 ��
 p o + 
 p w ] [ ex p r 
 y + 
 p a d y ]

279 m a k e i d 
 i d

280

281 # d o c u m en t p a r a m et e r s

282 m a g i c : : b o x p o s i t i o n 
 x 
 y

283 m a g i c : : b o x m ov e so u t h 5 0

284 d ocu m en t sa w sp ec 
 x 
 y 
 b w 
 b h

285

286 # o u t p u t p o s t s c r i p t d r a w i n g

287 o u t p u t 
 x 
 y 
 b w 
 b h 
 i d

288 g

289

290 # = = = = = = = = = = = = = = = = = = = == = == = == = = == = == = == = == = == = = == = ==

291 # = = = = = = = = = = = = = = = = = = = == = == = == = = == = == = == = == = == = = == = ==

292

293

294 # = = = = = = = = = = = = = = = = = = = == = == = == = = == = == = == = == = == = = == = ==

295

296 # o f f s e t s p a c i n g o f ea c h d e v i c e

297 s e t o f f s e t x 1 0 0 0

298 s e t o f f s e t y 5 0

299

300 # d e v i c e i d

301 s e t i d 0

302

303 # s t a r t p o s i t i o n

304 m a g i c : : b o x p o s i t i o n 1 0 0 0 [ ex p r 7 0 0 0 0 � 1 5 0 0 ]

305

306 # d e l e t e any o l d p o s t s c r i p t f i l e s

307 e x e c " . / d e l p s "

308

309 # . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

310 # o p en a f i l e t o p r i n t o u t d o c s

311 e x e c rm � f s p e c s . c s v

312 s e t f i l e I d [ o p en s p e c s . c s v w 0 6 0 0 ]

313

314 s e t f i l e V a r s f

315 I D T Sp a c i n g
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316 I D T W i d t h

317 I D T L en g t h

318 I D T A p o d i z a t i o n

319 I N F i n g er s

320 R E F F i n g er s

321 R E F Sp ac i n g

322 R E F N u m b er

323 R E F A p o d i z a t i o n

324 R E F L eg W i d t h

325 S t o p L en g t h

326 L eg W i d t h

327 P a d O f f se t

328 P a d w i d t h

329 P a d h e i g h t

330 I n c l u d e P a d s

331 g

332

333 s e t b u f " I D , x , y , w , h , "

334 f o r e a c h v 
 f i l e V a r s f

335 s e t b u f " 
 b u f 
 v , "

336 g

337 p u t s 
 f i l e I d " 
 b u f n n "

338

339

340

341 # = = = = = = = = = = = = = = = = = = = == = == = == = = == = == = == = == = == = = == = ==

342 # M ake D e v i c e s

343 # = = = = = = = = = = = = = = = = = = = == = == = == = = == = == = == = == = == = = == = ==

344

345

346

347

348 # m ake a f ew v e r y l o n g SAW d e v i c e s

349

350 a r r a y s e t sa w sp ec f

351 f I D g 0

352 f I D T Sp a c i n g g 10

353 f I D T W i d t h g 10

354 f I D T L en g t h g 3 0 0

355 f I D T A p o d i z a t i o n g 2 7 0

356 f I N F i n g er s g 20

357 f R E F F i n g er s g 40

358 f R E F Sp ac i n g g 2 0 0 0

359 f R E F N u m b er g 10

360 f R E F A p o d i z a t i o n g 2 7 0

361 f R E F L eg W i d t h g 20

362 f S t o p L en g t h g 2 0 0

363 f L eg W i d t h g 20

364 f P a d O f f se t g 50

365 f P a d w i d t h g 2 0 0

366 f P a d h e i g h t g 2 0 0

367 f I n c l u d e P a d s g 1

368 g

369
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370 s e t l e n 
 sa w sp ec ( I D T L en g t h )

371

372 f o r e a c h w f 1 0 5 3 g f

373

374 s e t sa w sp ec ( I D T Sp a c i n g ) 
 w

375 s e t sa w sp ec ( I D T W i d t h ) 
 w

376 s e t sa w sp ec ( I D T A p o d i z a t i o n ) [ ex p r 
 l en � 3 ��
 w ]

377

378 s e t sa w sp ec ( R E F L eg W i d t h ) 20

379 s e t sa w sp ec ( I D ) 
 i d

380 m a k e c e l l

381 n e x t

382

383 s e t sa w sp ec ( R E F A p o d i z a t i o n ) 3 0 0

384 s e t sa w sp ec ( I D ) 
 i d

385 m a k e c e l l

386 n e x t

387

388 s e t sa w sp ec ( R E F A p o d i z a t i o n ) 3 0 0

389 s e t sa w sp ec ( R E F L eg W i d t h ) 0

390 s e t sa w sp ec ( I D ) 
 i d

391 m a k e c e l l

392 n e x t

393

394 g

395

396

397 #� � � � � � � � � � � � � � � � � � � � � � � � � � � �

398 # F or t e s t i n g o n l y

399

400 # . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

401 # m ake v e r t i c a l a l i g n m e n t m a r k s

402 # s e t s a w s p e c ( R E F Sp a c i n g ) 3 0 0

403 # s e t s a w s p e c ( I D ) � i d

404 # m a k e c e l l

405 # n e x t

406

407 # s e t s a w s p e c ( I D T L en gt h ) 1 0 0

408 # s e t s a w s p e c ( I D T A p o d i za t i o n ) 90

409 # s e t s a w s p e c ( R E F A p o d i za t i o n ) 90

410 # m a k e c e l l

411 # n e x t

412

413 # s e t s a w s p e c ( R E F Sp a c i n g ) 1 0 0 0

414 # s e t s a w s p e c ( I D T L en gt h ) 1 0 0

415 # s e t s a w s p e c ( I D T A p o d i za t i o n ) 90

416 # s e t s a w s p e c ( R E F A p o d i za t i o n ) 90

417

418 # m a k e d u a l

419

420 # r e t u r n

421 # t e s t i n g

422 #� � � � � � � � � � � � � � � � � � � � � � � � � � � �

423
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424

425 a r r a y s e t sa w sp ec f

426 f I D g 0

427 f I D T Sp a c i n g g 10

428 f I D T W i d t h g 10

429 f I D T L en g t h g 3 0 0

430 f I D T A p o d i z a t i o n g 2 9 6

431 f I N F i n g er s g 20

432 f R E F F i n g er s g 40

433 f R E F Sp ac i n g g 0

434 f R E F N u m b er g 5

435 f R E F A p o d i z a t i o n g 2 9 6

436 f R E F L eg W i d t h g 20

437 f S t o p L en g t h g 2 0 0

438 f L eg W i d t h g 20

439 f P a d O f f se t g 50

440 f P a d w i d t h g 2 0 0

441 f P a d h e i g h t g 2 0 0

442 f I n c l u d e P a d s g 1

443 g

444

445

446 # f i n g e r l e n g t h

447 f o r e a c h l e n f 3 0 0 2 0 0 1 0 0 g f

448 f o r e a c h w f 1 0 5 3 g f

449

450 # s e t r e f l e c t o r a p o d i z t i o n f o r f u l l y s h o r t e d ( 0 ) , 1 / 2 s h o r t e d ( 1 )

451 # an d g r a t i n g ( 2 )

452 f o r e a c h a f 0 1 2 g f

453

454 s e t sa w sp ec ( I D T L en g t h ) 
 l en

455 s e t sa w sp ec ( I D T Sp a c i n g ) 
 w

456 s e t sa w sp ec ( I D T W i d t h ) 
 w

457 s e t sa w sp ec ( I D T A p o d i z a t i o n ) [ ex p r 
 l en � 3 ��
 w ]

458

459 i f f 
 a < 2 g f

460 s e t sa w sp ec ( R E F A p o d i z a t i o n ) [ ex p r 
 l en � 3 ��
 w ��
 a ]

461 s e t sa w sp ec ( R E F L eg W i d t h ) 
 sa w sp ec ( L eg W i d t h )

462 g e l s e f

463 s e t sa w sp ec ( R E F A p o d i z a t i o n ) 
 l en

464 s e t sa w sp ec ( R E F L eg W i d t h ) 0

465 g

466

467

468 # s p a c i n g

469 f o r e a c h s f 2 . 0 1 . 3 2 . 5 g f

470 # n u m ber o f i n f i n g e r s

471 f o r e a c h i f f 1 0 5 0 2 0 g f

472 # n u m ber o f r e f l e c t o r f i n g e r s

473 f o r e a c h r f f 2 . 0 1 . 0 1 . 5 g f

474

475 s e t sa w sp ec ( R E F N u m b er ) 5

476

477 # l i m i t w i d t h w i t h n u m ber o f r e f l e c t o r s t o no m or e t h a n
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478 # 1 0 0 0 0um

479 s e t w e [ ex p r i n t ( ( 
 r f ��
 i f ) � 2 ��
 w + ( 
 s ��
 i f � 2 ��
 w ) ) � 5 ]

480 w h i l e f 
 w e > 8 0 0 0 g f

481 i n c r sa w sp ec ( R E F N u m b er ) � 1

482 i f f 
 sa w sp ec ( R E F N u m b er) < = 2 g f

483 b r ea k ;

484 g

485 s e t w e [ ex p r ( i n t ( 
 r f ��
 i f ) � 2 ��
 w + i n t ( 
 s ��
 i f � 2 ��
 w ) ) ��
 sa w sp ec ( R E F N u m b er ) ]

486 g

487

488 i f f 
 sa w sp ec ( R E F N u m b er ) > 2 g f

489 s e t sa w sp ec ( I N F i n g er s ) 
 i f

490 s e t sa w sp ec ( R E F F i n g er s ) [ ex p r i n t ( 
 r f ��
 i f ) ]

491 s e t sa w sp ec ( R E F Sp ac i n g ) [ ex p r i n t ( 
 s ��
 i f � 2 ��
 w ) ]

492 s e t sa w sp ec ( I D ) 
 i d

493 m a k e c e l l

494 n e x t

495 g

496

497 g

498 g

499 g

500 g

501 g

502 g

503

504

505 # m ove t o n e x t l i n e b e f o r e m a k i n g d u a l p o r t I D T s

506 s e t p o s [ m a g i c : : b o x p o s ]

507 s e t y [ l i n d e x 
 p o s 1 ]

508 m a g i c : : b o x p o s i t i o n 
 o f f s e t x [ ex p r 
 y � 1 0 0 0 ]

509

510

511 f o r e a c h l e n f 3 0 0 2 0 0 1 0 0 g f

512 f o r e a c h w f 3 5 1 0 g f

513

514 s e t sa w sp ec ( I D T L en g t h ) 
 l en

515 s e t sa w sp ec ( I D T Sp a c i n g ) 
 w

516 s e t sa w sp ec ( I D T W i d t h ) 
 w

517 s e t sa w sp ec ( I D T A p o d i z a t i o n ) [ ex p r 
 l en � 3 ��
 w ]

518

519 f o r e a c h i f 1 0 2 0 5 0 g f

520 s e t sa w sp ec ( I N F i n g er s ) 
 i

521

522 f o r e a c h s f 2 . 0 2 . 5 3 . 0 3 . 5 g f

523 s e t sa w sp ec ( R E F Sp ac i n g ) [ ex p r i n t ( 
 s � 2 ��
 w ��
 i ) ]

524 s e t sa w sp ec ( I D ) 
 i d

525 m a k e d u a l

526 n e x t

527 g

528 g

529

530 g

531 g
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532

533

534 # . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

535 # m ake v e r t i c a l a l i g n m e n t m a r k s

536 m a g i c : : b o x s i z e 2 5 0 7 0 0 0 0

537

538 # . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

539 # m ake v e r t i c a l a l i g n m e n t m a r k s

540 m a g i c : : b o x s i z e 2 5 0 7 0 0 0 0

541

542 f o r e a c h i f 0 3 4 7 5 0 6 9 7 5 0 g f

543 m a g i c : : b o x p o s i t i o n 
 i 0

544 m a g i c : : p a i n t m et a l 1

545 g

546

547 m a g i c : : b o x s i z e 7 0 0 0 0 2 5 0

548

549 f o r e a c h i f 0 6 9 7 5 0 g f

550 m a g i c : : b o x p o s i t i o n 0 
 i

551 m a g i c : : p a i n t m et a l 1

552 g

553

554

555 m a g i c : : s e l e c t

556 m a g i c : : p l o t p o s t s c r i p t a l l . p s f m et a l 1 g

557

558 p u t s " f i x i n g p o s t s c r i p t f i l e s "

559 # e x e c " . / f i x "

560

561 c l o s e 
 f i l e I d
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TCL : saw.tcl
1 # = = = = = = = = = = = = = = = = = = = == = == = == = == = == = = == = == = == = == = == = =

2 #

3 # SAW L i b r a r y

4 #

5 # f i l e n a m e : s a w . t c l

6 # a u t h o r s : J a so n L a P en t a ( J L )

7 # d a t e : 3 / 2 / 2 0 0 6 ( J L )

8 # t a r g e t : M a gi c v 7 . 3

9 # [ h t t p : / / o p e n c i r c u i t d e s i g n . c o m / m a g i c / ]

10 # v e r s i o n : 0 . 2 a l p h a ( b r a n c h 0 )

11 #

12 # a b s t r a c t : g e n e r a t e s p a r a m e t e r i z e d SAW g r a t i n g s

13 # an d t e s t f e a t u r e s

14 #

15 # C h a n ges :

16 # D a t e W ho D e s c r i p t i o n

17 # � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

18 # 2 / 1 2 / 0 6 J L New F i l e

19 # 3 / 5 / 0 6 J L a d d ed i n r i g h t p a d s on IDT

20 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

21

22

23 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

24 # m a k e sa w

25 #

26 # m akes a SAW a t t h e c u r so r ' s l o c a t i o n

27 #

28 # p a s s saw s p e c

29

30 p r o c m ak e saw f saw Sp ecN am e x y bw b h p a d x p a d y g f

31

32 u p v a r 
 saw Sp ecN am e sa w sp ec

33

34 s e t s 
 sa w sp ec ( I D T Sp a c i n g )

35 s e t w 
 sa w sp ec ( I D T W i d t h )

36 s e t l 
 sa w sp ec ( I D T L en g t h )

37 s e t a 
 sa w sp ec ( I D T A p o d i z a t i o n )

38 s e t l w 
 sa w sp ec ( L eg W i d t h )

39 s e t p o 
 sa w sp ec ( P a d O f f se t )

40 s e t pw 
 sa w sp ec ( P a d w i d t h )

41 s e t p h 
 sa w sp ec ( P a d h e i g h t )

42 s e t i n f 
 sa w sp ec ( I N F i n g er s )

43 s e t r f 
 sa w sp ec ( R E F F i n g er s )

44 s e t s l 
 sa w sp ec ( S t o p L en g t h )

45

46

47 # sa v e t h e bo x p o s i t i o n f o r l a t e r

48 s e t b o x p o s [ m a g i c : : b o x p o s i t i o n ]

49

50 # r e f l e c t o r s p a c i n g

51 s e t r s p a c e 
 sa w sp ec ( R E F Sp ac i n g )

52
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53 # m ake l e f t s t o p b l o c k

54 m a g i c : : b o x s i z e 
 s l [ ex p r 
 b h � 2 ��
 p a d y ]

55 m a g i c : : p a i n t m et a l 1

56

57 # m ake i n p u t IDT

58 m a g i c : : b o x m ov e n o r t h [ ex p r 
 p h ]

59 m a g i c : : b o x m ov e e a s t [ ex p r 
 s l + 2 ��
 p o + 
 p w ]

60

61 s e t sa w sp ec ( I n c l u d e P a d s ) 1

62 s e t sa w sp ec ( I D T F i n g er s ) 
 sa w sp ec ( I N F i n g er s )

63 m a k e i d t sa w sp ec

64

65 # s e t u p f o r r e f l e c t o r s

66 s e t sa w sp ec ( I n c l u d e P a d s ) 0

67 s e t sa w sp ec ( I D T F i n g er s ) 
 sa w sp ec ( R E F F i n g er s )

68 s e t sa w sp ec ( I D T A p o d i z a t i o n ) 
 sa w sp ec ( R E F A p o d i z a t i o n )

69 s e t sa w sp ec ( L eg W i d t h ) 
 sa w sp ec ( R E F L eg W i d t h )

70

71 # m ake r e f l e c t o r s

72 s e t r n u m 
 sa w sp ec ( R E F N u m b er )

73

74 f o r f s e t i 0 g f 
 i < 
 r n u m g f i n c r i g f

75 s e t s i z e [ m a g i c : : b o x s i z e ]

76 m a g i c : : b o x m ov e e a s t [ ex p r [ l i n d e x 
 s i z e 0 ] + 
 r s p a c e ]

77 m a k e i d t sa w sp ec

78 g

79

80 # r e s t o r e l e d w i d t h an d a p o d i z a t i o n

81 s e t sa w sp ec ( L eg W i d t h ) 
 l w

82 s e t sa w sp ec ( I D T A p o d i z a t i o n ) 
 a

83

84 # a d d i n s t o p b l o c k

85 m a g i c : : b o x m ov e e a s t [ ex p r [ l i n d e x 
 s i z e 0 ] + 
 r s p a c e ]

86 m a g i c : : b o x m ov e so u t h [ ex p r 
 p h ]

87 # m a g i c : : b o x m ove s o u t h [ ex p r � l / 2 ]

88 # m a g i c : : b o x s i z e � s l [ ex p r 2 ��� l ]

89 m a g i c : : b o x s i z e 
 s l [ ex p r 
 b h � 2 ��
 p a d y ]

90 m a g i c : : p a i n t m et a l 1

91

92 # bo x a r o u n d t h e w h o l e d e v i c e

93 # dr aw bo x a r o u n d n ew i d t

94 # t o d o y o v e r s h o o t s by a s m a l l am ou n t

95 m a g i c : : b o x p o s i t i o n [ l i n d e x 
 b o x p o s 0 ] [ l i n d e x 
 b o x p o s 1 ]

96 m a g i c : : b o x m ov e so u t h [ ex p r 
 p h ]

97 m a g i c : : b o x m ov e w est [ ex p r 
 p w+ 
 p o ]

98 s e t r x d i s t [ ex p r ( ( 
 s + 
 w ) ��
 r f + 
 r s p a c e ) ��
 r n u m + ( 
 s + 
 w ) ��
 i n f ]

99 m a g i c : : b o x s i z e [ ex p r 
 r x d i s t + 
 p w + 
 p o + 2 � [ l i n d e x 
 s i z e 0 ] +

100 [ l i n d e x 
 s i z e 0 ] ] [ ex p r 2 ��
 l � 
 a + 2 ��
 p h ]

101 g

102

103 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

104 # m a k e i d t

105 #

106 # m akes an d IDT a t t h e c u r so r ' s l o c a t i o n
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107 #

108 # p a s s s p e c

109

110 p r o c m a k e i d t f sp ecN am e g f

111

112 # sa v e bo x p o s i t i o n an d s i z e

113 s e t b o x p o s [ m a g i c : : b o x p o s i t i o n ]

114 s e t b o x s i z e [ m a g i c : : b o x s i z e ]

115

116 u p v a r 
 sp ecN am e sp ec

117

118 s e t s 
 sp ec ( I D T Sp a c i n g )

119 s e t w 
 sp ec ( I D T W i d t h )

120 s e t l 
 sp ec ( I D T L en g t h )

121 s e t a 
 sp ec ( I D T A p o d i z a t i o n )

122 s e t num 
 sp ec ( I D T F i n g er s )

123 s e t l w 
 sp ec ( L eg W i d t h )

124 s e t p o 
 sp ec ( P a d O f f se t )

125 s e t pw 
 sp ec ( P a d w i d t h )

126 s e t p h 
 sp ec ( P a d h e i g h t )

127

128 # p u t s " n n M ak i n g SAW IDT ( 
 s , 
 w , 
 l , 
 a , 
 n u m , 
 l w ) n n "

129

130 s e t s t a r t p o s [ m a g i c : : b o x p o s i t i o n ]

131 s e t s t a r t p o s x [ l i n d e x 
 s t a r t p o s 0 ]

132 s e t s t a r t p o s y [ l i n d e x 
 s t a r t p o s 1 ]

133

134 # a p o d i z a t i o n o f f s e t

135 s e t ao [ ex p r ( 
 l � 
 a ) / 2 ]

136

137 # m ake o n e f i n g e r a t 0 , 0

138 m a g i c : : b o x s i z e 
 w 
 l

139 m a g i c : : p a i n t m et a l 1

140

141 # m ake sec o n d o f f s e t f i n g e r

142 m a g i c : : b o x m ov e r i g h t [ ex p r 
 w + 
 s ]

143 m a g i c : : b o x m ov e u p 
 a o

144 m a g i c : : p a i n t m et a l 1

145

146 # a r r a y 2 f i n g e r s n u m ber o f f i n g e r t i m e s

147 m a g i c : : b o x m ov e l e f t [ ex p r 
 w + 
 s ]

148 m a g i c : : b o x m ov e d ow n 
 a o

149 m a g i c : : b o x s i z e [ ex p r 2 � ( 
 w+ 
 s ) ] [ ex p r 
 l + 
 a o ]

150 m a g i c : : s e l e c t v i s i b l e

151

152 i f f [ ex p r 
 num % 2 ] > 0 g f

153 # o d d n u m ber o f f i n g e r

154 m a g i c : : a r r a y [ ex p r ( 
 num + 1 ) / 2 ] 1

155 # d e l e t e l a s t f i n g e r

156 m a g i c : : s e l e c t c l e a r

157 m a g i c : : b o x m ov e r i g h t [ ex p r ( 
 w + 
 s ) ��
 n u m ]

158 m a g i c : : b o x s i z e 
 w [ ex p r 
 l + 
 a o ]

159 m a g i c : : s e l e c t v i s i b l e

160 m a g i c : : d e l e t e
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161 g e l s e f

162 # ev en n u m ber o f f i n g e r

163 m a g i c : : a r r a y [ ex p r 
 num / 2 ] 1

164 g

165

166 # m ake bo t t o m l e g

167 m a g i c : : b o x p o s i t i o n 
 s t a r t p o s x 
 s t a r t p o s y

168

169 m a g i c : : b o x m ov e u p [ ex p r � 
 l w ]

170 i f f [ ex p r 
 num % 2 ] > 0 g f

171 # o d d n u m ber o f f i n g e r

172 m a g i c : : b o x s i z e [ ex p r ( 
 w + 
 s ) ��
 num � 
 s ] 
 l w

173 g e l s e f

174 # ev en n u m ber o f f i n g e r

175 m a g i c : : b o x s i z e [ ex p r ( 
 w + 
 s ) � ( 
 num � 1 ) � 
 s ] 
 l w

176 g

177

178 # c o r r e c t f o r s h o r t e d g r a t i n g

179 i f f 
 a > = 
 l g f

180 i f f [ ex p r 
 num % 2 ] > 0 g f

181 # o d d n u m ber o f f i n g e r

182 m a g i c : : b o x s i z e [ ex p r ( 
 w + 
 s ) � ( 
 num � 1 ) + 
 w ] 
 l w

183 g e l s e f

184 # ev en n u m ber o f f i n g e r

185 m a g i c : : b o x s i z e [ ex p r ( 
 w + 
 s ) � ( 
 num � 1 ) + 
 w ] 
 l w

186 g

187 g

188

189 m a g i c : : p a i n t m et a l 1

190

191 # m ake t o p l e g

192 m a g i c : : b o x p o s i t i o n [ ex p r 
 s t a r t p o s x + 
 w + 
 s ] [ ex p r 
 s t a r t p o s y + 
 l + 
 a o ]

193 i f f [ ex p r 
 num % 2 ] > 0 g f

194 # o d d n u m ber o f f i n g e r

195 m a g i c : : b o x s i z e [ ex p r ( 
 w + 
 s ) � ( 
 num � 2 ) � 
 s ] 
 l w

196 g e l s e f

197 # ev en n u m ber o f f i n g e r

198 m a g i c : : b o x s i z e [ ex p r ( 
 w + 
 s ) � ( 
 num � 1 ) � 
 s ] 
 l w

199 g

200

201 # c o r r e c t f o r s h o r t e d g r a t i n g

202 i f f 
 a > = 
 l g f

203 m a g i c : : b o x p o s i t i o n [ ex p r 
 s t a r t p o s x ] [ ex p r 
 s t a r t p o s y + 
 l + 
 a o ]

204 i f f [ ex p r 
 num % 2 ] > 0 g f

205 # o d d n u m ber o f f i n g e r

206 m a g i c : : b o x s i z e [ ex p r ( 
 w + 
 s ) � ( 
 num � 2 ) ] 
 l w

207 g e l s e f

208 # ev en n u m ber o f f i n g e r

209 m a g i c : : b o x s i z e [ ex p r ( 
 w + 
 s ) � ( 
 num � 1 ) ] 
 l w

210 g

211 m a g i c : : b o x s i z e [ ex p r ( 
 w + 
 s ) ��
 num � 
 s ] 
 l w

212 g

213

214 m a g i c : : p a i n t m et a l 1
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215

216 # M ake bo n d p a d s i f r e q u e s t e d t o t h e l e f t

217 i f f 
 sp ec ( I n c l u d e P a d s ) = = 1 g f

218 # p u t s " M ak i n g p a d s ( 
 p o , 
 p w , 
 p h ) n n "

219

220 # m ake bo t t o m l e g

221 m a g i c : : b o x p o s i t i o n [ ex p r 
 s t a r t p o s x � 
 p o ] [ ex p r 
 s t a r t p o s y � 
 l w ]

222 m a g i c : : b o x s i z e [ ex p r 
 w + 
 s + 
 p o ] 
 l w

223 m a g i c : : p a i n t m et a l 1

224

225 # m ake t o p l e g

226 m a g i c : : b o x m ov e u p [ ex p r 
 l + 
 a o + 
 l w ]

227 m a g i c : : b o x s i z e [ ex p r 
 w + 
 s + 
 p o ] 
 l w

228 m a g i c : : p a i n t m et a l 1

229

230 # m ake bo t t o m p a d

231 m a g i c : : b o x p o s i t i o n [ ex p r 
 s t a r t p o s x � 
 p o � 
 pw ] [ ex p r 
 s t a r t p o s y � 
 ph ]

232 m a g i c : : b o x s i z e 
 p w 
 p h

233 m a g i c : : p a i n t m et a l 1

234

235 # m ake t o p l e g

236 m a g i c : : b o x p o s i t i o n [ ex p r 
 s t a r t p o s x � 
 p o � 
 pw ] [ ex p r 
 s t a r t p o s y + 
 l + 
 a o ]

237 m a g i c : : b o x s i z e 
 p w 
 p h

238 m a g i c : : p a i n t m et a l 1

239 g

240

241 # M ake bo n d p a d s i f r e q u e s t e d t o t h e r i g h t

242 i f f 
 sp ec ( I n c l u d e P a d s ) = = � 1 g f

243 # p u t s " M ak i n g p a d s ( 
 p o , 
 p w , 
 p h ) n n "

244

245 m a g i c : : b o x p o s i t i o n 
 s t a r t p o s x 
 s t a r t p o s y

246 # m ake bo t t o m l e g

247 m a g i c : : b o x m ov e e a s t [ ex p r ( 
 w + 
 s ) � ( 
 num � 1 ) � 
 s ]

248 m a g i c : : b o x s i z e [ ex p r 
 w + 
 s + 
 p o ] � 
 l w

249 m a g i c : : p a i n t m et a l 1

250

251 # m ake bo t t o m p a d

252 m a g i c : : b o x m ov e e a s t [ ex p r 
 w + 
 s + 
 p o ]

253 m a g i c : : b o x m ov e n o r t h 
 l w

254 m a g i c : : b o x s i z e 
 p w � 
 ph

255 m a g i c : : p a i n t m et a l 1

256

257 # m ake t o p l e g

258 m a g i c : : b o x m ov e u p [ ex p r 
 l + 
 a o + 
 p h ]

259 m a g i c : : b o x m ov e w est [ ex p r 
 w + 
 s + 
 p o ]

260 m a g i c : : b o x s i z e [ ex p r 
 w + 
 s + 
 p o ] 
 l w

261 m a g i c : : p a i n t m et a l 1

262

263 # m ake t o p p a d

264 m a g i c : : b o x m ov e e a s t [ ex p r 
 w + 
 s + 
 p o ]

265 m a g i c : : b o x s i z e 
 p w 
 p h

266 m a g i c : : p a i n t m et a l 1

267 g

268
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269 # dr aw bo x a r o u n d n ew i d t

270 m a g i c : : b o x p o s i t i o n [ l i n d e x 
 b o x p o s 0 ] [ l i n d e x 
 b o x p o s 1 ]

271 m a g i c : : b o x s i z e [ ex p r ( 
 s + 
 w ) ��
 n u m � 
 s ] [ ex p r 2 ��
 l � 
 a ]

272 g

273

274 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

275 # d o c u m en t

276 #

277 # l a b e l s SAW w i t h p a r a m a t e r s

278 # w � w i d t h

279 # h � h e i g h t

280

281 p r o c d ocu m en t f sp ecN am e x y w h g f

282

283 u p v a r 
 sp ecN am e sp ec

284 g l o b a l o f f s e t x

285 g l o b a l o f f s e t y

286

287

288 # v e r t i c a l o f f s e t be t w een l i n e s

289 s e t o s 1 0 0

290

291 # c h ec k i f l a s t d e v i c e f i t s

292 # i f n o t t h en m ove

293 i f f 
 x + 
 w > ( 7 0 0 0 0 / 2 ) � 
 o f f s e t x g f

294 s e t x 
 o f f s e t x

295 s e t y [ ex p r 
 y � 
 h � 
 o f f s e t y ]

296 g

297

298 # d o c u m en t w i t h l a b l e s

299

300 s e t v a l s f

301 I D T Sp a c i n g

302 I D T W i d t h

303 I D T L en g t h

304 g

305

306 s e t d o c " [ f o r m a t " %n# 05x " 
 sp ec ( I D ) ] ( 
 x , 
 y ) n [ 
 w x 
 h n ] "

307 f o r e a c h v a r 
 v a l s f

308 s e t d o c " 
 d o c : 
 v a r = 
 sp ec ( 
 v a r ) "

309 g

310

311 m a g i c : : b o x s i z e 1 1

312 r e g su b � a l l f n s g 
 d o c f g s t r i n g

313 p u t s 
 s t r i n g

314 m a g i c : : l a b e l 
 s t r i n g s o u t h e a s t

315 m a g i c : : b o x m ov e so u t h 
 o s

316

317 s e t v a l s f

318 L eg W i d t h

319 P a d O f f se t

320 P a d w i d t h

321 P a d h e i g h t

322 I D T A p o d i z a t i o n
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323 g

324

325 s e t d o c " "

326 f o r e a c h v a r 
 v a l s f

327 s e t d o c " 
 d o c : 
 v a r = 
 sp ec ( 
 v a r ) "

328 g

329

330 r e g su b � a l l f n s g 
 d o c f g s t r i n g

331 p u t s 
 s t r i n g

332 m a g i c : : l a b e l 
 s t r i n g s o u t h e a s t

333 m a g i c : : b o x m ov e so u t h 
 o s

334

335 s e t v a l s f

336 I N F i n g er s

337 R E F F i n g er s

338 R E F Sp ac i n g

339 g

340

341 s e t d o c " "

342 f o r e a c h v a r 
 v a l s f

343 s e t d o c " 
 d o c : 
 v a r = 
 sp ec ( 
 v a r ) "

344 g

345

346 r e g su b � a l l f n s g 
 d o c f g s t r i n g

347 p u t s 
 s t r i n g

348 m a g i c : : l a b e l 
 s t r i n g s o u t h e a s t

349

350 # a d d t o CSV f i l e

351 g l o b a l f i l e I d

352 g l o b a l f i l e V a r s

353

354 s e t b u f " [ f o r m a t " %n# 05x " 
 sp ec ( I D ) ] , 
 x , 
 y , 
 w , 
 h , "

355 f o r e a c h v 
 f i l e V a r s f

356 s e t b u f " 
 b u f 
 sp ec ( 
 v ) , "

357 g

358 p u t s 
 f i l e I d " 
 b u f "

359

360 g

361

362 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

363 # m a k e t e s t b o x e s

364 #

365 # m ake t w o b o x e s

366

367 p r o c m a k e t es t b o x es f g f

368

369 s e t s i z e 64

370

371 w h i l e f 
 s i z e > 2 g f

372 m a g i c : : b o x s i z e 
 s i z e 
 s i z e

373 m a g i c : : p a i n t m et a l 1

374 m a g i c : : b o x m ov e n o r t h e a s t 
 s i z e

375 m a g i c : : p a i n t m et a l 1

376 m a g i c : : b o x m ov e w est 
 s i z e
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377

378 s e t s i z e [ ex p r 
 s i z e / 2 ]

379 m a g i c : : b o x m ov e n o r t h [ ex p r 
 s i z e + 1 0 ]

380 g

381 g

382

383 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

384 # m a k e t e s t g r a t i n g

385 #

386 # h o r i z o n t a l t e s t l i n e s

387

388 p r o c m a k e t e s t g r a t i n g f y b h g f

389

390 s e t s i z e 3

391 s e t t o t a l 0

392 s e t w i d t h 2 0 0

393

394 w h i l e f 
 s i z e < 5 0 g f

395 m a g i c : : b o x s i z e 
 w i d t h 
 s i z e

396 m a g i c : : p a i n t m et a l 1

397

398 m a g i c : : b o x m ov e n o r t h [ ex p r 
 s i z e + 1 0 ]

399 s e t t o t a l [ ex p r 
 t o t a l + 
 s i z e + 1 0 ]

400 s e t s i z e [ ex p r 
 s i z e � 1 . 5 ]

401 g

402

403 i f f 
 b h < 7 5 0 g f

404 r e t u r n

405 g

406

407 m a g i c : : b o x m ov e n o r t h 
 s i z e

408

409 s e t s i z e 3

410 w h i l e f 
 s i z e < 3 0 g f

411

412

413 m a g i c : : b o x s i z e 
 w i d t h 2 0

414 m a g i c : : p a i n t m et a l 1

415

416 m a g i c : : b o x m ov e n o r t h [ ex p r 
 s i z e + 2 0 ]

417 s e t s i z e [ ex p r 
 s i z e � 1 . 5 ]

418 g

419 g

420

421 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

422 # m a k e t e s t

423 #

424 # m akes b o t h b o x e s an d g r a t i n g s

425

426 p r o c m a k e t es t f b h g f

427

428 s e t p o s [ m a g i c : : b o x p o s ]

429 s e t y [ l i n d e x 
 p o s 1 ]

430
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431 # p u t s " M ak i n g T est F ea t u r es "

432

433 m a k e t es t b o x es

434 m a g i c : : b o x m ov e n o r t h 5 0

435 m a k e t e s t g r a t i n g 
 y 
 b h

436 g

437

438 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

439 # m a k e t i c b o x

440 #

441 # M akes c o r n er an d o u t l i n e d a s h e s

442 #

443 # w � w i d t h

444 # h � h e i g h t

445 # l s � s i z e ( t i c l e n g t h )

446 # t s � s i z e ( t i c t h i c k n e s s )

447

448 p r o c m a k e t i c b o x f w h l s t s g f

449

450 # p u t s " M ak i n g T i c B ox "

451

452 # bo t t o m l e f t

453 m a g i c : : b o x s i z e 
 l s 
 t s

454 m a g i c : : p a i n t m et a l 1

455 m a g i c : : b o x s i z e 
 t s 
 l s

456 m a g i c : : p a i n t m et a l 1

457

458 # bo t t o m

459 m a g i c : : b o x m ov e e a s t [ ex p r 
 w / 2 � 
 l s / 2 ]

460 m a g i c : : b o x s i z e 
 l s 
 t s

461 m a g i c : : p a i n t m et a l 1

462

463 # bo t t o m r i g h t

464 m a g i c : : b o x m ov e e a s t [ ex p r 
 w / 2 � 
 l s / 2 ]

465 m a g i c : : b o x s i z e 
 l s 
 t s

466 m a g i c : : p a i n t m et a l 1

467 m a g i c : : b o x m ov e e a s t 
 l s

468 m a g i c : : b o x s i z e � 
 t s 
 l s

469 m a g i c : : p a i n t m et a l 1

470

471 # r i g h t

472 m a g i c : : b o x m ov e n o r t h [ ex p r 
 h / 2 � 
 l s / 2 ]

473 m a g i c : : b o x s i z e 
 t s 
 l s

474 m a g i c : : p a i n t m et a l 1

475

476 # t o p r i g h t

477 m a g i c : : b o x m ov e n o r t h [ ex p r 
 h / 2 � 
 l s / 2 ]

478 m a g i c : : p a i n t m et a l 1

479 m a g i c : : b o x m ov e n o r t h [ ex p r 
 l s � 
 t s ]

480 m a g i c : : b o x m ov e w est [ ex p r 
 l s � 
 t s ]

481 m a g i c : : b o x s i z e 
 l s 
 t s

482 m a g i c : : p a i n t m et a l 1

483

484 # t o p
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485 m a g i c : : b o x m ov e w est [ ex p r 
 w / 2 � 
 l s / 2 ]

486 m a g i c : : b o x s i z e 
 l s 
 t s

487 m a g i c : : p a i n t m et a l 1

488

489 # t o p l e f t

490 m a g i c : : b o x m ov e w est [ ex p r 
 w / 2 � 
 l s / 2 ]

491 m a g i c : : b o x s i z e 
 l s 
 t s

492 m a g i c : : p a i n t m et a l 1

493 m a g i c : : b o x s i z e 
 t s [ ex p r � 
 l s + 
 t s ]

494 m a g i c : : p a i n t m et a l 1

495

496 # l e f t

497 m a g i c : : b o x m ov e so u t h [ ex p r 
 h / 2 � 
 l s / 2 ]

498 m a g i c : : b o x s i z e 
 t s 
 l s

499 m a g i c : : p a i n t m et a l 1

500 g

501

502 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

503 # m a k e o u t l i n e

504 #

505 # m akes a bo x o u t l i n e

506 #

507 # w � w i d t h

508 # h � h e i g h t

509 # l w � l i n e w i d t h

510

511 p r o c m a k e o u t l i n e f w h l w g f

512

513 # p u t s " M ak i n g T i c B ox "

514

515 # bo t t o m

516 m a g i c : : b o x s i z e 
 w 
 l w

517 m a g i c : : p a i n t m et a l 1

518

519 # t o p

520 m a g i c : : b o x m ov e n o r t h [ ex p r 
 h � 
 l w ]

521 m a g i c : : p a i n t m et a l 1

522

523 # l e f t

524 m a g i c : : b o x m ov e so u t h [ ex p r 
 h � 
 l w ]

525 m a g i c : : b o x s i z e 
 l w 
 h

526 m a g i c : : p a i n t m et a l 1

527

528 # r i g h t

529 m a g i c : : b o x m ov e e a s t [ ex p r 
 w � 
 l w ]

530 m a g i c : : b o x s i z e 
 l w 
 h

531 m a g i c : : p a i n t m et a l 1

532

533 g

534

535 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

536 # m a k e i d

537 #

538 # M akes a b i n a r y i d e n t i f i c a t i o n t i c f e a t u r e
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539 #

540 # b i n = l i s t o f 0 an d 1

541

542 p r o c m a k e i d f i d g f

543

544 s e t b i n f 0 0 0 0 0 0 0 0 0 0 g

545

546 s e t i 0

547 w h i l e f 
 i d > 0 g f

548

549 s e t t [ ex p r 
 i d % 2 ]

550 s e t i d [ ex p r 
 i d / 2 ]

551 l s e t b i n [ ex p r 9 � 
 i ] 
 t

552 i n c r i

553 g

554

555

556 # s i z e o f t i c s

557 s e t s 2 0

558

559 m a g i c : : b o x s i z e 
 s 
 s

560 s e t i 3

561 f o r e a c h v a r 
 b i n f

562

563 m a g i c : : p a i n t m et a l 1

564

565 i f f 
 v a r = = 1 g f

566 m a g i c : : m o v e n o r t h [ ex p r 
 s ]

567 m a g i c : : p a i n t m et a l 1

568 m a g i c : : m o v e so u t h [ ex p r 
 s ]

569 g

570

571 m a g i c : : m o v e e a s t [ ex p r 
 s + 
 s / 2 ]

572 i f f 
 i % 4 = = 0 g f

573 m a g i c : : m o v e e a s t [ ex p r 
 s ]

574 g

575 i n c r i

576 g

577

578 g

579

580

581 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

582 # m ake t e x t

583 #

584

585 p r o c m a k e t ex t f s t r g f

586

587 so u r c e c h a r . g l y p h

588

589 p u t s " m t ex t "

590

591

592 # s e t p i x e l w i d t h an d h e i g h t
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593 s e t pw 2 0

594 s e t p h 2 0

595

596 m a g i c : : m o v e n o r t h [ ex p r 8 ��
 p h ]

597 m a g i c : : b o x s i z e 
 p w 
 p h

598

599 # w r i g h t o u t t e x t

600 f o r e a c h c h r [ s p l i t 
 s t r " " ] f

601

602 i f f 
 c h r = = " " g f

603 m a g i c : : m o v e e a s t [ ex p r 6 ��
 p w ]

604 c o n t i n u e

605 g

606

607 p u t s 
 c h r

608

609 s e t g l y p h [ l i n d e x [ a r r a y g e t cm ap 
 c h r ] 1 ]

610

611 f o r e a c h d o t [ s p l i t 
 g l y p h " " ] f

612 i f f 
 d o t = = " . " g f

613 m a g i c : : m o v e e a s t 
 p w

614 g e l s e i f f 
 d o t = = " O" g f

615 m a g i c : : p a i n t m et a l 1

616 m a g i c : : m o v e e a s t 
 p w

617 g e l s e i f f 
 d o t = = " n n " g f

618 m a g i c : : m o v e so u t h 
 p h

619 m a g i c : : m o v e w est [ ex p r 9 ��
 p w ]

620 g

621 g

622

623 m a g i c : : m o v e e a s t [ ex p r 1 6 ��
 p w ]

624 m a g i c : : m o v e n o r t h [ ex p r 8 ��
 p h ]

625

626 g

627

628 g
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TCL : makestring.tcl

1 p r o c m t ex t f s t r g f

2

3 so u r c e c h a r . g l y p h

4

5 s e t p o s [ m a g i c : : b o x p o s ]

6 s e t x [ l i n d e x 
 p o s 0 ]

7 s e t y [ l i n d e x 
 p o s 1 ]

8

9 # s e t p i x e l w i d t h an d h e i g h t

10 s e t pw 4 0

11 s e t p h 4 0

12

13 m a g i c : : m o v e n o r t h [ ex p r 8 ��
 p h ]

14 m a g i c : : b o x s i z e 
 p w 
 p h

15

16 # w r i g h t o u t t e x t

17 f o r e a c h c h r [ s p l i t 
 s t r " " ] f

18

19 i f f 
 c h r = = " " g f

20 m a g i c : : m o v e e a s t [ ex p r 6 ��
 p w ]

21 c o n t i n u e

22 g

23

24 s e t g l y p h [ l i n d e x [ a r r a y g e t cm ap 
 c h r ] 1 ]

25

26 f o r e a c h d o t [ s p l i t 
 g l y p h " " ] f

27 i f f 
 d o t = = " . " g f

28 m a g i c : : m o v e e a s t 
 p w

29 g e l s e i f f 
 d o t = = " O" g f

30 m a g i c : : p a i n t m et a l 1

31 m a g i c : : m o v e e a s t 
 p w

32 g e l s e i f f 
 d o t = = " n n " g f

33 m a g i c : : m o v e so u t h 
 p h

34 m a g i c : : m o v e w est [ ex p r 9 ��
 p w ]

35 g

36 g

37

38 m a g i c : : m o v e e a s t [ ex p r 1 6 ��
 p w ]

39 m a g i c : : m o v e n o r t h [ ex p r 8 ��
 p h ]

40 g

41

42 m a g i c : : b o x p o s i t i o n 
 x [ ex p r 
 y � 1 0 ��
 p h ]

43 g

44

45 m t ex t " M a ssa c h u se t t s I n s t i t u t e o f T ec h n o l o g y "

46 m t ex t " u T ags SAW M ask 1 R ev "

47 m t ex t " M ar ch 1 0 2 0 0 6 "

48 m t ex t " c o p y r i g h t 2 0 0 6 J a so n L aP en t a "

49 m t ex t " M IT M ed i a L a b o r a t o r y "
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TCL : makechar.pl

1 # ! / u s r / b i n / p e r l � w

2

3

4 u se T ex t : : B a n n er ;

5 
 a = T ex t : : B a n n er � > n ew ;

6

7

8 
 a� > s i z e ( 1 ) ;

9 
 a� > f i l l ( ' O ' ) ;

10 
 a� > r o t a t e ( ' h ' ) ;

11

12

13 p r i n t " a r r a y s e t cm ap f n n " ;

14

15 # g e n e r a t e a s t r i n g o f a l l c h a r a c t e r s

16 f o r e a c h 
 c ( 4 0 . . 1 2 6 ) f

17 # p r i n t " [ 
 c ] n n " ;

18 
 c = c h r ( 
 c ) ;

19 n e x t i f 
 c = ~ / [ n [ n ] ( ) f g # n n � + , " � . n / ] / ;

20 
 a� > s e t ( " 
 c " ) ;

21 p r i n t " f 
 c g f n n " ;

22 
 s = 
 a� > g e t ;

23 
 s = ~ s / ^ nW ��
 / / ;

24 c h o p 
 s ;

25 c h o p 
 s ;

26 c h o p 
 s ;

27 
 s = ~ s / n n / n n / mg ;

28 
 s = ~ s / / . / mg ;

29 p r i n t 
 s ;

30 p r i n t " g n n " ;

31 g

32

33 p r i n t " g n n " ;
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TCL : fix.pl

1 # ! / u s r / b i n / p e r l � w

2 #

3 # f i x p o s t s c r i p t f i l e s g e n e r a t e d by M a gi c so t h e y

4 # w i l l be d i s p l a y e d p r o p e r l y .

5

6 f o r e a c h 
 f n ( < � . e p s i > ) f

7

8 p r i n t " n n p r o c e s s i n g 
 f n n n " ;

9

10 o p en ( 
 f h i n , " < 
 f n " ) ;

11 o p en ( 
 f h o u t 1 , " > o u t 1 . t em p " ) ;

12 o p en ( 
 f h o u t 2 , " > o u t 2 . t em p " ) ;

13

14 f o r e a c h 
 l ( < 
 f h i n > ) f

15 i f ( 
 l = ~ / f b 
 / ) f p r i n t 
 f h o u t 1 
 l ; g

16 g

17

18 c l o s e ( 
 f h o u t 1 ) ;

19 o p en ( 
 f h i n 1 , " < o u t 1 . t em p " ) ;

20 se e k ( 
 f h i n , 0 , 0 ) ;

21

22 f o r e a c h 
 l ( < 
 f h i n > ) f

23

24 n e x t i f 
 l = ~ / f b 
 / ;

25

26 i f ( 
 l = ~ / ^ n / c o l 1 7 / ) f

27 p r i n t 
 f h o u t 2 " / c o l 1 8 f 0 . 2 7 9 0 . 1 2 8 0 . 0 0 0 0 . 0 0 0 sc g b i n d d e f n n " ;

28 g

29

30 p r i n t 
 f h o u t 2 
 l ;

31

32 i f ( 
 l = ~ / ^ l 1 
 / ) f

33 # i n s e r t f b l i n e s

34 p r i n t 
 f h o u t 2 " 5 s l n n c o l 1 8 n n " ;

35 f o r e a c h 
 l 2 ( < 
 f h i n 1 > ) f p r i n t 
 f h o u t 2 
 l 2 ; g

36 p r i n t 
 f h o u t 2 " c o l 1 2 n n " ;

37 g

38 g

39

40 c l o s e ( 
 f h i n ) ;

41 c l o s e ( 
 f h i n 1 ) ;

42 c l o s e ( 
 f h o u t 2 ) ;

43

44 `mv o u t 2 . t em p 
 f n ` ;

45 g
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A.2 Mask 2 & 3 Generation Scripts

PERL : fix.cif.layers.pl

1 # ! / u s r / b i n / p e r l � w

2

3 
 ARGV [ 0 ] = ~ / ( . � ? ) n . c i f 
 / ;

4 
 f n = 
 1 ;

5

6 p r i n t " f i x i n g 
 f n . c i r n n o u t p u t i s 
 f n . o u t . c i f n n n n " ;

7

8 sy st em ( " d o s2 u n i x 
 f n . c i f " ) ;

9

10 o p en ( 
 f h i , " < 
 f n . c i f " ) o r d i e 
 ! ;

11 o p en ( 
 f h o , " > 
 f n . o u t . c i f " ) o r d i e 
 ! ;

12

13 f o r e a c h 
 l i n e ( < 
 f h i > ) f

14

15 i f ( 
 l i n e = ~ / ^ L ( . � ? ) ; 
 / ) f

16

17 
 l a s t l a y e r = 
 1 ;

18 u n l e s s ( d e f i n e d 
 l a y e r s f 
 l a s t l a y e r g ) f

19 
 l a y e r s f 
 l a s t l a y e r g = 
 l i n e ;

20 g

21

22 g e l s i f ( 
 l i n e = ~ / ^ B / ) f

23 
 l a y e r s f 
 l a s t l a y e r g . = 
 l i n e ;

24

25 g e l s i f ( 
 l i n e = ~ / ^ ( DF j E ) / ) f

26 n e x t ;

27

28 g e l s e f

29 p r i n t 
 f h o 
 l i n e ;

30

31 g

32

33 g

34

35 f o r e a c h 
 k ey ( k e y s % l a y e r s ) f

36

37 p r i n t 
 f h o 
 l a y e r s f 
 k ey g ;

38

39 g

40

41 p r i n t 
 f h o " DF ; n nE n n " ;

42

43 c l o s e ( 
 f h i ) ;

44 c l o s e ( 
 f h o ) ;
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PERL : layout.pm

1 # ! / u s r / b i n / p e r l � w

2 #

3 # P a c k a ge t o s i m p l i f y g e n e r a t i n g s c r i p t s f o r

4 # ' l a y o u t ' CAD t o o l

5 # = = = = = = = = = = = = = = = = = = = == = == = == = = == = == = == = == = == = = == = ==

6

7 p a c k a g e l a y o u t ;

8

9 # = = = = = = = = = = = = = = = = = = = == = == = == = = == = == = == = == = == = = == = ==

10 B EG IN f

11 r e q u i r e E x p o r t er ;

12 o u r ( @ISA , @EXPORT , @EXPORT OK , %EX PORT T A GS ) ;

13 @ISA = qw ( E x p o r t er ) ;

14 @EXPORT = qw ( h ead end m ac m a k e i d t se t u p

15 b ox m i r r o r c o p y p o i n t 2 s e l e c t A l l

16 c l e a r P t s p t f l a t A l l d e s e l e c t A l l

17 n ew C el l ) ;

18 g

19

20 m y 
 m a c f n = ' ' ; # m acr o f i l e n a m e

21

22 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

23 su b h ead f # g e n e r a t e t h e m acr o h e a d i n g

24

25 m y 
 f n = s h i f t ;

26

27 o p en ( 
 m a c f i l e , " > 
 f n " ) j j d i e 
 ! ;

28 m ac ( ' # ! / u s r / b i n / l a y o u t ' ) ;

29 m ac ( " # n am e= M acr o : 
 f n P er l G en er a t ed " ) ;

30 m ac ( '#h e l p= R ec o r d ed Thu J an 7 2 0 0 7 ' ) ;

31 m ac ( ' i n t m ai n ( ) f ' ) ;

32 g

33 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

34 su b end f # en d t h e m acr o

35 m ac ( ' r e t u r n 0 ; g ' ) ;

36 g

37 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

38 su b m ac f # i n s e r t a m acr o

39 p r i n t 
 m a c f i l e ( s h i f t ) . " n n " ;

40 g

41 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

42 su b m a k e i d t f # g e n e r a t e m acr o s e q u e n c e f o r an IDT

43

44 m y 
 n am e = s h i f t ;

45 m y 
 p o l a r i t y = s h i f t ;

46 m y 
 c = s h i f t ; # c o n f i g h a sh

47

48 m y 
 w = 
 c � > f � W i d t h g ;

49 m y 
 l = 
 c � > f � L en g ;

50 m y 
 g = 
 c � > f � Gap g ;

51 m y 
 f = 
 c � > f � F i n g er s g ;

52 m y 
 a = 
 c � > f � A p g ; # A p o d i z a t i o n
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53

54 # d e l e t e e x i s t i n g i d t

55 m ac ( " l a y o u t � > d r a w i n g� > s e t C e l l ( n " 
 n am e n " ) ; " ) ;

56 m ac ( ' l a y o u t � > d r a w i n g� > d e l e t e A c t u e l l C e l l ( ) ; ' ) ;

57 # � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

58 se t u p ( ) ;

59 # � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

60 # dr aw IDT f i n g e r p a i r s

61 n ew C el l ( ) ;

62 m ac ( " l a y o u t � > d r a w i n g� > c u r r e n t C e l l � > c el l N a m e= n" 
 n am e n " ; " ) ;

63 b ox ( 0 , 0 , 
 w , 
 l ) ;

64 s e l e c t A l l ( ) ;

65 c o p y ( 0 , 0 , ( 
 w + 
 g ) , ( 
 l � 
 a ) / 2 ) ;

66 s e l e c t A l l ( ) ;

67

68 f o r e a c h ( 2 . . 
 f ) f

69 c o p y ( 0 , 0 , 2 � ( 
 w + 
 g ) , 0 ) ;

70 g

71

72 i f ( 
 p o l a r i t y eq ' od d ' ) f

73 c l e a r P t s ( ) ;

74 s e l e c t A l l ( ) ;

75 m i r r o r ( 0 , ( 3 ��
 l � 
 a ) / 4 ,

76 1 , ( 3 ��
 l � 
 a ) / 4 ) ;

77 g

78 g

79 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

80 su b se t u p f # s e t u p d r a w i n g m ode f o r m et a l f e a t u r e s

81 d e s e l e c t A l l ( ) ;

82 c l e a r P t s ( ) ;

83 m ac ( ' l a y o u t � > d r a w i n g� > a c t i v e L a y e r = 0 ; ' ) ;

84 m ac ( ' l a y e r s : : num [ 0 ] . n am e= " m et a l 1 " ; ' ) ;

85 m ac ( ' l a y e r s : : num [ 0 ] . s e t S t y l e ( 6 ) ; ' ) ;

86 m ac ( ' l a y e r s : : num [ 0 ] . s e t C o l o r ( 1 3 0 , 4 3 , 4 3 ) ; ' ) ;

87 g

88 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

89 su b b ox f # dr aw a bo x

90 p o i n t 2 ( @ ) ;

91 m ac ( ' l a y o u t � > d r a w i n g� > b ox ( ) ; ' ) ;

92 g

93 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

94 su b m i r r o r f # m i r r o r t h e s e l e c t e d o b j e c t s

95 p o i n t 2 ( @ ) ;

96 m ac ( ' l a y o u t � > d r a w i n g� > m i r r o r ( ) ; ' ) ;

97 g

98 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

99 su b c o p y f # c o p y s e l e c t e d o b j e c t s

100 p o i n t 2 ( @ ) ;

101 m ac ( ' l a y o u t � > d r a w i n g� > c o p y ( ) ; ' ) ;

102 g

103 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

104 su b p o i n t 2 f # s e l e c t o b j e c t s be t w een t w o p o i n t s

105 m y ( 
 x 1 , 
 y 1 , 
 x 2 , 
 y 2 ) = @ ;

106
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107 m ac ( ' l a y o u t � > d r a w i n g� > c l e a r P o i n t s ( ) ; ' ) ;

108 p t ( 
 x 1 , 
 y 1 ) ;

109 p t ( 
 x 2 , 
 y 2 ) ;

110 g

111 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

112 su b s e l e c t A l l f

113 m ac ( ' l a y o u t � > d r a w i n g� > s e l e c t A l l ( ) ; ' ) ;

114 g

115 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

116 su b c l e a r P t s f # c l e a r s e l e c t i o n

117 m ac ( ' l a y o u t � > d r a w i n g� > c l e a r P o i n t s ( ) ; ' ) ;

118 g

119 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

120 su b p t f # s t a r t a s e l e c t i o n

121 m ac ( ' l a y o u t � > d r a w i n g� > p o i n t ( ' . ( s h i f t ) . ' , ' . ( s h i f t ) . ' ) ; ' ) ;

122 g

123 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

124 su b f l a t A l l f # f l a t t e n c e l l

125 m ac ( ' l a y o u t � > d r a w i n g� > f l a t A l l ( ) ; ' ) ;

126 g

127 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

128 su b d e s e l e c t A l l f

129 m ac ( ' l a y o u t � > d r a w i n g� > d e s e l e c t A l l ( ) ; ' ) ;

130 g

131 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

132 su b n ew C el l f

133 m ac ( ' l a y o u t � > n ew C el l ( ) ; ' ) ;

134 g

135

136 1 ;
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PERL : idt generator: idt.pl

1 # ! / u s r / b i n / p e r l � w

2 #

3 # g e n e r a t e s I D T s

4 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

5

6 u se l a y o u t ;

7

8 
 m a c f n = 
 ARGV [ 0 ] ;

9 h ead ( 
 m a c f n ) ;

10

11 # i n i t i a l s e t u p

12 se t u p ( ) ;

13 # a l l p a r a m et e r s i n nm

14 
 g = 
 I D T f � Gap g = 1 1 0 0 ;

15 
 w = 
 I D T f � W i d t h g = 1 1 0 0 ;

16 
 l = 
 I D T f � L en g = 1 0 0 0 0 0 ;

17 
 f = 
 I D T f � F i n g er s g = 5 ;

18

19 
 I D T f � O f f s e t g = 2 ;

20 
 I D T f � A p g = 1 0 0 0 0 0 ;

21

22 # m ake I D T s

23 m a k e i d t ( ' CODE0 ' , ' ev en ' , n % IDT ) ;

24 d r a w r a i l s ( 2 � ( 
 g+ 
 w ) � 
 f ) ;

25 
 n am e = " IDT " . ( 
 w / 1 0 0 0 ) . "u m / " . 
 f . " f / " . ( 
 l / 1 0 0 0 ) . " L " ;

26 m ac ( " l a y o u t � > d r a w i n g� > c u r r e n t C e l l � > c el l N a m e= n" 
 n am e n " ; " ) ;

27

28 # f i n i s h u p

29 s e l e c t A l l ( ) ;

30 f l a t A l l ( ) ;

31 d e s e l e c t A l l ( ) ;

32 end ( ) ;

33 e x i t ;

34

35 # � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

36 su b d r a w r a i l s f

37

38 m y 
 l en = s h i f t ;

39

40 
 r w = 3 0 0 0 0 ; # R a i l W i d t h

41 
 r l e n = 
 l en + 
 r w ;

42 
 l = 
 I D T f � L en g ;

43 
 a = 
 I D T f � A p g ;

44

45 c l e a r P t s ( ) ;

46 # bo t t o m r a i l

47 b ox ( � 
 r w , 0 , 
 r l en , � 
 r w ) ;

48 # t o p r a i l

49 b ox ( � 
 r w , 
 l + ( 
 l � 
 a ) / 2 ,

50 
 r l en , 
 r w + 
 l + ( 
 l � 
 a ) / 2 ) ;

51 g
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PERL : wide{band idt generator: wb.pl

1 # ! / u s r / b i n / p e r l � w

2 #

3 # g e n e r a t e s W i de B an d SAW I D T S

4 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

5

6 u se l a y o u t ;

7

8 
 m a c f n = 
 ARGV [ 0 ] ;

9 h ead ( 
 m a c f n ) ;

10

11 # i n i t i a l s e t u p

12 se t u p ( ) ;

13

14 # a l l p a r a m et e r s i n nm

15 
 I D T f � Gap g = 3 0 0 0 ;

16 
 I D T f � W i d t h g = 3 0 0 0 ;

17 
 I D T f � L en g = 2 0 0 0 0 0 ;

18 
 I D T f � A p g = 1 9 4 0 0 0 ;

19 
 I D T f � F i n g er s g = 2 0 ;

20 
 I D T f � O f f s e t g = 2 ;

21

22 
 c o d e = [ 1 , 0 , 1 , 1 , 1 ] ;

23

24 f o r e a c h m y 
 f ( 1 , 5 , 2 0 ) f

25

26 
 I D T f � F i n g er s g = 
 f ;

27

28 # m ake I D T s

29 m a k e i d t ( ' CODE0 ' , ' ev en ' , n % IDT ) ;

30 m a k e i d t ( ' CODE1 ' , ' od d ' , n % IDT ) ;

31

32 ( 
 w t , 
 l en ) = en c o d e ( 
 c o d e , n % IDT ) ;

33 d r aw R an d P ( 
 w t , 
 l en ) ;

34

35 # f i n i s h u p

36 s e l e c t A l l ( ) ;

37 f l a t A l l ( ) ;

38 d e s e l e c t A l l ( ) ;

39 g

40 end ( ) ;

41 e x i t ;

42

43 # � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

44 # D r aw R a i l s an d p a d s

45 su b d r aw R an d P f

46

47 m y 
 w t = s h i f t ;

48 m y 
 l en = s h i f t ;

49

50 
 r w = 3 0 0 0 0 ; # R a i l W i d t h

51 
 r l e n = 
 w t �!
 l en + 
 r w ;

52 
 l = 
 I D T f � L en g ;
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53 
 a = 
 I D T f � A p g ;

54

55 c l e a r P t s ( ) ;

56 # bo t t o m r a i l

57 b ox ( � 
 r w , 0 , 
 r l en , � 
 r w ) ;

58 # t o p r a i l

59 b ox ( � 
 r w , 
 l + ( 
 l � 
 a ) / 2 ,

60 
 r l en , 
 r w + 
 l + ( 
 l � 
 a ) / 2 ) ;

61

62 # D r aw P ads

63 
 p a d s i z e = 1 0 0 0 0 0 ;

64 # bo t t o m p a d

65 b ox ( 0 , � 
 r w , 
 p a d s i z e , ( � 
 p a d s i z e � 
 r w ) ) ;

66 # t o p p a d

67 b ox ( 0 , 
 r w + 
 l + ( 
 l � 
 a ) / 2 ,

68 
 p a d s i z e , 
 r w + 
 l + ( 
 l � 
 a ) / 2 + 
 p a d s i z e ) ;

69 g

70 # � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

71 su b en c o d e f

72

73 m y 
 en = s h i f t ; # en c o d i n g

74 m y 
 c = s h i f t ; # c o n f i g h a sh

75

76 m y 
 w = 
 c � > f � W i d t h g ;

77 m y 
 l = 
 c � > f � L en g ;

78 m y 
 g = 
 c � > f � Gap g ;

79 m y 
 f = 
 c � > f � F i n g er s g ;

80 m y 
 s = 
 c � > f � O f f s e t g ; # o f f s e t s p a c i n g be t w een I D T s

81 m y 
 n am e = ' ' ;

82

83 n ew C el l ( ) ;

84

85 # D r aw F i n ger E n c o d i n gs

86 m y 
 l en = 0 ; # t o t a l l e n t h i n g i n X

87 m y 
 w t = 2 �"
 f � ( 
 w + 
 g ) ; # w i d t h p er i d t t o t a l

88

89 f o r e a c h m y 
 en c o d i n g ( @ 
 en ) f

90 
 n am e . = 
 en c o d i n g ;

91 c l e a r P t s ( ) ;

92 p t ( 
 l en ��
 w t , 0 ) ;

93

94 m ac ( ' l a y o u t � > d r a w i n g� > c e l l r e f ( " CODE0 " ) ; ' ) i f 
 en c o d i n g = = 0 ;

95 m ac ( ' l a y o u t � > d r a w i n g� > c e l l r e f ( " CODE1 " ) ; ' ) i f 
 en c o d i n g = = 1 ;

96

97 
 l en + = 
 s ;

98 p r i n t 
 l en ��
 w t . " 
 l en n n " ;

99 g

100

101 
 n am e = "WB [ 
 n am e ] " ;

102 
 n am e . = ( 
 w / 1 0 0 0 ) . "u m / " . 
 f . " f / " . ( 
 l / 1 0 0 0 ) . " L " ;

103 m ac ( " l a y o u t � > d r a w i n g� > c u r r e n t C e l l � > c el l N a m e= n" 
 n am e n " ; " ) ;

104 r e t u r n ( 
 w t , 
 l en ) ;

105 g
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PERL : narrow{band idt generator: nb.pl

1 # ! / u s r / b i n / p e r l � w

2 #

3 # g e n e r a t e s N ar r ow B an d SAW I D T S

4 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

5

6 u se l a y o u t ;

7

8 #� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

9 
 m a c f n = 
 ARGV [ 0 ] ;

10 h ead ( 
 m a c f n ) ;

11

12 # i n i t i a l s e t u p

13 se t u p ( ) ;

14

15 # a l l p a r a m et e r s i n nm

16 
 I D T f � Gap g = 3 0 0 0 ;

17 
 I D T f � W i d t h g = 3 0 0 0 ;

18 
 I D T f � L en g = 2 0 0 0 0 0 ;

19 
 I D T f � A p g = 1 9 4 0 0 0 ;

20 
 I D T f � F i n g er s g = 1 ;

21 
 I D T f � O f f s e t g = 1 ;

22

23 # m ake I D T s

24 m a k e i d t ( ' CODE0 ' , ' ev en ' , n % IDT ) ;

25 m a k e i d t ( ' CODE1 ' , ' od d ' , n % IDT ) ;

26

27 @en cod e = ( [ 1 , 0 , 1 , 1 , 1 ] ,

28 [ 0 , 1 , 1 , 1 , 1 ] ,

29 [ 1 , 1 , 0 , 1 , 1 ] ,

30 [ 1 , 0 , 0 , 1 , 1 ] ) ;

31

32 f o r e a c h m y 
 c o d e ( @en cod e ) f

33

34 ( 
 w t , 
 l en ) = en c o d e ( 
 c o d e , n % IDT ) ;

35

36 d r aw R an d P ( 
 w t , 
 l en ) ;

37

38 # f i n i s h u p

39 s e l e c t A l l ( ) ;

40 f l a t A l l ( ) ;

41 d e s e l e c t A l l ( ) ;

42 g

43 end ( ) ;

44 e x i t ;

45

46 # � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

47 su b d r aw R an d P f # D r aw R a i l s an d p a d s

48

49 m y 
 w t = s h i f t ;

50 m y 
 l en = s h i f t ;

51

52 
 r w = 3 0 0 0 0 ; # R a i l W i d t h
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53 
 r l e n = 
 w t �!
 l en + 
 r w ;

54 
 l = 
 I D T f � L en g ;

55 
 a = 
 I D T f � A p g ;

56

57 c l e a r P t s ( ) ;

58

59 # bo t t o m r a i l

60 b ox ( � 
 r w , 0 , 
 r l en , � 
 r w ) ;

61 # t o p r a i l

62 b ox ( � 
 r w , 
 l + ( 
 l � 
 a ) / 2 ,

63 
 r l en , 
 r w + 
 l + ( 
 l � 
 a ) / 2 ) ;

64

65 # D r aw P ads

66 
 p a d s i z e = 1 0 0 0 0 0 ;

67 # bo t t o m p a d

68 b ox ( 0 , � 
 r w , 
 p a d s i z e , ( � 
 p a d s i z e � 
 r w ) ) ;

69 # t o p p a d

70 b ox ( 0 , 
 r w + 
 l + ( 
 l � 
 a ) / 2 ,

71 
 p a d s i z e , 
 r w + 
 l + ( 
 l � 
 a ) / 2 + 
 p a d s i z e ) ;

72 g

73 # � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

74 su b en c o d e f # m ake i n c o d e d f i n g e r p a t t e r n

75

76 m y 
 en = s h i f t ; # en c o d i n g

77 m y 
 c = s h i f t ; # c o n f i g h a sh

78

79 m y 
 w = 
 c � > f � W i d t h g ;

80 m y 
 l = 
 c � > f � L en g ;

81 m y 
 g = 
 c � > f � Gap g ;

82 m y 
 f = 
 c � > f � F i n g er s g ;

83 m y 
 s = 
 c � > f � O f f s e t g ; # o f f s e t s p a c i n g be t w een I D T s

84

85 m y 
 n am e = ' ' ;

86 m ac ( ' l a y o u t � > n ew C el l ( ) ; ' ) ;

87

88 # D r aw F i n ger E n c o d i n gs

89 m y 
 l en = 0 ; # t o t a l l e n t h i n g i n X

90 m y 
 w t = 2 �"
 f � ( 
 w + 
 g ) ; # w i d t h p er i d t t o t a l

91

92 f o r e a c h m y 
 en c o d i n g ( @ 
 en ) f

93 
 n am e . = 
 en c o d i n g ;

94 c l e a r P t s ( ) ;

95 p t ( 
 l en ��
 w t , 0 ) ;

96

97 m ac ( ' l a y o u t � > d r a w i n g� > c e l l r e f ( " CODE0 " ) ; ' ) i f 
 en c o d i n g = = 0 ;

98 m ac ( ' l a y o u t � > d r a w i n g� > c e l l r e f ( " CODE1 " ) ; ' ) i f 
 en c o d i n g = = 1 ;

99 
 l en + = 
 s ;

100 g

101

102 
 n am e = " NB [ 
 n am e ] " ;

103 
 n am e . = ( 
 w / 1 0 0 0 ) . "u m / " . 
 f . " f / " . ( 
 l / 1 0 0 0 ) . " L " ;

104 m ac ( " l a y o u t � > d r a w i n g� > c u r r e n t C e l l � > c el l N a m e= n" 
 n am e n " ; " ) ;

105 r e t u r n ( 
 w t , 
 l en ) ;

106 g
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layout : outline.layout

1 # ! / u s r / b i n / l a y o u t

2 # n am e= M ag i c O u t l i n e

3 # h e l p = A d d s a b ox a r o u n d s e l e c t e d i t em s on c u r r e n t l a y e r

4

5 i n t maxX , maxY , minX , minY ;

6 i n t s e l e c t e d = 0 ; / � w as so m et h i n g s e l e c t e d � /

7

8 i n t g e t C e l l E x t e n t s ( c e l l � c e l l p , i n t b aseX , i n t b aseY , b o o l s e l e c t a l l ) f

9

10 e l e m e n t L i s t � e l em en t s ;

11 el em en t � el em en t ;

12 c e l l � t m p ;

13

14 p o i n t A r r a y p a ;

15 p o i n t p ;

16

17 i f ( c e l l p ! = N U LL )

18 f

19 f o r ( e l em en t s = c e l l p � > f i r s t E l e m e n t ; e l em en t s ! = N U LL ; e l em en t s = el em en t s � > n ex t E l em en t )

20 f

21 el em en t = el em en t s � > t h i sE l em en t ;

22 i f ( e l em en t ! = N U LL )

23 i f ( el em en t � > s e l e c t j j s e l e c t a l l )

24 f

25 s e l e c t e d ++;

26

27 / / c e l l r e f e r e n c e

28 i f ( el em en t � > i s C e l l r e f ( ) )

29 f

30 t m p = el em en t � > d ep en d ( ) ;

31 p a = el em en t � > g e t P o i n t s ( ) ;

32 p = p a . p o i n t ( 0 ) ;

33 g e t C e l l E x t e n t s ( tmp , p . x ( ) , p . y ( ) , t r u e ) ;

34 g

35 / � o n l y c h a n ge s e l e c t e d b o x e s � /

36 i f ( el em en t � > i sB o x ( ) )

37 f

38 / � g e t c o o r d i n a t e s � /

39 p a = el em en t � > g e t P o i n t s ( ) ;

40

41 i n t i d x ;

42 f o r ( i d x = 0 ; i d x < p a . s i z e ( ) ; i d x + + ) f

43 p = p a . p o i n t ( i d x ) ;

44

45 i f ( p . x ( ) + b aseX > maxX )

46 maxX = p . x ( ) + b aseX ;

47 i f ( p . y ( ) + b aseY > maxY )

48 maxY = p . y ( ) + b aseY ;

49 i f ( p . x ( ) + b aseX < minX )

50 minX = p . x ( ) + b aseX ;

51 i f ( p . y ( ) + b aseY < minY )

52 minY = p . y ( ) + b aseY ;
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53 g

54 g ;

55 g ; / � en d i f e l em en t s e l e c t e d � /

56 g ;

57 g ;

58 g

59 %� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

60 i n t g e t E x t en t s ( )

61 f

62 c e l l L i s t � c e l l s ;

63 maxX = � 9 9 9 9 9 9 9 9 ;

64 minX = 9 9 9 9 9 9 9 9 ;

65 maxY = � 9 9 9 9 9 9 9 9 ;

66 minY = 9 9 9 9 9 9 9 9 ;

67

68 / � c h ec k i f so m et h i n g w as s e l e c t e d a t a l l � /

69 f o r ( c e l l s = l a y o u t � > d r a w i n g� > f i r s t C e l l ; c e l l s ! = N U LL ; c e l l s= c e l l s � > n e x t C e l l )

70 f

71 g e t C e l l E x t e n t s ( c e l l s � > t h i s C e l l , 0 , 0 , f a l s e ) ;

72 g ;

73

74 i f ( s e l e c t e d = = 0)

75 r e t u r n 0 ;

76

77 r e t u r n 1 ;

78 g

79 %� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

80 v o i d d r aw B ox ( i n t x 1 , i n t y 1 , i n t x 2 , i n t y 2 ) f

81 l a y o u t � > d r a w i n g� > p o i n t ( x 1 , y 1 ) ;

82 l a y o u t � > d r a w i n g� > p o i n t ( x 2 , y 2 ) ;

83 l a y o u t � > d r a w i n g� > b ox ( ) ;

84 g

85 %� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

86 i n t b o r d er ( )

87 f

88 i n t w i d t h = l a y o u t � > g e t I n t e g e r ( " I n p u t " , " w i d t h ( um ) " ) � 1 0 0 0 ;

89 i n t o f f s e t = l a y o u t � > g e t I n t e g e r ( " I n p u t " , " o f f s e t ( um ) " ) � 1 0 0 0 ;

90

91 minX � = o f f s e t ;

92 minY � = o f f s e t ;

93 maxX + = o f f s e t ;

94 maxY + = o f f s e t ;

95

96 d r aw B ox ( minX , minY , maxX , minY + w i d t h ) ;

97 d r aw B ox ( minX , minY + w i d t h , minX + w i d t h , maxY � w i d t h ) ;

98 d r aw B ox ( maxX � w i d t h , minY + w i d t h , maxX , maxY � w i d t h ) ;

99 d r aw B ox ( minX , maxY � w i d t h , maxX , maxY ) ;

100 g

101 %� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

102 i n t m ai n ( ) f

103 g e t E x t en t s ( ) ;

104 b o r d er ( ) ;

105 r e t u r n 0 ;

106 g



App endix B

Fabrication Pro cesses

B.1 Device Fabrication Pro cess Details

B.1.1 Cleaning

1. Ultrasonic immersion in Alconox Detergent 10min , unheated.

2. DeionizedH2O spray, then 10min deionizedH2O soak.

3. Spin dry at 3000rpm.

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

Table B.1: Alconox � cleaningprocedure.

189
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1. Ultrasonic cleaningin Acetone20min , unheated.

2. Spray clean with Acetone then Methanol then Isopropanol, and Spin dry at
3000rpm.

Acetone may also be used to remove stubborn particles and organics. While the
wafer is on the coater the Acetone then Methanol then Isopropanolmay be applied
at � 1000rpm to help dislodgeparticles, and then acceleratedto 3000rpm to dry.

Table B.2: Ultrasonic cleaningwith Acetone.

1. Mix a 3:1 H2SO4:H2O2 solution by slowly adding sulfuric acid to hydrogen
peroxide

2. Gently heat on hotplate at low temperature to keep the reaction at constant
vigor.

3. Immerse sample for 20minutes. After 20minutes the e�cacy of the piranha
mixture is reduced.

Table B.3: Piranha cleaningprocedure.

1. Selecta large Pyrex dish for spill containment and a su�cien tly large Pyrex
beaker for the SC-1solution. Placeon a hotplate.

2. Fill the beaker with 4 parts deionizedH2O, then �ll the Pyrex dish a 1=4 full
of H2O. Heat to 55� .

3. Add onepart ammonium{hydroxide (N H4OH ) when solution reaches55� .

4. Add onepart hydrogen{peroxide (H2O2) when the water reaches65�

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. Rinse the beaker three times beforedrying.

Table B.4: RCA or standard clean1 (SC{1) procedure.
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B.1.2 Lithograph y

1. Ready coater by checking the accelerationis at the minimum setting, that the
target speedis 3500rpm � 100rpm, and the timer is set for 0 : 60s. Install the
proper containment insert and chuck (check for cleanliness).

2. Mount wafer of the chuck, dust with N2, and then apply � 0:5mL of photo
resist covering the useful area (where deviceswill be located) plus about 1cm
extra. Wait 10sec for photoresist to spreadout and interact with the wafer's
surface.

3. Spin the wafer, remove and placein a Quartz wafer boat and then bake in the
oven at 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 SiO2 and lithium niobate wafers for even heating
becausethey have low thermal conductivity, causing poor results when using the
hotplate. An optional 0:45�m �lter may be usedwhen applying the PMMA with a
calibrated syringe.

Table B.5: Photoresist coating procedure.
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1. Insert the long{wavelength{�lter. Measureoptical power output. Should be
3:5mW=cm2 measuredat a wavelength of 320nm.

2. Selectthe 4inch maskchuck, mount the maskpattern{side out (to contact the
wafer). Pressthe [VAC Mask] button. Insert and tighten the maskchuck nuts.

3. Insert the wafer with the contact lever disengaged(towards the operator). Ad-
just position and alignment and pressthe [Hard] contact button.

4. Set the exposure time to 6seconds(nominal dosefor NR7{1000P, a sweep of
exposure times is often necessaryto optimize the dose). Engagethe contact
lever (by moving away from the operator), then pressthe [Expose] button.

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

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

1. Turn Lamp ON, wait 10sec. PressLamp Start, wait 5sec, greenled to the right
of the on button should illuminate. If the lamp doesnot comeon, wait 30sec
and then retry starting the Lamp. Wait 5 � 10min for the lamp warm up.

2. Setoptical power meter to usethe 220nm sensorwith the switch locatedon the
back of connector. Slide back vacuum chuck with optical power meter sensor.
Replacehousingdoor. Turn on exposertimer (the switch is locatedon the back
of the box) and take reading from the power meter. Typical valuesare in the
0:45mW=cm2. Turn o� exposerand turn o� optical power meter.

3. Adjust exposuretime and decimal point. Use multiple exposuresfor times in
excessof 1000sec.

4. Proceedwith substrate/mask alignment. Seesection C.2. Push back chuck,
replacehousingdoor and turn on exposer.

Table B.7: Exposingusing the NSL OAI.
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1. EnsureenoughIPA is available in the spray bottle to stop the developer.

2. Prepare500mL of 2 part IPA to 1 part MIBK developer in 1L beaker. Placeon
a hotplate set initially 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 developer from the hotplate and immediately start developing the
samplefor exactly 90seconds. Immediately spray with IPA for 60secondsafter
wards. Dry with N2.

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 developer may be reusedmany times. The 1L beaker should be rinsed with a
small amount of developer to remove any containments beforepouring in the rest of
the developer. The developer may be stored at room temperature.

Table B.8: PMMA development procedure.

1. Develop in RD2 at room temperature for 50secondswith light agitation.

2. Submergein deionizedH2O for 2minutes to stop development, then dry with
N2.

3. Bake at 90� for 1minute .

This procedurewas poorly implemented. The temperature of the developer should
be monitored, which may explain the inconsistent results.

Table B.9: NR7-1000Pdevelopment procedure.
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B.1.3 Lift{O� and Etc hing

1. Placesamplein a bath of NMP carefully heatedto 80� (NMP hasa low 
ash{
point).

2. Gently agitate the wafer for 20min .

3. Carefully remove by spraying a sheetof NMP over the surfaceof the sampleas
it is removed from the beaker. Rinse clean with Acetone, Methanol, IPA and
then N2 and spin dry.

Ensurelift{o� hascompletedasany material that hasnot �nished lifto� may fall back
onto the wafer and be impossibleto remove. Light rubbing with a swab saturated
with acetonemay help stubborn lift{o� and remove unwanted metal that hasadhered
to surface.Only sonicateasa last resort for no morethan 10secondswith < 3seconds
usually being su�cien t.

Table B.10: Lift{o� of PMMA.

1. Placesamplein a bath of Microstrip � and Gently agitate the wafer for 20min .

2. Carefully remove by spraying a sheetof Acetoneover the surfaceof the sample
asit is removed from the beaker. Rinsecleanwith Acetone,Methanol, IPA and
then N2 and spin dry.

Table B.11: Lift{o� of NR7{1000P.
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1. Preparea 75mL of one part deionizedH2O to one part CR{7 chrome etchant
in a 250mL processingdish at room temperature.

2. SubmersePMMA coatedsamplein solution for 40seconds. Spray rinsein deion-
ized H2O for 2minutes.

Table B.12: Etching chrome to fabricated a patterned mask.
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B.1.4 Vacuum Mask Fabrication

This processinvolvesmaking a 1mm mask master using E-Beam Lithography. The

master mask is then usedto create 250�m daughter masksusing vacuum mask ex-

posure tool. The daughter masksare then used for making the devices. Daughter

masksare very fragile, which is the reasona 1mm master mask is used.

The end{to{end PMMA processallows imagereversalof the daughter mask. Be-

causethe daughter mask is mostly metal, Cr, the conduction should help with the

sparking causedby the LiN bO3 handling.

Figure B-1: Illustrates the processfor making devicesby �rst writing a pattern to a
1mm quartz maskmaster, then transferring the pattern using contact lithography to
a conformal mask, and �nally patterning the lithium niobate substrate to make the
desireddevices.
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1. Clean 1mm master mask.

2. Deposit 100nm PMMA.

3. Deposit 7nm chrome.

4. Pattern with SEBL.

5. Remove Cr.

6. Develop PMMA with IPA:MIBK.

7. Descumwith 2s ash (optional).

8. Deposit 40nm of chrome.

9. Lift-o� with NMP to �nish making master mask.

10. Clean 250um daughter mask.

11. Deposit 100nm PMMA onto daughter mask

12. RCA cleanand plasmaashmaster mask as required.

13. Exposedaughter maskwith OAI.

14. Develop daughter maskwith IPA:MIBK.

15. Deposit 40nm of chrome on daughter mask.

16. Lift-o� with NMP to �nish making daughter mask.

Table B.13: Processstepsfor making a conformal mask.
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B.1.5 Raith 150 Op erational Pro cedure

Loading :

1. Load sampleinto load{lo ck chamber.

(a) Deposit 100nm gold particles in identi�able location on conductivesurface.

Make a sketch.

(b) Ensureall screwsare secureand gold solution is dry.

(c) Check continuity is < 3M eg
. aluminum foil.

(d) Make surewafer 
at is parallel to x-axis for alignment.

(e) N2 dust and load sampletray ensuringcounter{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. Ensure transfer ro d is all the way out.

2. Log into Raith machine. Passwords are not used.

3. [Desktop 1! Sample Loading! Load Sample]

4. EnsureRoughing Pump becomesquiet .

5. Slowly insert transfer ro d when prompted. Then check insertion on video

screenbeforecontinuing.

6. [OK] Mo ve to Upp er Exchange Position .

7. Slowly remove transfer ro d when prompted.

8. [OK] Reset Coordinates System .

9. RecordExtractor Curren t and Gun Vacuum .
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10. [OK] Switc h On Beam .

11. [OK] Set voltage to 10keV.

12. [OK] Set aperture to 30�m .

13. [OK] Set working distance to default .

14. [OK] Set focus and stigmation .

15. Goto the Stage Con trol window's Destination tab.

(a) LENGTH = mm

(b) BASE = XYZ

(c) POSITION = absolute

(d) Z = 16:8mm

16. Put SEM into TV mode. DOUBLE CHECK PREVIOUS STEP

17. [Start] , watch motion on TV, if there is a problem click the red STOP

button.

18. [File ! OpenScript ! SHAKEIT.js] , pressgreenrun button. View in Heigh t

Con trol window.

19. [Tools ! Goto Control Panel! SEMControl ! Detector ! InLens]

[Detector ! Auto BC]

un-blank beam,check for stable current on Keithley picoampmeter.

20. Record the Extractor I curren t

Focus, Align, and Stigmation :

1. Zoom to 23X and �nd gold particles
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2. Zoom to 100kX, Focus,Stigmation

3. FocusWobble, Align, then re-Focus.

Align Write Field :

1. Adjust UV coordinatesand rotation.

(a) 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. Imageand center gold particles, zoom out to 620X.

3. [Desktop 2! Microscope Control]

[select (``set'' 620x100�m ) ! Set Button]

4. [Detectors ! Auto BC Off] Ensure Detector is InLens NOT TV.

5. [File ! NewImage] , [ImageScan! Single]

To move stage,[CTRL-right-click ! F5]

6. [File ! NewPosition List]

(a) Zoom to featureswith [right-click] menu

(b) [Scan Manager! Align write field procedures]

drag course,medium, and �ne to Position List

(c) Add 100�m WF - Auto ALWF 1�m window

(d) Selectand run each procedurefrom position list onewith [F9]
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(e) [ctrl-left] and drag to referencefeature.

7. Check convergencein 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 ! Command! User Positions ! OCT2005-CHUCK]

3. [Desktop 4] , Zoomto 100kX,recordpicoampmeter� 145pA at 10keV, 30�m

aperture. [Measure]

4. Add GDSII �le and setup exposure

(a) [File ! NewPosition List]

[GDSII Database! load file]

Drag cell to Position List .

(b) [Position List ! right-click Properties ! Expose Properties]

(c) [Expose Layer] selectlayers to expose.

(d) Set UV position to exposeat.

(e) Set [dose factor ! 1]

(f ) [Calculate Dialog] �ll in step sizeand 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



202 APPENDIX B. FABRICATION PROCESSES

(a) Add GDSII �le to Position List and setup exposureas in previousstep.

(b) [Expose Properties ! Calculate ! Dose] lessthan main �le.

(c) SelectDoseMatrix cell in Position List

[Filter ! Matrix Copy]

f selected,1x6,0x(> deviceheight),V-�rst,dose factor 0.1, add, autog

6. Check UV coordinates in Position List .

7. Recordall settings.

8. MAKE SURE SEM IS IN SEM MODE (NOT TV MODE)!!

9. [Beam Blank] Check Raith beamis blank ed.

10. [Position List ! Highlight Entries]

[Scan! All]

11. Check

(a) Proper XY and UV coordinates

(b) High PerformanceScanProcessor,Beam On

(c) Picoampmeter.

Unloading :

1. [Desktop 1! Sample Loading! UnLoadSample]

2. Insert transfer ro d when prompted. Then check insertion on video screen

beforecontinuing.

3. [OK] Mo ve to Lower Exchange Position .

4. Remove transfer ro d when prompted.
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Date

Wafer

Write #

Vacuum Before ON

Extract-I Before ON

Extract-I 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

DoseMatrix

(U,V) ! (x,y)

Rotation
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App endix C

OAI documen tation

C.1 Housing Dra wings

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 � = 200nm by 60dB and � = 440nm by 40dB. To simplify the design

no fastenerswere used. Instead the housingwas designedwith press{�t slot in hole

joints. 4-40 tapped holeswere drilled along the edgesfor gaskets. Two clean room

corrosion{resistant magnetic catches (McMaster part number 6680A15) were used

to keep the front door in place. The patterns were drawn in Pro{Engineer, then

exported asDXF, imported into CorelDraw, and then printed usinga laser{cutter at

the Media Laboratory's fabrication facilities.

205
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Figure C-1: OAI deep{UV aligner radiation shield. Made from Standard Cast
Acrylic, 0:236inch thick Clear with BronzeTint, McMaster part numbers. 8505K921,
8505K941,and 8505K951.
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C.2 Mask Chuck Dra wings

Figure C-2: OAI 3inch chuck assembly.

A new OAI 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 assembly is illustrated in �gure C-2. The lower plate (shown in �gure ??

but not in �gure C-2) and substratechuck werepre{existing. The 3inch upper chuck

plate was the new part. This part was machined in the MIT Central Machine Shop.

The substrategasket allows atmosphericpressureto be applied to the backsideof the

substrate, as well as keepthe substratesback side from contacting the chuck (useful

when making a mask). The top gasket makes the seal to the mask and the lower

gasket make the sealto the chuck for the vacuum contact. The mask vacuum holds

the mask to the chuck during alignment. 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 substratechuck are perfectly parallel (usually

only doneonce).

The operational procedurefor alignment and contact is as follows;

� Lower substrate chuck to bottom of limit.
� Put down substrate gasket, substrate,and apply substratevacuum.
� Mount mask to chuck and apply maskvacuum.
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� Placemask chuck onto 3{point support.
� Raisesubstrate stageuntil fringe patterns are visible, then back o� a turn.
� Usethe microscope to align mask to substrate.
� Raisesubstrate stageuntil to contact mask to substrate.
� Engagecontact vacuum, slowly increasing pressurewith the adjustable ball

valve.
� Turn o� substrate vacuum to allow backside pressureon the substrate.

The valvesoriginally on the OAI weresinglethrow needlevalves. Thesevalvesdo

not vent, meaningthe sealedvacuum chambers would not releaseafter an exposure.

To allow for self{venting and someamount of vacuum throttling, the valves were

replacewith SwageLokpart number B-41VS2brassvented ball valves.

Figure C-3: OAI 3inch chuck assembly.

The machining cost for this chuck wasnearly $1600:00. An important note is that

parts with moredrawingscostmorethan parts with fewer drawings. The moresheets

a machinist has to 
ip through the higher likelihood of a mistake and the more time

is taking matching up featureson di�erent pages.For this reason,only onedrawing

pageis usedto specify this part.
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App endix D

Auxiliary Electronics

Figure D-1: Analog test board. Holds SAW test package, low{noise ampli�ers, and
power regulators.

Figure D-2: Closeupof one low{noise ampli�er channel.
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Figure D-3: PCT top{side silkscreen.

Figure D-4: PCB top{side metal layer.
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QTY REFDES DEVICE PA CKA GE VALUE

1 5 C10,C11,C12,C13,C16 C1210-TBD CAP 2:2�F
2 2 C14,C15 C1210P-TBD CAP 22�F

3 13
C21,C23,C31,C32,C33
C42,C43,C61,C62,C63
C71,C72,C73

C0805-TBD CAP 10nF

4 1 C22 C0805-TBD CAP 100pF
5 1 C50 C1210-TBD CAP 1�F
6 1 C51 C1210-TBD CAP 10nF
7 1 C52 C1210-TBD CAP 2:2�F
8 2 C60,C70 C1210-TBD CAP 1nF
9 4 CGND1,GND1,VCC1,VIN15016KCT TP1
10 1 D1 LTST-C170KGKT TO-5

11 9
J2,J3,J5,J6,J7,J8
J11,J60,J70

142-0701-801 COAX-1

12 1 J10 640453-5 SIP-5P
13 4 L1,L2,L3,L4 L0805-TBD 94Z
14 2 L60,L70 L0805-TBD 94Z 1U
15 2 Q2,Q3 BFG424FTR TO-18

16 6 R10,R11,R12,R13,R16
R50

R1210-TBD RES 0


17 1 R15 R0805-TBD RES 210

18 2 R21,R31 R0603-TBD RES 500

19 2 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
25 1 U50 LP2985A-18DBVR
26 2 U60,U70 UPC2711TB AMP-6PINS-1
27 1 U80 B3710 SAW6

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 � � C o p y r i g h t 2 0 0 7 M a s s a c h u s e t t s I n s t i t u t e o f T ec h n o l o gy : A l l r i g h t s r e s e r v e d

3 � �

4 � � C om pan y : M a s s a c h u s e t t s I n s t i t u t e o f T ec h n o l o gy

5 � � E n g i n eer : J a so n M . L a P en t a ( JM L )

6 � �

7 � � C r ea t e D a t e : 1 3 : 3 0 : 0 8 0 2 / 1 3 / 2 0 0 7

8 � � D es i gn Name : u T a gs � c h i r p 2 r i o

9 � � M o d u l e Name : r o c k e t i o t e s t � B e h a v i o r a l

10 � � P r o j e c t Name : u T a gs

11 � � T a r ge t D e v i c e s : V i r t e x 4 M L 405 d e v e l bo a r d

12 � � T o o l v e r s i o n s :

13 � �

14 � � D e s c r i p t i o n : T es t c o n f i g u r a t i o n o f a r o c k e t i o p o r t . T r a n sm i t t s a p a t t e r n

15 � � c y c l i c a l l y

16 � �

17 � �

18 � �

19 � � D ep en d en c i es :

20 � �

21 � � R e v i s i o n :

22 � � R e v i s i o n 0 . 0 1 � F i l e C r ea t ed

23 � �

24 � � C h a n ges :

25 � �

26 � � D a t e W ho D e s c r i p t i o n

27 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

28 � �

29 � � A d d i t i o n a l C om m en t s :

30 � �

31 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

32
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33 l i b r a r y IEEE ;

34 u se IEEE . ST D L O G I C 1164 . a l l ;

35 u se IEEE . ST D L O G I C A R I T H . a l l ;

36 u se IEEE . ST D L O G I C U N SI G N ED . a l l ;

37 u se IEEE . n u m er i c s t d . a l l ;

38

39 � � � � U n com m en t t h e f o l l o w i n g l i b r a r y d e c l a r a t i o n i f i n s t a n t i a t i n g

40 � � � � an y X i l i n x p r i m i t i v e s i n t h i s c o d e .

41 l i b r a r y UNISIM ;

42 u se UNISIM . V C om p on en t s . a l l ;

43

44 e n t i t y r o c k e t i o g l u e i s

45 p o r t (

46 u s r c l k i p : i n s t d l o g i c ; � � v a r i e s

47 u s r c l k i n : i n s t d l o g i c ; � � v a r i e s

48

49 s y s t e m c l k : i n s t d l o g i c ; � � 1 0 0 M Hz

50 r e s e t : i n s t d l o g i c ;

51

52 c h i r p p a t t e r n : i n s t d l o g i c v e c t o r ( 6 3 downto 0 ) ;

53 d e l a y t i m e : i n u n si g n ed ( 3 1 downto 0 ) ;

54

55 RX1N IN : i n s t d l o g i c v e c t o r ( 0 t o 1 ) ;

56 R X 1P I N : i n s t d l o g i c v e c t o r ( 0 t o 1 ) ;

57 T X 1N OUT : o u t s t d l o g i c v e c t o r ( 0 t o 1 ) ;

58 T X 1P OUT : o u t s t d l o g i c v e c t o r ( 0 t o 1 ) ;

59

60 l e d : o u t s t d l o g i c v e c t o r ( 1 t o 1 0 ) ;

61 u s r c l k o u t p : o u t s t d l o g i c ;

62 u s r c l k o u t n : o u t s t d l o g i c

63 ) ;

64 end r o c k e t i o g l u e ;

65

66 � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

67 � � ARCHIT ECT URE

68 � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

69 a r c h i t e c t u r e B eh a v i o r a l o f r o c k e t i o g l u e i s

70

71 � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

72 component ROCK ET IO W RAPPER

73 g e n e r i c

74 (

75 M GT 0 GT 11 M OD E P : s t r i n g : = "A " ; � � D e f a u l t L o c a t i o n

76 M G T 0 M G T I D P : i n t e g e r : = 0 � � 0= A , 1 = B

77 ) ;

78 p o r t

79 (

80

81 � �

82 � �

83 � � MGT0 ( X0Y3 )

84

85 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � G l o b a l P o r t s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

86 M GT 0 POW ERDOW N IN : i n s t d l o g i c ;
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87 MGT0 TXINHIBIT IN : i n s t d l o g i c ;

88 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � PL L L o c k � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

89 M GT 0 RX LOCK OUT : o u t s t d l o g i c ;

90 M GT 0 T X LOCK OUT : o u t s t d l o g i c ;

91 � � � � � � � � � � � � � � � � � � � � � � � � � � � P o l a r i t y C o n t r o l P o r t s � � � � � � � � � � � � � � � � � � � � � � � � �

92 M GT 0 T X POL A RIT Y IN : i n s t d l o g i c ;

93 � � � � � � � � � � � � � � � � � � � � � � � � � � � � P o r t s f o r S i m u l a t i o n � � � � � � � � � � � � � � � � � � � � � � � � � �

94 M GT 0 COM BU SIN IN : i n s t d l o g i c v e c t o r ( 1 5 downto 0 ) ;

95 M GT 0 COM BUSOUT OUT : o u t s t d l o g i c v e c t o r ( 1 5 downto 0 ) ;

96 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � R e f e r en c e C l o c k s � � � � � � � � � � � � � � � � � � � � � � � � � � � �

97 M G T 0 R EF CL K 1 I N : i n s t d l o g i c ;

98 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � R e s e t s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

99 M GT 0 RX PM A RESET IN : i n s t d l o g i c ;

100 M GT 0 T X PM A RESET IN : i n s t d l o g i c ;

101 M GT 0 T X RESET IN : i n s t d l o g i c ;

102 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � S e r i a l P o r t s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

103 M G T 0 R X 1N I N : i n s t d l o g i c ;

104 M G T 0 R X 1P I N : i n s t d l o g i c ;

105 M GT 0 T X 1N OUT : o u t s t d l o g i c ;

106 M GT 0 T X 1P OUT : o u t s t d l o g i c ;

107 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � S t a t u s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

108 M GT 0 T X BUFERR OUT : o u t s t d l o g i c ;

109 � � � � � � � � � � � � � � � � � � � � T r a n sm i t D a t a P a t h an d C o n t r o l P o r t s � � � � � � � � � � � � � � � � � �

110 M GT 0 T X D A T A IN : i n s t d l o g i c v e c t o r ( 6 3 downto 0 ) ;

111 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � U ser C l o c k s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

112 M GT 0 T X OUT CLK 1 OUT : o u t s t d l o g i c ;

113 M GT 0 T X OUT CLK 2 OUT : o u t s t d l o g i c ;

114 M GT 0 T X U SRCL K IN : i n s t d l o g i c ;

115 M GT 0 T X U SRCL K 2 IN : i n s t d l o g i c

116

117 ) ;

118 end component ;

119

120

121 � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

122 component UNUSED M GT

123 g e n e r i c

124 (

125 GT 11 M OD E P : s t r i n g : = "B " ; � � D e f a u l t L o c a t i o n

126 M G T I D P : i n t e g e r : = 1 � � D e f a u l t L o c a t i o n

127 ) ;

128 p o r t

129 (

130

131 � �

132 � �

133 � � MGT0

134

135 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � PL L L o c k � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

136 M GT 0 RX LOCK OUT : o u t s t d l o g i c ;

137 M GT 0 T X LOCK OUT : o u t s t d l o g i c ;

138 � � � � � � � � � � � � � � � � � � � � � � � � � � � � P o r t s f o r S i m u l a t i o n � � � � � � � � � � � � � � � � � � � � � � � � � �

139 M GT 0 COM BU SIN IN : i n s t d l o g i c v e c t o r ( 1 5 downto 0 ) ;

140 M GT 0 COM BUSOUT OUT : o u t s t d l o g i c v e c t o r ( 1 5 downto 0 ) ;



230 APPENDIX E. FPGA VHDL/C/XPS

141 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � R e f e r en c e C l o c k s � � � � � � � � � � � � � � � � � � � � � � � � � � � �

142 M G T 0 R EF CL K 1 I N : i n s t d l o g i c ;

143 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � R e s e t s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

144 M GT 0 RX PM A RESET IN : i n s t d l o g i c ;

145 M GT 0 T X PM A RESET IN : i n s t d l o g i c ;

146 M GT 0 T X RESET IN : i n s t d l o g i c ;

147 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � S e r i a l P o r t s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

148 M G T 0 R X 1N I N : i n s t d l o g i c ;

149 M G T 0 R X 1P I N : i n s t d l o g i c ;

150 M GT 0 T X 1N OUT : o u t s t d l o g i c ;

151 M GT 0 T X 1P OUT : o u t s t d l o g i c ;

152 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � U ser C l o c k s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

153 M GT 0 T X OUT CLK 1 OUT : o u t s t d l o g i c ;

154 M GT 0 T X OUT CLK 2 OUT : o u t s t d l o g i c ;

155 M GT 0 T X U SRCL K IN : i n s t d l o g i c ;

156 M GT 0 T X U SRCL K 2 IN : i n s t d l o g i c

157

158 ) ;

159 end component ;

160

161 � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

162 component M GT USRCLK SOURCE

163 p o r t

164 (

165 USRCLK SOURCE : o u t s t d l o g i c ;

166 USRCL K 2 SOURCE : o u t s t d l o g i c ;

167 DCM LOCK ED : o u t s t d l o g i c ;

168 T X OU T CL K 1 IN : i n s t d l o g i c ;

169 DCM RESET : i n s t d l o g i c

170

171 ) ;

172 end component ;

173

174 � � . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

175 component G T 11 I N I T T X

176 g e n e r i c

177 (

178 C SIM U L A T ION : i n t e g e r : = 0 � � Se t t o 1 f o r s i m u l a t i o n

179 ) ;

180 p o r t

181 (

182 CLK : i n s t d l o g i c ;

183 START INIT : i n s t d l o g i c ;

184 LOCK : i n s t d l o g i c ;

185 USRCL K ST A BL E : i n s t d l o g i c ;

186 PCS ERROR : i n s t d l o g i c ;

187 PM A RESET : o u t s t d l o g i c ;

188 PCS R ESET : o u t s t d l o g i c ;

189 READY : o u t s t d l o g i c

190

191 ) ;

192 end component ;

193

194 � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
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195 � � I n s t a n t i a t i o n s

196 � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

197

198 s i g n a l u s r c l k b : s t d l o g i c ;

199 s i g n a l u s r c l k b 2 : s t d l o g i c ;

200 s i g n a l c l k f b : s t d l o g i c ;

201 s i g n a l c l k 33M H z : s t d l o g i c ;

202 a l i a s d c m c l k b : s t d l o g i c i s c l k 33M H z ;

203

204 � � � � � � � � � � � � � � � � � � � � � � � R e f e r en c e C l o c k S i g n a l s � � � � � � � � � � � � � � � � � � � � � � � � � � �

205 s i g n a l r e f c l k b : s t d l o g i c ;

206 s i g n a l d c m l o c k ed : s t d l o g i c ; � � TODO

207 s i g n a l d c m r e s e t i : s t d l o g i c ; � � TODO

208 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � PL L L o c k � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

209 s i g n a l m g t 0 t x l o c k i : s t d l o g i c ;

210 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � R e s e t s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

211 s i g n a l m g t 0 t x p m a r ese t c : s t d l o g i c ;

212 s i g n a l m g t 0 t x r e s e t c : s t d l o g i c ;

213 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � S t a t u s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

214 s i g n a l m g t 0 t x b u f e r r i : s t d l o g i c ;

215 � � � � � � � � � � � � � � � � � � � � T r a n sm i t D a t a P a t h an d C o n t r o l P o r t s � � � � � � � � � � � � � � � � � �

216 s i g n a l m g t 0 t x d a t a i : s t d l o g i c v e c t o r ( 6 3 downto 0 ) ;

217 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � U ser C l o c k s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

218 s i g n a l m g t 0 t x o u t c l k 1 i : s t d l o g i c ;

219 s i g n a l u s r c l k i : s t d l o g i c ;

220 s i g n a l u s r c l k 2 i : s t d l o g i c ;

221

222

223 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � R ese t Sy st em � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

224 s i g n a l t x s y s t e m r e a d y i : s t d l o g i c ; � � c u r r e n t l y u n u sed , f o r r e s e t o f u s e r

225 � � l o g i c

226

227 s i g n a l c o u n t e r : u n si g n ed ( 3 1 downto 0 ) ;

228

229

230 � � �
�	�	�
�	�
�	�	�
�	�
�	�	�
�	�
�	�	�
�	�
�	�	�
�	�
�	� M ai n B ody o f C ode �����	���������	�	�	�	�	�	�
�	���
�	�
�	���
�	�	�
���	�
�	�
�

231 b e g i n

232

233 � � S t a t i c s i g n a l A ss i gm en t s

234

235 l e d ( 1 ) < = d c m l o c k ed ;

236 l e d ( 2 ) < = d c m r e s e t i ;

237 l e d ( 3 ) < = m g t 0 t x p m a r ese t c ;

238 l e d ( 4 ) < = m g t 0 t x r e s e t c ;

239 l e d ( 5 ) < = m g t 0 t x l o c k i ;

240 l e d ( 6 ) < = m g t 0 t x b u f e r r i ;

241 l e d ( 7 ) < = t x s y s t e m r e a d y i ;

242 l e d ( 8 ) < = ' 1 ' ;

243 l e d ( 9 ) < = ' 1 ' ;

244 l e d ( 1 0 ) < = ' 1 ' ;

245

246 u s r c l k o u t p < = u s r c l k i ;

247 u s r c l k o u t n < = u s r c l k 2 i ;

248
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249

250 � � P r o c e s s e s

251

252 � � p u r p o se : p r o v i d e s d a t a t o M GT 0 T X

253 � � t y p e : s e q u e n t i a l

254 � � i n p u t s : u s r c l k i , r e s e t

255 � � o u t p u t s :

256 t x d a t a p : p r o c e s s ( u s r c l k i , t x s y s t e m r e a d y i , c h i r p p a t t e r n , d e l a y t i m e )

257

258

259 b e g i n � � p r o c e s s t x d a t a p

260 i f t x s y s t e m r e a d y i = ' 0 ' t h en � � a sy n c h r o n o u s r e s e t ( a c t i v e l o w )

261

262 c o u n t e r < = ( o t h e r s = > ' 0 ' ) ;

263 m g t 0 t x d a t a i < = ( o t h e r s = > ' 0 ' ) ;

264

265 e l s i f u s r c l k i ' ev en t and u s r c l k i = ' 1 ' t h en � � r i s i n g c l o c k ed ge

266

267 i f c o u n t e r > = d e l a y t i m e t h en

268

269 c o u n t e r < = ( o t h e r s = > ' 0 ' ) ;

270 m g t 0 t x d a t a i < = c h i r p p a t t e r n ;

271

272 e l s e

273

274 c o u n t e r < = c o u n t e r + 1 ;

275 m g t 0 t x d a t a i < = ( o t h e r s = > ' 0 ' ) ;

276

277 end i f ;

278

279 end i f ;

280 end p r o c e s s t x d a t a p ;

281

282

283 � � C om pon en t s

284

285 � � � � � � � � � � � � � � u s e r c l o c k s ( f o r r e f c l k b ) � � � � � � � � � � � �

286 I B U F G D S u sr c l k : IBU FGD S

287 g e n e r i c m ap (

288 IBU F D EL A Y V A L U E = > " 0 " ,

289 IOST ANDARD = > " LVPECL 25 " ,

290 D IFF T ERM = > t r u e )

291 p o r t m ap (

292 O = > u s r c l k b ,

293 I = > u s r c l k i p , � � D i f f p c l o c k

294 I B = > u s r c l k i n � � D i f f n c l o c k

295 ) ;

296

297 B U F G u ser c l k : BUFG

298 p o r t m ap (

299 O = > u s r c l k b 2 , � � C l o c k b u f f e r o u t p u t

300 I = > u s r c l k b � � C l o c k b u f f e r i n p u t

301 ) ;

302 � � � � � � � � � � � � � � I n s t a n t i a t e PMCD/ DCM m o d u l e f o r t h e u s e r c l o c k s � � � � � � � � � � � �
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303

304 m g t u s r c l k s o u r c e i : M GT USRCLK SOURCE

305 p o r t m ap

306 (

307 USRCLK SOURCE = > u s r c l k i ,

308 USRCL K 2 SOURCE = > u s r c l k 2 i ,

309 DCM LOCK ED = > d c m l o c k ed ,

310 T X OU T CL K 1 IN = > m g t 0 t x o u t c l k 1 i ,

311 DCM RESET = > d c m r e s e t i

312 ) ;

313

314 d c m r e s e t i < = n o t m g t 0 t x l o c k i ;

315

316 � � � � � � � � � � � � � � � � � � � � � � � I n s t a n t i a t e an G T 11 I N I T m o d u l e � � � � � � � � � � � � � � � � � � �

317 � � T h i s m o d u l e i s r e s p o n s i b l e f o r p e r f o r m i n g t h e c o r r e c t r e s e t an d l o c k p r o c e d u r e

318 � � a s r ecom m en ded i n t h e u s e r g u i d e

319

320 g t 1 1 i n i t t x i : G T 11 I N I T T X

321 g e n e r i c m ap

322 (

323 C SIM U L A T ION = > 0

324 )

325 p o r t m ap

326 (

327 CLK = > d c m c l k b ,

328 START INIT = > r e s e t ,

329 USRCL K ST A BL E = > d c m l o c k ed ,

330 LOCK = > m g t 0 t x l o c k i ,

331 PCS ERROR = > m g t 0 t x b u f e r r i ,

332 PM A RESET = > m g t 0 t x p m a r ese t c ,

333 PCS R ESET = > m g t 0 t x r e s e t c ,

334 READY = > t x s y s t e m r e a d y i

335 ) ;

336

337 � � � � � � � � � � � � GT 11CL K M GT I n s t a n t i a t i o n s f o r u p p er r e f e r e n c e c l o c k s � � � � � � � �

338

339 u p p e r g t 1 1 c l k m g t i n s t : GT 11CL K

340 g e n e r i c m ap

341 (

342 SYNCLK 1OUT EN = > " ENABLE" ,

343 SYNCLK 2OUT EN = > " D I SA B L E" ,

344 REFCL K SEL = > " REFCLK"

345 )

346 p o r t m ap

347 (

348 MGTCLKN = > ' 0 ' , � � u n u sed

349 MGTCLKP = > ' 1 ' , � � u n u sed

350 REFCLK = > u s r c l k b 2 ,

351 RXBCLK = > ' 0 ' , � � u n u sed

352 SY N CL K 1IN = > ' 0 ' , � � u n u sed

353 SY N CL K 2IN = > ' 0 ' , � � u n u sed

354 SYNCLK 1OUT = > r e f c l k b ,

355 SYNCLK 2OUT = > o p en

356 ) ;
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357

358 � � � � � � � � � � � � � � � � � � � � � � I n s t a n t i a t e MGT W r apper � � � � � � � � � � � � � � � � � � � � � � � � � � � �

359

360 � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

361 � � MGT0 ( X0Y3 )

362

363 r o c k e t i o w r a p p e r i : ROCK ET IO W RAPPER

364 g e n e r i c m ap

365 (

366 M GT 0 GT 11 M OD E P = > "B " ,

367 M G T 0 M G T I D P = > 0

368 )

369 p o r t m ap

370 (

371 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � G l o b a l P o r t s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

372 M GT 0 POW ERDOW N IN = > ' 0 ' ,

373 MGT0 TXINHIBIT IN = > ' 0 ' ,

374 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � PL L L o c k � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

375 M GT 0 RX LOCK OUT = > o p en ,

376 M GT 0 T X LOCK OUT = > m g t 0 t x l o c k i , � � u n u sed ?

377 � � � � � � � � � � � � � � � � � � � � � � � � � � � P o l a r i t y C o n t r o l P o r t s � � � � � � � � � � � � � � � � � � � � � � � � �

378 M GT 0 T X POL A RIT Y IN = > ' 0 ' ,

379 � � � � � � � � � � � � � � � � � � � � � � � � � � � � P o r t s f o r S i m u l a t i o n � � � � � � � � � � � � � � � � � � � � � � � � � �

380 M GT 0 COM BU SIN IN = > X " 0 0 0 0 " ,

381 M GT 0 COM BUSOUT OUT = > o p en ,

382 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � R e f e r en c e C l o c k s � � � � � � � � � � � � � � � � � � � � � � � � � � � �

383 M G T 0 R EF CL K 1 I N = > r e f c l k b ,

384 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � R e s e t s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

385 M GT 0 RX PM A RESET IN = > ' 1 ' ,

386 M GT 0 T X PM A RESET IN = > m g t 0 t x p m a r ese t c ,

387 M GT 0 T X RESET IN = > m g t 0 t x r e s e t c ,

388 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � S e r i a l P o r t s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

389 M G T 0 R X 1N I N = > RX1N IN ( 0 ) ,

390 M G T 0 R X 1P I N = > R X 1P I N ( 0 ) ,

391 M GT 0 T X 1N OUT = > T X 1N OUT ( 0 ) ,

392 M GT 0 T X 1P OUT = > T X 1P OUT ( 0 ) ,

393 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � S t a t u s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

394 M GT 0 T X BUFERR OUT = > m g t 0 t x b u f e r r i ,

395 � � � � � � � � � � � � � � � � � � � � T r a n sm i t D a t a P a t h an d C o n t r o l P o r t s � � � � � � � � � � � � � � � � � �

396 M GT 0 T X D A T A IN = > m g t 0 t x d a t a i ,

397 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � U ser C l o c k s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

398 M GT 0 T X OUT CLK 1 OUT = > m g t 0 t x o u t c l k 1 i ,

399 M GT 0 T X OUT CLK 2 OUT = > o p en ,

400 M GT 0 T X U SRCL K IN = > u s r c l k i ,

401 M GT 0 T X U SRCL K 2 IN = > u s r c l k 2 i

402

403 ) ;

404

405

406

407 � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

408 � � U n u sed MGT p a i r e d w i t h MGT0

409

410 u n u sed m g t 0 i : UNUSED M GT
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411 g e n e r i c m ap

412 (

413 GT 11 M OD E P = > " B" , � � B a sed on MGT L o c a t i o n

414 M G T I D P = > 1

415 )

416 p o r t m ap (

417

418 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � PL L L o c k � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

419 M GT 0 RX LOCK OUT = > o p en ,

420 M GT 0 T X LOCK OUT = > o p en ,

421 � � � � � � � � � � � � � � � � � � � � � � � � � � � � P o r t s f o r S i m u l a t i o n � � � � � � � � � � � � � � � � � � � � � � � � � �

422 M GT 0 COM BU SIN IN = > X " 0 0 0 0 " ,

423 M GT 0 COM BUSOUT OUT = > o p en ,

424 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � R e f e r en c e C l o c k s � � � � � � � � � � � � � � � � � � � � � � � � � � � �

425 M G T 0 R EF CL K 1 I N = > r e f c l k b ,

426 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � R e s e t s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

427 M GT 0 RX PM A RESET IN = > ' 1 ' ,

428 M GT 0 T X PM A RESET IN = > m g t 0 t x p m a r ese t c ,

429 M GT 0 T X RESET IN = > m g t 0 t x r e s e t c ,

430 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � S e r i a l P o r t s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

431 M G T 0 R X 1N I N = > RX1N IN ( 1 ) ,

432 M G T 0 R X 1P I N = > R X 1P I N ( 1 ) ,

433 M GT 0 T X 1N OUT = > T X 1N OUT ( 1 ) ,

434 M GT 0 T X 1P OUT = > T X 1P OUT ( 1 ) ,

435 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � U ser C l o c k s � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

436 M GT 0 T X OUT CLK 1 OUT = > o p en ,

437 M GT 0 T X OUT CLK 2 OUT = > o p en ,

438 M GT 0 T X U SRCL K IN = > u s r c l k i ,

439 M GT 0 T X U SRCL K 2 IN = > u s r c l k 2 i

440 ) ;

441

442

443 � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

444 � � d i v i d e s down sy s t em c l o c k by 3 . 0 t o c r e a t e

445 � � 1 0 0 M Hz / 3 = 3 3 M Hz c l o c k

446

447 D C M B A SE i n st : DCM BA SE

448 g e n e r i c m ap (

449 CL K D V D IV ID E = > 3 . 0 , � � D i v i d e by : 3 . 0

450 CL K F X D I V I D E = > 1 , � � C an be an y i n t e r g e r f r o m 1 t o 3 2

451 CL K FX M UL T IPL Y = > 4 , � � C an be an y i n t e g e r f r o m 2 t o 3 2

452 C L K I N D I V I D E B Y 2 = > f a l s e , � � T RUE/ FA L SE t o e n a b l e CL K I N d i v i d e by

453 � � t w o f e a t u r e

454 CL K I N PER I O D = > 1 0 . 0 , � � S p e c i f y p e r i o d o f i n p u t c l o c k i n n s

455 � � f r o m 1 . 2 5 t o 1 0 0 0 . 0 0

456 CL K OU T PH A SE SH IFT = > " NONE" , � � S p e c i f y p h a se s h i f t m ode o f NONE o r F I X ED

457 CLK FEEDBA CK = > " 1X " , � � S p e c i f y c l o c k f e e d b a c k o f NONE o r 1X

458 DCM A UT OCA LIBRA T ION = > t r u e , � � DCM c a l i b r a r t i o n c i r c u i t r y T RUE/ FA L SE

459 DCM PERFORMANCE MODE = > "M A X SPEED " , � � C an be M AX SPEED o r MAX RANGE

460 DESK EW A DJUST = > " SYST EM SYNCHRONOUS" , � � SOURCE SYNCHRONOUS,

461 � � SYST EM SYNCHRONOUS o r

462 � � an i n t e g e r f r o m 0 t o 1 5

463 DFS FREQUENCY M ODE = > " LOW " , � � LOW o r HI GH f r e q u e n c y m ode f o r f r e q u e n c y

464 s y n t h e s i s
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465 DLL FREQUENCY M ODE = > " LOW " , � � LOW , HI GH , o r HIGH SER f r e q u e n c y m ode f o r

466 D L L

467 DUT Y CY CLE CORRECT ION = > t r u e , � � D u t y c y c l e c o r r e c t i o n , T RUE o r FA L SE

468 FA CT ORY JF = > X " F 0F 0 " , � � FACTORY J F V a l u es S u g g e s t e d t o be s e t t o

469 X " F 0F 0

470 PH A SE SH I F T = > 0 , � � Amount o f f i x e d p h a se s h i f t f r o m � 255 t o

471 1 0 2 3

472 ST A RT UP W A IT = > f a l s e ) � � D el a y c o n f i g u r a t i o n DONE u n t i l DCM LOCK ,

473 � � T RUE/ FA L SE

474 p o r t m ap (

475 CL K 0 = > c l k f b , � � 0 d eg r ee DCM CLK o u p t p u t

476 CLK180 = > op en , � � 1 8 0 d eg r ee DCM CLK o u t p u t

477 CLK270 = > op en , � � 2 7 0 d eg r ee DCM CLK o u t p u t

478 CL K 2X = > op en , � � 2X DCM CLK o u t p u t

479 CLK2X180 = > op en , � � 2X , 1 8 0 d eg r ee DCM CLK o u t

480 CL K 90 = > op en , � � 9 0 d eg r ee DCM CLK o u t p u t

481 CLKDV = > c l k 33M H z , � � D i v i d ed DCM CLK o u t ( CL K D V D IV ID E )

482 CLK FX = > op en , � � DCM CLK s y n t h e s i s o u t (M / D )

483 CL K F X 180 = > op en , � � 1 8 0 d eg r ee CLK s y n t h e s i s o u t

484 LOCKED = > op en , � � DCM LOCK s t a t u s o u t p u t

485 CLK FB = > c l k f b , � � DCM c l o c k f eed b a c k

486 CL K IN = > sy s t em c l k , � � C l o c k i n p u t ( f r o m IBU FG , BUFG o r DCM )

487 RST = > r e s e t � � DCM a sy n c h r o n o u s r e s e t i n p u t , a c t i v e h i g h

488 ) ;

489

490 en d B eh a v i o r a l ;
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VHDL : chirp3 pads.vhd

1 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

2 � � C o p y r i g h t 2 0 0 7 M a s s a c h u s e t t s I n s t i t u t e o f T ec h n o l o gy : A l l r i g h t s r e s e r v e d

3 � �

4 � � C om pan y : M a s s a c h u s e t t s I n s t i t u t e o f T ec h n o l o gy

5 � � E n g i n eer : J a so n M . L a P en t a

6 � �

7 � � C r ea t e D a t e : 1 2 : 3 4 : 2 7 0 8 / 1 2 / 2 0 0 6

8 � � D es i gn Name : u T a gs � c h i r p 1

9 � � M o d u l e Name : c h i r p 3 � B e h a v i o r a l

10 � � P r o j e c t Name : u T a gs

11 � � T a r ge t D e v i c e s : V i r t e x 4 M L 405 d e v e l bo a r d

12 � � T o o l v e r s i o n s :

13 � � D e s c r i p t i o n : A s i m p l e c h i r p d e m o n s t r a t i o n t h e sen d s o u t a c o n f i g u r a b l e

14 � � m ake an a c e f i l e w i t h

15 � � # . / m l 4 0 x b i t 2 a c e c h i r p 3 p a d s . b i t c h i r p 3 . a c e

16 � �

17 � � D ep en d en c i es :

18 � �

19 � � R e v i s i o n :

20 � � R e v i s i o n 0 . 0 1 � F i l e C r ea t ed

21 � � A d d i t i o n a l C om m en t s :

22 � �

23 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

24 l i b r a r y IEEE ;

25 u se IEEE . ST D L O G I C 1164 . a l l ;

26 u se IEEE . ST D L O G I C A R I T H . a l l ;

27 u se IEEE . ST D L O G I C U N SI G N ED . a l l ;

28

29 � � � � X i l i n x p r i m i t i v e s

30 l i b r a r y UNISIM ;

31 u se UNISIM . V C om p on en t s . a l l ;

32

33 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

34 � � E n t i t y c h i r p 3

35 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

36 e n t i t y c h i r p 3 p a d s i s

37 p o r t (

38 s y s c l k i : i n s t d l o g i c ; � � 1 0 0 m hz sy s t em c l o c k

39 u s r c l k i p : i n s t d l o g i c ; � � u s e r s u p p l i e d c l o c k f o r c h i r p f r e q

40 u s r c l k i n : i n s t d l o g i c ; � � u s e r s u p p l i e d c l o c k f o r c h i r p f r e q

41 r e s e t n : i n s t d l o g i c ; � � a c t i v e l o w r e s e t b u t t o n A 10

42 t r i g i : i n s t d l o g i c ; � � t r i g g e r , s t a r t s c h i r p

43

44 p b n i : i n s t d l o g i c ; � � p u sh b u t t o n n o r t h

45 p b s i : i n s t d l o g i c ; � � p u sh b u t t o n s o u t h

46 p b c i : i n s t d l o g i c ; � � p u sh b u t t o n c e n t e r

47

48 l e d r e s e t : o u t s t d l o g i c ; � � i l l u m i n a t e s when d e v i c e r e s e t

49 l e d t r i g : o u t s t d l o g i c ; � � i l l u m i n a t e s on t r i g g e r

50 l e d t i m e o u t : o u t s t d l o g i c ; � � i l l u m i n a t e s on t r i g g e r t i m e o u t

51 t e s t o : o u t s t d l o g i c ; � � t e s t o u t p u t H6 d i f f c l k o u t n

52
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53 c h i r p o p : o u t s t d l o g i c ; � � c h i r p o u t p u t

54 c h i r p o n : o u t s t d l o g i c ; � � c h i r p o u t p u t

55

56 c h i r p o : o u t s t d l o g i c � � c h i r p o u t p u t s i g n a l

57 ) ;

58

59 end c h i r p 3 p a d s ;

60

61 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

62 � � a r c h i t e c t u r e

63 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

64 a r c h i t e c t u r e B eh a v i o r a l o f c h i r p 3 p a d s i s

65

66 � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

67 component c h i r p 3 t o p

68 p o r t (

69 s y s c l k i : i n s t d l o g i c ; � � 1 0 0 m hz sy s t em c l o c k

70 u s r c l k i : i n s t d l o g i c ; � � u s e r s u p p l i e d c l o c k f o r c h i r p f r e q

71 r e s e t n : i n s t d l o g i c ;

72 t r i g i : i n s t d l o g i c ; � � t r i g g e r , s t a r t s c h i r p

73

74 p b n i : i n s t d l o g i c ; � � p u sh b u t t o n n o r t h

75 p b s i : i n s t d l o g i c ; � � p u sh b u t t o n s o u t h

76 p b c i : i n s t d l o g i c ; � � p u sh b u t t o n c e n t e r

77

78 l e d r e s e t : o u t s t d l o g i c ; � � i l l u m i n a t e s when d e v i c e r e s e t

79 l e d t r i g : o u t s t d l o g i c ; � � i l l u m i n a t e s on t r i g g e r

80 l e d t i m e o u t : o u t s t d l o g i c ; � � i l l u m i n a t e s on t r i g g e r t i m e o u t

81 t e s t o : o u t s t d l o g i c ; � � t e s t o u t p u t H6 d i f f c l k o u t n

82

83 c h i r p o : o u t s t d l o g i c ; � � c h i r p o u t p u t

84

85 c h i r p e n o : o u t s t d l o g i c

86 ) ;

87 end component ;

88 � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

89

90

91 s i g n a l s y s c l k b : s t d l o g i c ; � � 1 0 0 m hz sy s t em c l o c k

92 s i g n a l u s r c l k b : s t d l o g i c ; � � u s e r s u p p l i e d c l o c k f o r c h i r p f r e q

93 s i g n a l r e s e t n b : s t d l o g i c ;

94 s i g n a l t r i g b : s t d l o g i c ; � � t r i g g e r , s t a r t s c h i r p

95

96 s i g n a l p b n b : s t d l o g i c ; � � p u sh b u t t o n n o r t h

97 s i g n a l p b s b : s t d l o g i c ; � � p u sh b u t t o n s o u t h

98 s i g n a l p b c b : s t d l o g i c ; � � p u sh b u t t o n c e n t e r

99

100 s i g n a l l e d r e s e t b : s t d l o g i c ; � � i l l u m i n a t e s when d e v i c e r e s e t

101 s i g n a l l e d t r i g b : s t d l o g i c ; � � i l l u m i n a t e s on t r i g g e r

102 s i g n a l l e d t i m e o u t b : s t d l o g i c ; � � i l l u m i n a t e s on t r i g g e r t i m e o u t

103 s i g n a l t e s t b : s t d l o g i c ; � � t e s t o u t p u t H6 d i f f c l k o u t n

104

105 s i g n a l c h i r p b : s t d l o g i c ; � � c h i r p o u t p u t

106
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107 s i g n a l c h i r p e n b : s t d l o g i c ;

108

109 b e g i n

110

111 � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

112 � � t o p c o m p o n en t

113 t o p c : c h i r p 3 t o p p o r t m ap (

114 s y s c l k i = > s y s c l k b ,

115 u s r c l k i = > u s r c l k b ,

116 r e s e t n = > r e s e t n b ,

117 t r i g i = > t r i g b ,

118 p b n i = > p b n b ,

119 p b s i = > p b s b ,

120 p b c i = > p b c b ,

121 l e d r e s e t = > l e d r e s e t b ,

122 l e d t r i g = > l e d t r i g b ,

123 l e d t i m e o u t = > l ed t i m eo u t b ,

124 t e s t o = > t e s t b ,

125 c h i r p o = > c h i r p b ,

126 c h i r p e n o = > c h i r p e n b

127 ) ;

128

129

130 � � ���������	���������
�	�
���	�
���	�
���	�
�	���
�	���
�	���
�	�	�	�	�	�	�	�	�	�	�	�
���	�
���	�
���

131 I B U F G sy sc l k : IBU FG

132 g e n e r i c m ap (

133 IBU F D EL A Y V A L U E = > " 0 " ,

134 IOST ANDARD = > " LV T T L " )

135 p o r t m ap (

136 O = > s y s c l k b ,

137 I = > s y s c l k i

138 ) ;

139

140 � � ���������	���������
�	�
���	�
���	�
���	�
�	���
�	���
�	���
�	�	�	�	�	�	�	�	�	�	�	�
���	�
���	�
���

141 I B U F G D S u sr c l k : IBU FGD S

142 g e n e r i c m ap (

143 IBU F D EL A Y V A L U E = > " 0 " ,

144 IOST ANDARD = > " LVPECL 25 " ,

145 D IFF T ERM = > T RUE)

146 p o r t m ap (

147 O = > u s r c l k b ,

148 I = > u s r c l k i p , � � D i f f p c l o c k

149 I B = > u s r c l k i n � � D i f f n c l o c k

150 ) ;

151

152 � � ���������	���������
�	�
���	�
���	�
���	�
�	���
�	���
�	���
�	�	�	�	�	�	�	�	�	�	�	�
���	�
���	�
���

153 O B U F ch i r p o : OBUFDS

154 g e n e r i c m ap (

155 IOST ANDARD = > " LVPECL 25 "

156 )

157 p o r t m ap (

158 O = > c h i r p o p ,

159 OB = > c h i r p o n ,

160 I = > c h i r p b
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161 ) ;

162

163

164 � � ���������	���������
�	�
���	�
���	�
���	�
�	���
�	���
�	���
�	�	�	�	�	�	�	�	�	�	�	�
���	�
���	�
���

165 I B U F r eset : IBUF

166 g e n e r i c m ap (

167 IBU F D EL A Y V A L U E = > " 0 " ,

168 IFD D EL A Y V A L U E = > " AUTO" ,

169 IOST ANDARD = > " LV T T L " )

170 p o r t m ap (

171 O = > r e s e t n b ,

172 I = > r e s e t n

173 ) ;

174

175 � � ���������	���������
�	�
���	�
���	�
���	�
�	���
�	���
�	���
�	�	�	�	�	�	�	�	�	�	�	�
���	�
���	�
���

176 I B U F t r i g : IBUF

177 g e n e r i c m ap (

178 IBU F D EL A Y V A L U E = > " 0 " ,

179 IFD D EL A Y V A L U E = > " AUTO" ,

180 IOST ANDARD = > " LV T T L " )

181 p o r t m ap (

182 O = > t r i g b ,

183 I = > t r i g i

184 ) ;

185

186 � � ���������	���������
�	�
���	�
���	�
���	�
�	���
�	���
�	���
�	�	�	�	�	�	�	�	�	�	�	�
���	�
���	�
���

187 I B U F p b n : IBUF

188 g e n e r i c m ap (

189 IBU F D EL A Y V A L U E = > " 0 " ,

190 IFD D EL A Y V A L U E = > " AUTO" ,

191 IOST ANDARD = > " LV T T L " )

192 p o r t m ap (

193 O = > p b n b ,

194 I = > p b n i

195 ) ;

196

197 � � ���������	���������
�	�
���	�
���	�
���	�
�	���
�	���
�	���
�	�	�	�	�	�	�	�	�	�	�	�
���	�
���	�
���

198 I B U F p b s : IBUF

199 g e n e r i c m ap (

200 IBU F D EL A Y V A L U E = > " 0 " ,

201 IFD D EL A Y V A L U E = > " AUTO" ,

202 IOST ANDARD = > " LV T T L " )

203 p o r t m ap (

204 O = > p b s b ,

205 I = > p b s i

206 ) ;

207

208 � � ���������	���������
�	�
���	�
���	�
���	�
�	���
�	���
�	���
�	�	�	�	�	�	�	�	�	�	�	�
���	�
���	�
���

209 I B U F p b c : IBUF

210 g e n e r i c m ap (

211 IBU F D EL A Y V A L U E = > " 0 " ,

212 IFD D EL A Y V A L U E = > " AUTO" ,

213 IOST ANDARD = > " LV T T L " )

214 p o r t m ap (
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215 O = > p b c b ,

216 I = > p b c i

217 ) ;

218

219 � � ���������	���������
�	�
���	�
���	�
���	�
�	���
�	���
�	���
�	�	�	�	�	�	�	�	�	�	�	�
���	�
���	�
���

220 O B U F l ed r eset : OBUF

221 g e n e r i c m ap (

222 D RIV E = > 12 ,

223 IOST ANDARD = > " LV T T L " ,

224 SLEW = > " SLOW " )

225 p o r t m ap (

226 O = > l e d r e s e t ,

227 I = > l e d r e s e t b

228 ) ;

229

230 � � ���������	���������
�	�
���	�
���	�
���	�
�	���
�	���
�	���
�	�	�	�	�	�	�	�	�	�	�	�
���	�
���	�
���

231 O B U F l ed t r i g : OBUF

232 g e n e r i c m ap (

233 D RIV E = > 12 ,

234 IOST ANDARD = > " LV T T L " ,

235 SLEW = > " SLOW " )

236 p o r t m ap (

237 O = > l e d t r i g ,

238 I = > l e d t r i g b

239 ) ;

240

241 � � ���������	���������
�	�
���	�
���	�
���	�
�	���
�	���
�	���
�	�	�	�	�	�	�	�	�	�	�	�
���	�
���	�
���

242 O B U F l ed t i m eo u t : OBUF

243 g e n e r i c m ap (

244 D RIV E = > 12 ,

245 IOST ANDARD = > " LV T T L " ,

246 SLEW = > " SLOW " )

247 p o r t m ap (

248 O = > l ed t i m eo u t ,

249 I = > l e d t i m e o u t b

250 ) ;

251

252 � � ���������	���������
�	�
���	�
���	�
���	�
�	���
�	���
�	���
�	�	�	�	�	�	�	�	�	�	�	�
���	�
���	�
���

253 O B U F t est : OBUF

254 g e n e r i c m ap (

255 D RIV E = > 12 ,

256 IOST ANDARD = > " LV T T L " ,

257 SLEW = > " SLOW " )

258 p o r t m ap (

259 O = > t e s t o ,

260 I = > t e s t b

261 ) ;

262

263 � � ���������	���������
�	�
���	�
���	�
���	�
�	���
�	���
�	���
�	�	�	�	�	�	�	�	�	�	�	�
���	�
���	�
���

264 O B U F ch i r p : OBUFT

265 g e n e r i c m ap (

266 IOST ANDARD = > " LV T T L " ,

267 D RIV E = > 24 ,

268 SLEW = > "F A ST" )
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269 p o r t m ap (

270 T = > c h i r p e n b ,

271 O = > c h i r p o ,

272 I = > u s r c l k b

273 ) ;

274

275

276 end B eh a v i o r a l ;
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VHDL : chirp3 top.vhd

1 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

2 � � C o p y r i g h t 2 0 0 7 M a s s a c h u s e t t s I n s t i t u t e o f T ec h n o l o gy : A l l r i g h t s r e s e r v e d

3 � �

4 � � C om pan y : M a s s a c h u s e t t s I n s t i t u t e o f T ec h n o l o gy

5 � � E n g i n eer : J a so n M . L a P en t a

6 � �

7 � � C r ea t e D a t e : 1 2 : 3 4 : 2 7 0 8 / 1 2 / 2 0 0 6

8 � � D es i gn Name : u T a gs � c h i r p 1

9 � � M o d u l e Name : c h i r p 3 � B e h a v i o r a l

10 � � P r o j e c t Name : u T a gs

11 � � T a r ge t D e v i c e s : V i r t e x 4 M L 405 d e v e l bo a r d

12 � � T o o l v e r s i o n s :

13 � � D e s c r i p t i o n :

14 � �

15 � � Sen d s a c h i r p on a t r i g g e r s i g n a l , o r a t 1 0 H z i n t h e a b s e n c e o f

16 � � a t r i g g e r .

17 � �

18 � � T he n u m ber o f c y c l e s p er c h i r p c a n be c h a n ged u s i n g t h e p u sh b u t t o n s

19 � �

20 � � T h i s v e r s i o n u t i l i z e d OSERDES t o g e n e r a t e p h a se s h i f t e d w i d e� ba n d c h i r p s .

21 � �

22 � � D ep en d en c i es :

23 � �

24 � � R e v i s i o n :

25 � � R e v i s i o n 0 . 0 1 � F i l e C r ea t ed

26 � � A d d i t i o n a l C om m en t s :

27 � �

28 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

29 l i b r a r y IEEE ;

30 u se IEEE . ST D L O G I C 1164 . a l l ;

31 u se IEEE . ST D L O G I C A R I T H . a l l ;

32 u se IEEE . ST D L O G I C U N SI G N ED . a l l ;

33 u se IEEE . n u m er i c s t d . a l l ;

34

35 � � � � X i l i n x p r i m i t i v e s

36 l i b r a r y UNISIM ;

37 u se UNISIM . V C om p on en t s . a l l ;

38

39 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

40 � � E n t i t y c h i r p 3

41 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

42 e n t i t y c h i r p 3 t o p i s

43 p o r t ( s y s c l k i : i n s t d l o g i c ; � � 1 0 0 M Hz sy s t em c l o c k

44 u s r c l k i : i n s t d l o g i c ; � � u s e r s u p p l i e d c l o c k f o r c h i r p f r e q

45 r e s e t n : i n s t d l o g i c ;

46 t r i g i : i n s t d l o g i c ; � � t r i g g e r , s t a r t s c h i r p

47

48 p b n i : i n s t d l o g i c ; � � p u sh b u t t o n n o r t h

49 p b s i : i n s t d l o g i c ; � � p u sh b u t t o n s o u t h

50 p b c i : i n s t d l o g i c ; � � p u sh b u t t o n c e n t e r

51

52 l e d r e s e t : o u t s t d l o g i c ; � � I l l u m i n a t e s when d e v i c e r e s e t
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53 l e d t r i g : o u t s t d l o g i c ; � � i l l u m i n a t e s on t r i g g e r

54 l e d t i m e o u t : o u t s t d l o g i c ; � � i l l u m i n a t e s on t r i g g e r t i m e o u t

55 t e s t o : o u t s t d l o g i c ; � � t e s t o u t p u t H6 d i f f c l k o u t n

56

57 c h i r p o : o u t s t d l o g i c ; � � c h i r p o u t p u t

58

59 c h i r p e n o : o u t s t d l o g i c ) ;

60 end c h i r p 3 t o p ;

61

62 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

63 � � a r c h i t e c t u r e

64 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

65 a r c h i t e c t u r e B eh a v i o r a l o f c h i r p 3 t o p i s

66

67 � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

68 component c h i r p 3 g e n

69 p o r t (

70 c l o c k i : i n s t d l o g i c ; � � v a r i a b l e i n p u t c l o c k

71 r e s e t b : i n s t d l o g i c ;

72 l e i : i n s t d l o g i c ; � � d a t a l a t c h e n a b l e

73 d a t a i : i n s t d l o g i c v e c t o r ( 5 downto 0 ) ; � � d a t a l a t c h e n a b l e

74

75 c h i r p o : o u t s t d l o g i c � � c h i r p s i g n a l o u t p u t

76 ) ;

77 end component ;

78 � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

79

80 s i g n a l c l k 5M H z : s t d l o g i c ; � � i n t e r n a l d i v i d e d c l o c k

81 s i g n a l c l k f b : s t d l o g i c ; � � DCM c l o c k F eed B ack

82 s i g n a l r e s e t b : s t d l o g i c ; � � A c t i v e H i gh R ese t f o r DCM

83

84 s i g n a l t r i g t i m e o u t : s t d l o g i c ; � � s i g n a l s t i g g e r t i m e o u t

85 s i g n a l t r i g g e r : s t d l o g i c ; � � s i g n a l s t o t r i g g e r a c h i r p on r i s i n g ed ge

86

87 s i g n a l c h i r p e n : s t d l o g i c ;

88 s i g n a l c h i r p l e n : u n si g n ed ( 7 downto 0 ) ; � � c h i r p l e n g t h i n c y c l e s

89

90 b e g i n

91

92

93 � � c o m b i n a t i o n a l

94 l e d t i m e o u t < = t r i g t i m e o u t ;

95 l e d t r i g < = t r i g g e r ;

96 l e d r e s e t < = n o t r e s e t n ;

97 t e s t o < = c l k 5M H z ;

98 r e s e t b < = n o t r e s e t n ;

99 c h i r p e n o < = c h i r p e n ; � � a c t i v e l o w

100

101 � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

102 � �

103 c h i r p 3 g e n 1 : c h i r p 3 g e n

104 p o r t m ap (

105 c l o c k i = > u s r c l k i ,

106 r e s e t b = > r e s e t b ,
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107 l e i = > ' 1 ' ,

108 d a t a i = > " 1 1 1 1 1 1 " ,

109 c h i r p o = > c h i r p o

110 ) ;

111 � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

112

113

114 � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

115 � � u s e s t r i g g e r t o g a t e c h i r p o u t p u t

116 c h i r p p : p r o c e s s ( u s r c l k i , r e s e t n )

117

118 v a r i a b l e c h i r p c n t r : u n si g n ed ( 7 downto 0 ) ;

119 v a r i a b l e t r i g l a s t : s t d l o g i c ;

120

121

122 b e g i n � � p r o c e s s c h i r p p

123

124 i f r e s e t n = ' 0 ' t h en

125 c h i r p c n t r : = ( o t h e r s = > ' 0 ' ) ;

126 c h i r p e n < = ' 1 ' ;

127

128 e l s i f u s r c l k i ' ev en t and u s r c l k i = ' 1 ' t h en � � r i s i n g c l o c k ed ge

129

130 i f t r i g g e r = ' 1 ' and t r i g l a s t = ' 0 ' t h en

131 c h i r p e n < = ' 0 ' ;

132 c h i r p c n t r : = ( o t h e r s = > ' 0 ' ) ;

133 e l s e

134

135 i f c h i r p c n t r / = c h i r p l e n t h en

136 c h i r p c n t r : = c h i r p c n t r + 1 ;

137 c h i r p e n < = ' 0 ' ;

138 e l s e

139 c h i r p e n < = ' 1 ' ;

140 end i f ;

141

142 end i f ;

143 t r i g l a s t : = t r i g g e r ;

144

145 end i f ;

146

147 end p r o c e s s c h i r p p ;

148

149

150 � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

151 � � p u r p o se : c r e a t e i n t e r n a l t r i g e r i f n e c e s s a r y

152 t r i g p : p r o c e s s ( c l k 5M H z , r e s e t n , t r i g i )

153

154 � � o n e sec o n d t i m e o u t

155 v a r i a b l e t r i g t o c n t r : u n si g n ed ( 2 3 downto 0 ) ;

156 v a r i a b l e t r i g l a s t : s t d l o g i c ;

157

158 � � t r i g c n t r u sed f o r 1 0 kH z t i m o u t

159 v a r i a b l e t r i g c n t r : u n si g n ed ( 7 downto 0 ) ;

160 v a r i a b l e t r i g i n t e r n a l : s t d l o g i c ;
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161

162 b e g i n � � p r o c e s s t r i g p

163

164 i f r e s e t n = ' 0 ' t h en

165 t r i g l a s t : = ' 0 ' ;

166 t r i g t o c n t r : = ( o t h e r s = > ' 0 ' ) ;

167

168 t r i g c n t r : = ( o t h e r s = > ' 0 ' ) ;

169 t r i g i n t e r n a l : = ' 0 ' ;

170

171 t r i g t i m e o u t < = ' 0 ' ;

172 t r i g g e r < = ' 0 ' ;

173

174 e l s i f c l k 5M H z ' ev en t and c l k 5M H z = ' 1 ' t h en � � r i s i n g c l o c k ed ge

175

176 � � ed ge d e t e c t T RI G , r e s e t t i m e o u t i f d e t e c t e d

177 i f t r i g i = ' 1 ' and t r i g l a s t = ' 0 ' t h en

178 t r i g t o c n t r : = ( o t h e r s = > ' 0 ' ) ;

179 e l s e

180 i f t r i g t i m e o u t = ' 0 ' t h en

181 t r i g t o c n t r : = t r i g t o c n t r + 1 ;

182 end i f ;

183 end i f ;

184 t r i g l a s t : = t r i g i ;

185

186 � � 1 sec o n d s i g n a l t i m e o u t t o s t a r t 1 0 kH z s i g n a l

187 i f t r i g t o c n t r = 2 0 0 0 t h en � � 5 e6 t h en

188 t r i g t i m e o u t < = ' 1 ' ;

189 e l s e

190 t r i g t i m e o u t < = ' 0 ' ;

191 end i f ;

192

193 � � i n t e r n a l t r i g g e r c o u n t e r

194 i f t r i g c n t r = 2 5 0 t h en

195

196 t r i g c n t r : = ( o t h e r s = > ' 0 ' ) ;

197 t r i g i n t e r n a l : = n o t t r i g i n t e r n a l ;

198 e l s e

199 t r i g c n t r : = t r i g c n t r + 1 ;

200 t r i g i n t e r n a l : = t r i g i n t e r n a l ;

201 end i f ;

202

203 � � t r i g g e r s e l e c t

204 i f t r i g t i m e o u t = ' 0 ' t h en

205 t r i g g e r < = t r i g i ;

206 e l s e

207 t r i g g e r < = t r i g i n t e r n a l ;

208 end i f ;

209

210 end i f ;

211

212 end p r o c e s s t r i g p ;

213

214



247

215 � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

216 � � p u r p o se : d ebo u n c e b u t t o n s

217 b u t t o n s p : p r o c e s s ( c l k 5M H z , r e s e t n )

218

219 � � o n e sec o n d t i m eo u t , d i s a b l e b u t t o n s f o r

220 � � o n e sec o n d a f t e r a p r e s s

221 v a r i a b l e b u t t o n s t o c n t r : u n si g n ed ( 2 1 downto 0 ) ;

222

223 b e g i n � � p r o c e s s b u t t o n s p

224

225 i f r e s e t n = ' 0 ' t h en

226

227 b u t t o n s t o c n t r : = ( o t h e r s = > ' 0 ' ) ;

228 c h i r p l e n < = u n si g n ed ( t o u n s i g n e d ( 5 0 , c h i r p l e n ' l e n g t h ) ) ;

229

230 e l s i f c l k 5M H z ' ev en t and c l k 5M H z = ' 1 ' t h en � � r i s i n g c l o c k ed ge

231

232 i f b u t t o n s t o c n t r = 0 t h en

233

234 � � i n c r e a s e c h i r p l e n g t h by 5

235 i f p b n i = ' 1 ' and c h i r p l e n < 2 5 0 t h en

236 c h i r p l e n < = c h i r p l e n + 5 ;

237 b u t t o n s t o c n t r : = ( o t h e r s = > ' 1 ' ) ;

238

239 � � d e c r e a s e c h i r p l e n g t h by 5

240 e l s i f p b s i = ' 1 ' and c h i r p l e n > 1 0 t h en

241 c h i r p l e n < = c h i r p l e n � 5 ;

242 b u t t o n s t o c n t r : = ( o t h e r s = > ' 1 ' ) ;

243

244 � � d e c r e a s e c h i r p l e n g t h by 1

245 e l s i f p b s i = ' 1 ' and c h i r p l e n > 1 and c h i r p l e n < 1 0 t h en

246 c h i r p l e n < = c h i r p l e n � 1 ;

247 b u t t o n s t o c n t r : = ( o t h e r s = > ' 1 ' ) ;

248

249 � � r e s e t c h i r p l e n g t h t o 5 0

250 e l s i f p b c i = ' 1 ' t h en

251 c h i r p l e n < = u n si g n ed ( t o u n s i g n e d ( 5 0 , c h i r p l e n ' l e n g t h ) ) ;

252 b u t t o n s t o c n t r : = ( o t h e r s = > ' 1 ' ) ;

253

254 end i f ;

255

256 e l s e

257 b u t t o n s t o c n t r : = b u t t o n s t o c n t r � 1 ;

258 end i f ;

259

260 end i f ;

261

262 end p r o c e s s b u t t o n s p ;

263

264

265 � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

266 � � d i v i d e s down sy s t em c l o c k by 3 2 t o c r e a t e

267 � � 1 0 0 M Hz / 2 0 = 5 M Hz c l o c k

268 D C M B A SE i n st : DCM BA SE
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269 g e n e r i c m ap (

270 CL K D V D IV ID E = > 1 0 . 0 , � � D i v i d e 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 , 1 0 . 0 , 1 1 . 0 , 1 2 . 0 , 1 3 . 0 , 1 4 . 0 , 1 5 . 0 o r 1 6 . 0

272 CL K F X D I V I D E = > 1 , � � C an be an y i n t e r g e r f r o m 1 t o 3 2

273 CL K FX M UL T IPL Y = > 4 , � � C an be an y i n t e g e r f r o m 2 t o 3 2

274 C L K I N D I V I D E B Y 2 = > t r u e , � � T RUE/ FA L SE t o e n a b l e CL K I N d i v i d e by t w o f e a t u r e

275 CL K I N PER I O D = > 1 0 . 0 , � � S p e c i f y p e r i o d o f i n p u t c l o c k i n n s f r o m 1 . 2 5 t o 1 0 0 0 . 0 0

276 CL K OU T PH A SE SH IFT = > " NONE" , � � S p e c i f y p h a se s h i f t m ode o f NONE o r F I X ED

277 CLK FEEDBA CK = > " 1X " , � � S p e c i f y c l o c k f e e d b a c k o f NONE o r 1X

278 DCM A UT OCA LIBRA T ION = > t r u e , � � DCM c a l i b r a r t i o n c i r c u i t r y T RUE/ FA L SE

279 DCM PERFORMANCE MODE = > "M A X SPEED " , � � C an be M AX SPEED o r MAX RANGE

280 DESK EW A DJUST = > " SYST EM SYNCHRONOUS" , � � SOURCE SYNCHRONOUS, SYST EM SYNCHRONOUS o r

281 � � an i n t e g e r f r o m 0 t o 1 5

282 DFS FREQUENCY M ODE = > " LOW " , � � LOW o r HI GH f r e q u e n c y m ode f o r f r e q u e n c y s y n t h e s i s

283 DLL FREQUENCY M ODE = > " LOW " , � � LOW , HI GH , o r HIGH SER f r e q u e n c y m ode f o r DL L

284 DUT Y CY CLE CORRECT ION = > t r u e , � � D u t y c y c l e c o r r e c t i o n , T RUE o r FA L SE

285 FA CT ORY JF = > X " F 0F 0 " , � � FACTORY J F V a l u es S u g g e s t e d t o be s e t t o X" F 0F 0

286 PH A SE SH I F T = > 0 , � � A m oun t o f f i x e d p h a se s h i f t f r o m � 2 5 5 t o 1 0 2 3

287 ST A RT UP W A IT = > f a l s e ) � � D el a y c o n f i g u r a t i o n DONE u n t i l DCM LOCK , T RUE/ FA L SE

288 p o r t m ap (

289 CL K 0 = > c l k f b , � � 0 d e g r e e DCM CLK o u p t p u t

290 CLK180 = > o p en , � � 1 8 0 d e g r e e DCM CLK o u t p u t

291 CLK270 = > o p en , � � 2 7 0 d e g r e e DCM CLK o u t p u t

292 CL K 2X = > o p en , � � 2X DCM CLK o u t p u t

293 CLK2X180 = > o p en , � � 2 X , 1 8 0 d e g r e e DCM CLK o u t

294 CL K 90 = > o p en , � � 9 0 d e g r e e DCM CLK o u t p u t

295 CLKDV = > c l k 5M H z , � � D i v i d e d DCM CLK o u t ( CL K D V D I V I D E )

296 CLK FX = > o p en , � � DCM CLK s y n t h e s i s o u t ( M/ D )

297 CL K F X 180 = > o p en , � � 1 8 0 d e g r e e CLK s y n t h e s i s o u t

298 LOCKED = > o p en , � � DCM LOCK s t a t u s o u t p u t

299 CLK FB = > c l k f b , � � DCM c l o c k f e e d b a c k

300 CL K IN = > SY SC L K I , � � C l o c k i n p u t ( f r o m I BUFG , BUFG o r DCM )

301 RST = > r e s e t b � � DCM a sy n c h r o n o u s r e s e t i n p u t , a c t i v e h i g h

302 ) ;

303

304 end B eh a v i o r a l ;
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C : chirpnet.c

1 / � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

2 � � C o p y r i g h t 2 0 0 7 M a s s a c h u s e t t s I n s t i t u t e o f T ec h n o l o gy : A l l r i g h t s r e s e r v e d

3 � �

4 � � C r ea t e D a t e : 3 / 1 3 / 2 0 0 7

5 � � D es i gn Name : u T a gs � x p s / c h i r p r i o / c h i r p 2

6 � � F i l e Name : c h i r p 2 . c

7 � � T a r ge t D e v i c e s : V i r t e x 4 M L 405 d e v e l bo a r d P ower P C 4 0 5

8 � � T o o l v e r s i o n s : X i l i n x X PS 8 . 2

9 � �

10 � � D e s c r i p t i o n : S i m p l e p r o gr a m t o a c c e s s UART d ebu g i n t e r f a c e ,

11 � � E t h e r n e t U ser I n t e r f a c e , an d t h e r o c k e t i o c h i r p 2

12 � � P e r i p h e r i a l .

13 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � /

14

15 # i n c l u d e < s t d i o . h>

16 # i n c l u d e < s t d l i b . h>

17 # i n c l u d e < s t r i n g . h>

18 # i n c l u d e < x g p i o l . h>

19 # i n c l u d e < x b a s i c t y p e s . h>

20

21 # i n c l u d e " x p a r a m et er s . h "

22 # i n c l u d e " x r o m l c d . h "

23 # i n c l u d e " c h i r p 2 . h "

24 # i n c l u d e " en e t . h "

25

26 # d e f i n e V ERSION " C h i r p N et v 0 . 1 0 "

27

28 / / = = = = = = = = = = = = = = = = = = = = == = == = = == = == = == = == = == = == = == = = == =

29 i n t m ai n ( v o i d ) f

30

31 / � Set u p LCD s c r e e n � /

32 X romL CD On ( ) ;

33 X r om L C D I n i t ( ) ;

34 X r om L C D P r i n t St r i n g ( V ERSION , " R u n n i n g . . . " ) ;

35 x i l p r i n t f ( V ERSION " n n " ) ;

36

37 / / i n i t i a l i z e c h i r p 2 p e r i p h e r a l

38 c h i r p 2 r e s e t ( ) ;

39 c h i r p 2 s e t d e l a y ( 1 0 0 ) ;

40 c h i r p 2 s e t p a t t e r n ( 0 x88AA55AA , 0 xFF00FFFF ) ;

41 c h i r p 2 e n a b l e ( ) ;

42

43 / / o p en E t h e r n e t an d A c c ep t New C o n n ec t i o n s

44 en e t o p en ( ) ;

45

46 f o r ( ; ; ) f

47 e n e t a c c e p t ( ) ;

48 e n e t p r o c c o n n s ( ) ;

49 g

50 r e t u r n 0 ;

51 g

52
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53 / � S t a c k O v er f l o w & I n t e r r u p t H a n d l e r Dummy F u n c t i o n s � /

54 v o i d s t a c k o v e r f l o w e x i t ( v o i d ) f

55 x i l p r i n t f ( " S t a c k O v er f l o w n r n n " ) ;

56 g

57

58 v o i d i n t e r r u p t h a n d l e r ( ) f g
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C : enet.c
1 / � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

2 � � C o p y r i g h t 2 0 0 7 M a s s a c h u s e t t s I n s t i t u t e o f T ec h n o l o gy : A l l r i g h t s r e s e r v e d

3 � �

4 � � C r ea t e D a t e : 3 / 1 3 / 2 0 0 7

5 � � D es i gn Name : u T a gs � x p s / c h i r p r i o / c h i r p 2

6 � � T a r ge t D e v i c e s : V i r t e x 4 M L 405 d e v e l bo a r d P ower P C 4 0 5

7 � � T o o l v e r s i o n s : X i l i n x X PS 8 . 2

8 � �

9 � � D e s c r i p t i o n : S u p p o r t s t h e S e r v e r T CP/ I P So c k e t I O I n t e r f a c e

10 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � /

11

12 # i n c l u d e < s t d i o . h>

13 # i n c l u d e < s t d l i b . h>

14 # i n c l u d e < s t r i n g . h>

15 # i n c l u d e < n et / x i l n e t c o n f i g . h>

16 # i n c l u d e < n et / x i l s o c k . h>

17 # i n c l u d e < n et / m ac . h>

18 # i n c l u d e < x em a c l . h>

19 # i n c l u d e < x b a s i c t y p e s . h>

20

21 # i n c l u d e " x r o m l c d . h "

22 # i n c l u d e " en e t . h "

23 # i n c l u d e " c h i r p 2 . h "

24

25 / / S e r v e r S t a t e s f o r c o n n e c t i o n s

26 # d e f i n e NET GET 1 / / G o t a G et r e q u e s t

27 # d e f i n e NET GET PROC 2 / / p r o c e s s i n g a GET r e q u e s t

28 # d e f i n e NET DONE 3 / / d o n e w i t h a GET r e q u e s t p r o c e s s i n g

29 # d e f i n e NET CONN FREE � 1 / / c o n n f r e e t o a s s i g n t o c l i e n t

30

31 s t r u c t n e t c o n n e n t f

32 i n t so c k ; / / s o c k e t d e s c r i p t o r

33 i n t s t a t e ; / / s t a t e o f t h e c o n n e c t i o n

34 g ;

35

36 / �#���	���������	���������	���	���	�	���
���	���
�����
���	���
���	�	�	�����
���	�

37 � G l o b a l V a r i a b l e s � /

38 s t r u c t g l o b a l s f

39 i n t i s n e t i n i t ; / / N et C o n n ec t i o n s M an agem en t

40 i n t so c k ;

41 s t r u c t n e t c o n n e n t n e t c o n n s [ M A X NET CONNS ] ;

42 s t r u c t s o c k a d d r i n a d d r ;

43 g g ;

44

45 / �#���	���������	���������	���	���	�	���
���	���
�����
���	���
���	�	�	�����
���	�

46 � L o c a l F u n c t i o n D e f i n i t i o n s � /

47 v o i d e n e t p a r s e b u f ( c h a r � b u f ) ;

48 v o i d e n e t f r e e c o n n ( i n t i d x ) ;

49 i n t en e t a d d c o n n ( i n t so c k ) ;

50 v o i d e n e t p r o c r e q ( i n t c i d x ) ;

51

52 / �#���	���������	���������	���	���	�	���
���	���
�����
���	���
���	�	�	�����
���	�
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53 � o p en � /

54 i n t en e t o p en ( v o i d ) f

55

56 i n t e r r ;

57 i n t i d x ;

58

59 g . i s n e t i n i t = 0 ;

60 g . so c k = 0 ;

61

62 / / I n i t i a l i s e a l l n e t c o n n s

63 f o r ( i d x = 0 ; i d x < M A X NET CONNS ; i d x + + ) f

64 g . n e t c o n n s [ i d x ] . so c k = � 1;

65 g . n e t c o n n s [ i d x ] . s t a t e = NET CONN FREE ;

66 g

67 g . i s n e t i n i t = 1 ;

68

69 / / Se t u p MAC & I P a d d r e s s e s an d i n t i a l i s e E t h e r n e t HW T a b l e

70 x i l n e t e t h i n i t h w a d d r ( " 0 0 : 0 0 : 0 0 : 0 0 : 2 2 : 3 8 " ) ;

71 x i l n e t e t h i n i t h w a d d r t b l ( ) ;

72 x i l n e t i p i n i t ( ENET A DDR ) ;

73

74 / / I n i t i a l i z e MAC B a sea d d r ess , s e t MAC a d d r e s s an d e n a b l e i t

75 x i l n e t m a c i n i t ( XPAR M YET HER BASEADDR ) ;

76 X E m ac m Set M acA d d r ess ( XPAR M YET HER BASEADDR , m b h w ad d r ) ;

77 X E m ac m E n ab l e ( XPAR M YET HER BASEADDR ) ;

78

79 / / C r ea t e , B i n d , L i s t e n on S e r v e r S o c k e t

80 g . so c k = x i l s o c k s o c k e t ( AF INET , SOCK ST REA M , 0 ) ;

81 i f ( g . so c k = = � 1 ) f

82 x i l p r i n t f ( " s o c k e t ( ) e r r o r n r n n " ) ;

83 r e t u r n 0 ;

84 g

85

86 g . a d d r . s i n f a m i l y = AF INET ;

87 g . a d d r . s i n a d d r . s a d d r = INA D D R A NY ;

88 g . a d d r . s i n p o r t = SERV ER PORT ;

89

90 e r r = x i l s o c k b i n d ( g . so c k , ( s t r u c t so c k a d d r � ) & ( g . a d d r ) , s i z e o f ( s t r u c t so c k a d d r ) ) ;

91 i f ( e r r = = � 1 ) f

92 x i l p r i n t f ( " b i n d ( ) e r r o r n r n n " ) ;

93 r e t u r n 0 ;

94 g

95

96 e r r = x i l s o c k l i s t e n ( g . so c k , 4 ) ;

97 i f ( e r r = = � 1 ) f

98 x i l p r i n t f ( " l i s t e n ( ) e r r o r n r n n " ) ;

99 r e t u r n 0 ;

100 g

101

102 r e t u r n 1 ;

103 g

104

105 / �#���	���������	���������	���	���	�	���
���	���
�����
���	���
���	�	�	�����
���	�

106 � c l o s e � /
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107 i n t e n e t c l o s e ( v o i d ) f

108 x i l p r i n t f ( " w a r n i n g : e n e t c l o s e ( ) n o t i m p l em en t ed n r n n " ) ;

109 r e t u r n 1 ;

110 g

111

112 / �#���	���������	���������	���	���	�	���
���	���
�����
���	���
���	�	�	�����
���	�

113 � a c c e p t � A c c ep t n ew c o n n e c t i o n s � /

114 i n t e n e t a c c e p t ( v o i d ) f

115

116 i n t a l en = 0 ;

117 i n t r t n = 0 ;

118

119 a l en = s i z e o f ( s t r u c t so c k a d d r ) ;

120 r t n = x i l s o c k a c c e p t ( g . so c k , ( s t r u c t so c k a d d r � ) & ( g . a d d r ) , & a l en ) ;

121

122 i f ( x i l s o c k s t a t u s f l a g & X IL SOCK NEW CONN ) f

123 x i l p r i n t f ( " N ew C o n n ec t i o n n r n n " ) ;

124 en e t a d d c o n n ( r t n ) ;

125 g

126

127 r e t u r n 1 ;

128 g

129

130 / �#���	���������	���������	���	���	�	���
���	���
�����
���	���
���	�	�	�����
���	�

131 � A dd a n e t c o n n e c t i o n � /

132 i n t en e t a d d c o n n ( i n t so c k ) f

133

134 i n t i d x ;

135

136 f o r ( i d x = 0 ; i d x < M A X NET CONNS ; i d x + + ) f

137 i f ( g . n e t c o n n s [ i d x ] . s t a t e = = NET CONN FREE )

138 b r ea k ;

139 g

140 i f ( i d x < = M A X NET CONNS) f

141 g . n e t c o n n s [ i d x ] . so c k = so c k ;

142 g . n e t c o n n s [ i d x ] . s t a t e = NET GET ;

143 r e t u r n i d x ;

144 g

145 x i l p r i n t f ( " n o f r e e c o n n s n r n n " ) ;

146 r e t u r n � 1 ;

147 g

148

149 / �#���	���������	���������	���	���	�	���
���	���
�����
���	���
���	�	�	�����
���	�

150 � P r o c ess a N et C o n n ec t i o n � /

151 v o i d e n e t p r o c r e q ( i n t c i d x ) f

152

153 u n si g n e d c h a r � sn d p t r = ( u n si g n e d c h a r � ) n

154 ( sen d b u f + L I N K H D R L EN+ IP HDR LEN � 4+ ( T CP H D R L EN � 4 ) ) ;

155 u n si g n e d c h a r � b u f = x i l s o c k s o c k e t s [ g . n e t c o n n s [ c i d x ] . so c k ] . r ec v b u f . b u f ;

156

157 i f ( ! b u f )

158 r e t u r n ;

159

160 i f ( x i l s o c k s t a t u s f l a g & X IL SOCK T CP D A T A ) f
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161 X r om L C D P r i n t St r i n g ( s t r t o k ( b u f , " n n " ) , " " ) ;

162 e n e t p a r s e b u f ( b u f ) ;

163 m em set ( sen d b u f , 0 , L IN K FRA M E L EN ) ;

164 memcpy ( sn d p t r , b u f , s t r l e n ( b u f ) ) ;

165 x i l s o c k s e n d ( g . n e t c o n n s [ c i d x ] . so c k , sen d b u f , s t r l e n ( sn d p t r ) + 1 ) ;

166 g

167

168 / / r e s e t b u f p t r s o f s o c k e t s

169 i f ( g . n e t c o n n s [ c i d x ] . so c k ! = � 1 ) f

170 x i l s o c k s o c k e t s [ g . n e t c o n n s [ c i d x ] . so c k ] . r ec v b u f . b u f = N U LL ;

171 x i l s o c k s o c k e t s [ g . n e t c o n n s [ c i d x ] . so c k ] . r ec v b u f . s i z e = 0 ;

172 g

173 g

174

175 / �#���	���������	���������	���	���	�	���
���	���
�����
���	���
���	�	�	�����
���	�

176 � F r ee a n e t c o n n e c t i o n � /

177 v o i d e n e t f r e e c o n n ( i n t i d x ) f

178

179 x i l p r i n t f ( " F r ee C o n n ec t i o n %d n r n n " , i d x ) ;

180 x i l s o c k c l o s e ( g . n e t c o n n s [ i d x ] . so c k ) ;

181 g . n e t c o n n s [ i d x ] . so c k = � 1 ;

182 g . n e t c o n n s [ i d x ] . s t a t e = NET CONN FREE ;

183 g

184

185 / �#���	���������	���������	���	���	�	���
���	���
�����
���	���
���	�	�	�����
���	�

186 � P r o c ess a l l n e t c o n n e c t i o n s � /

187 v o i d e n e t p r o c c o n n s ( v o i d ) f

188

189 i n t i d x ;

190 f o r ( i d x = 0 ; i d x < M A X NET CONNS ; i d x + + ) f

191 e n e t p r o c r e q ( i d x ) ;

192 g

193 g

194

195 / �#���	���������	���������	���	���	�	���
���	���
�����
���	���
���	�	�	�����
���	�

196 � e n e t p a r s e b u f �

197 � p a r se , p r o c e s s , an d t h en e x e c u t e

198 � com m an ds s e n t by c l i e n t � /

199 v o i d e n e t p a r s e b u f ( c h a r � b u f ) f

200

201 i n t i d x = 0 ;

202 c h a r � t o k a r r a y [ 1 0 ] ;

203

204 / / p a r s e n o m or e t h a n 1 0 t o k e n s

205 t o k a r r a y [ 0 ] = s t r t o k ( b u f , " , " ) ;

206 x i l p r i n t f ( " T ok en 0 = ' % s ' n r n n " , t o k a r r a y [ 0 ] ) ;

207

208 f o r ( i d x = 1 ; i d x < 1 0 ; i d x + + ) f

209 t o k a r r a y [ i d x ] = s t r t o k ( 0 , " , " ) ;

210 i f ( t o k a r r a y [ i d x ] = = 0 ) f

211 b r ea k ;

212 g

213 x i l p r i n t f ( " T ok en %d = % s n r n n " , i d x , t o k a r r a y [ i d x ] ) ;

214 g
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215

216 / / � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

217 / / p a r s e com m an ds � " c h i r p 2 , d e l a y , h i gh , l o w ; "

218 i f ( ! st r c m p ( t o k a r r a y [ 0 ] , " c h i r p 2 " ) ) f

219

220 X u i n t 3 2 d e l a y = s t r t o u l ( t o k a r r a y [ 1 ] , 0 , 0 ) ;

221 X u i n t 3 2 h i g h = s t r t o u l ( t o k a r r a y [ 2 ] , 0 , 0 ) ;

222 X u i n t 3 2 l o w = s t r t o u l ( t o k a r r a y [ 3 ] , 0 , 0 ) ;

223

224 x i l p r i n t f ( " c h i r p 2 ' % d ' 0 x %08X ' 0 x %08X ; n r n n " , d el a y , h i g h , l o w ) ;

225

226 c h i r p 2 s e t d e l a y ( d e l a y ) ;

227 c h i r p 2 s e t p a t t e r n ( h i g h , l o w ) ;

228 c h i r p 2 e n a b l e ( ) ;

229 r e t u r n ;

230 g

231 g
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App endix F

MA TLAB Source Code

MA TLAB : pschirpWB.m Sourcecode for simulations in section2.3

1 f u n c t i o n c h i r p = p sch i r p W B ( en c o d i n g )

2 % 1 1 / 2 9 / 2 0 0 6

3 %

4 % c r e a t e s a p h a se s h i f t e d c h i r p

5 % t h e en c o d i n g i s an a r r a y o f f i n g e r

6 % p o l a r t i e s . 0 = ev en , 1 = o d d p h a se

7 % 2 = n o s i g n a l

8

9 f = 9 1 5 e6 ; % f r e q u e n c y = 9 1 5 M Hz

10 w = 2 � p i � f ; % r a d / sec o n d

11 p = 1 / f ; % p e r i o d

12

13 l e n = s i z e ( en c o d i n g , 2 ) ;

14

15 t = 0 : ( p / 1 0 0 ) : p ;

16

17 ev en = s i n ( w � t ) ;

18 od d = � ev en ;

19 c h i r p = [ 0 ] ;

20

21 % m o d el i n p u t p u l s e

22 f o r i = 1 : l e n

23 i f en c o d i n g ( i ) = = 0

24 c h i r p = [ c h i r p od d ] ;

25 e l s e i f en c o d i n g ( i ) = = 1

26 c h i r p = [ c h i r p ev en ] ;

27 e l s e

28 c h i r p = [ c h i r p z e r o s ( s i z e ( ev en ) ) ] ;

29 end

30 end

257
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MA TLAB : nb.m Sourcecode for simulations in section2.3
1 % T h i s c o d e s i m u l a t e s n a r r o w� � ba n d

2 % b a r k e r c o d es f o r SAW c o r r e l a t o r s .

3

4 % . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5 % n � 5 b a r k e r c o d e s i m u l a t i o n

6

7 % 1 1 1 0 1 r e c e i v e c o d e , n a r r o w ba n d

8 ea = [ 2 1 0 1 1 1 2 ] ;

9 r x = p sch i r p W B ( ea ) ;

10

11 % 1 0 1 1 1 t r a n s m i t o u t p u t c o d e , n a r r o w ba n d

12 ea = [ 2 1 1 1 0 1 2 ] ;

13 t x = p sch i r p W B ( ea ) ;

14

15 % n a r r o w ba n d i n p u t i d t

16 ec = [ 2 1 2 ] ;

17 i n i d t = p sch i r p W B ( ec ) ;

18

19 f i g u r e

20 t 1 = c o n v ( t x , c o n v ( r x , i n i d t ) ) ;

21 p l o t ( t 1 )

22

23 % . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

24 % ex a m p l e n a r r o w� � ba n d d e v i c e on m ask3 . v 3

25

26 % 1 1 1 1 1 1 0 1 1 1 r e c e i v e c o d e , n a r r o w ba n d

27 ea = [ 2 1 1 1 1 1 1 0 1 1 1 2 ] ;

28 r x = p sch i r p W B ( ea ) ;

29

30 % 1 0 1 1 1 1 1 1 1 1 t r a n s m i t o u t p u t c o d e , n a r r o w ba n d

31 ea = [ 2 1 1 1 0 1 1 1 1 1 1 2 ] ;

32 t x = p sch i r p W B ( ea ) ;

33

34 % n a r r o w ba n d i n p u t i d t

35 ec = [ 2 1 2 ] ;

36 i n i d t = p sch i r p W B ( ec ) ;

37

38 f i g u r e

39 t 2 = c o n v ( t x , c o n v ( r x , i n i d t ) ) ;

40 p l o t ( t 2 )
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MA TLAB : wb.m Sourcecode for simulations in section2.3
1 % T h i s c o d e s i m u l a t e s w i d e� � ba n d an d w i d e ba n d

2 % b a r k e r c o d es f o r SAW c o r r e l a t o r s .

3

4 % . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5 % n � 5 b a r k e r c o d e s i m u l a t i o n w i t h 2 � c y c l e c o d es

6

7 l 0 = z e r o s ( 1 , 2 ) ;

8 l 1 = o n es ( 1 , 2 ) ;

9 s s = 2 � o n es ( 1 , 2 ) ;

10

11 % 1 0 1 1 1 c o d e w i d e ba n d

12 ea = [ 2 l 1 s s l 0 s s l 1 s s l 1 s s l 1 2 ] ;

13 r x = p sch i r p W B ( ea ) ;

14

15 % 1 1 1 0 1 c o d e w i d e ba n d

16 ea = [ 2 l 1 s s l 1 s s l 1 s s l 0 s s l 1 2 ] ;

17 t x = p sch i r p W B ( ea ) ;

18

19 % n a r r o w ba n d i n p u t i d t

20 ec = [ 2 1 1 2 ] ;

21 i n i d t = p sch i r p W B ( ec ) ;

22

23 f i g u r e

24 t 1 = c o n v ( t x , c o n v ( r x , i n i d t ) ) ;

25 p l o t ( t 1 )

26

27 % . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

28 % ex a m p l e w i d e� � ba n d d e v i c e on m ask3 . v 3

29

30 l 0 = z e r o s ( 1 , 5 ) ;

31 l 1 = o n es ( 1 , 5 ) ;

32 s s = 2 � o n es ( 1 , 5 ) ;

33

34 % 1 1 1 0 1 c o d e w i d e ba n d

35 ea = [ 2 l 1 s s l 0 s s l 1 s s l 1 s s l 1 2 ] ;

36 r x = p sch i r p W B ( ea ) ;

37

38 % 1 1 1 0 1 c o d e w i d e ba n d

39 ea = [ 2 l 1 s s l 1 s s l 1 s s l 0 s s l 1 2 ] ;

40 t x = p sch i r p W B ( ea ) ;

41

42 % n a r r o w ba n d i n p u t i d t

43 ec = [ 2 l 1 2 ] ;

44 i n i d t = p sch i r p W B ( ec ) ;

45

46 f i g u r e

47 t 2 = c o n v ( t x , c o n v ( r x , i n i d t ) ) ;

48 p l o t ( t 2 )
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MA TLAB : dual.m Sourcecode for simulations in section2.3
1 % T h i s c o d e s i m u l a t e s t h e d u a l r e f l e c t o r

2 % n a r r o w� ba n d SAW c o r r e l a t o r t r a n s p o n d e r

3

4 v = 3 9 9 2 ; % s u r f a c e v e l o c i t y ( m/ s )

5 r 1 = 2 8 0 e � 6 ; % d i s t a n c e t o r e f l e c t o r 1

6 r 2 = 8 1 0 e � 6 ; % d i s t a n c e t o r e f l e c t o r 2

7 d 1 = r 1 / v ; % d e l a y ( s ) t o r e f l e c t o r 1

8 d 2 = r 2 / v ; % d e l a y ( s ) t o r e f l e c t o r 2

9

10 f = 3 2 3 e6 ; % f r e q u e n c y = 3 2 3 M Hz

11 w = 2 � p i � f ; % r a d / sec o n d

12 p = 1 / f ; % p e r i o d

13 t = 0 : ( p / 1 0 0 ) : 4 0 0 e � 9 ; % 0 t o 4 0 0 n s

14

15 % + an d � p a t t e r n s , 5 i n c y c l e s i n l e n g t h

16 l 0 = z e r o s ( 1 , 5 ) ;

17 l 1 = o n es ( 1 , 5 ) ;

18

19 % 1 1 1 0 1 c o d e n a r r o w ba n d

20 ea = [ 2 l 1 l 0 l 1 l 1 l 1 2 ] ;

21 r x = p sch i r p W B ( ea ) ;

22

23 % 1 1 1 0 1 c o d e w i d e ba n d

24 ea = [ 2 l 1 l 1 l 1 l 0 l 1 2 ] ;

25 t x = p sch i r p W B ( ea ) ;

26

27 % n a r r o w ba n d i n p u t i d t

28 ec = [ 2 l 1 2 ] ;

29 i n i d t = p sch i r p W B ( ec ) ;

30

31 %� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

32 % s i g n a l f r o m i n i d t t o t x

33 s = c o n v ( t x , c o n v ( r x , i n i d t ) ) ;

34

35 % am ou n t o f t i m e t o a d d t o f i r s t r e f l e c t o r d e l a y

36 ad d = ( d 1 � p � 3 ) � 1 0 0 / p ;

37 s1 = [ z e r o s ( 1 , f l o o r ( ad d ) ) , s ] ;

38

39 % am ou n t o f t i m e t o a d d t o sec o n d r e f l e c t o r d e l a y

40 ad d = ( d 2 � p � 3 ) � 1 0 0 / p ;

41 s2 = [ z e r o s ( 1 , f l o o r ( ad d ) ) , s ] ;

42

43 s1 = [ s1 , z e r o s ( 1 , ( s i z e ( s2 , 2 ) � s i z e ( s1 , 2 ) ) ) ] ;

44 s t = ( s1 + s2 ) ; %/ ( 2 � m ax ( s1 ) ) ;

45

46 % p l o t o f o n e way s i g n a l p a t h

47 f i g u r e

48 p l o t ( t ( 1 : s i z e ( st , 2 ) ) , s t )

49

50 %� � � � � � � � � � � � � � � � � � � � � � � � � �

51 % s i g n a l f o r m t x t o i n i d t

52 s = c o n v ( i n i d t , c o n v ( r x , r x ) ) ;
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53

54 % am ou n t o f t i m e t o a d d t o f i r s t r e f l e c t o r d e l a y

55 ad d = ( d 1 � p � 3 ) � 1 0 0 / p ;

56 s1 = [ z e r o s ( 1 , f l o o r ( ad d ) ) , s ] ;

57

58 % am ou n t o f t i m e t o a d d t o sec o n d r e f l e c t o r d e l a y

59 ad d = ( d 2 � p � 3 ) � 1 0 0 / p ;

60 s2 = [ z e r o s ( 1 , f l o o r ( ad d ) ) , s ] ;

61

62 % c o n b i n e s i g n a l s

63 s1 = [ s1 , z e r o s ( 1 , ( s i z e ( s2 , 2 ) � s i z e ( s1 , 2 ) ) ) ] ;

64 s t 2 = ( s1 + s2 + s t ) / ( 2 � m ax ( s t ) ) ;

65

66 l e n = s i z e ( r x , 2 ) ;

67 s t 2 ( 1 : l e n ) = s t 2 ( 1 : l e n ) + r x ;

68

69 f i g u r e

70 p l o t ( t ( 1 : s i z e ( st , 2 ) ) , s t 2 )


