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The first phase of this program required the design, fabricat ion and testing
of a total of 60 prototype bandpass, tapped delay line and pulse compression
SAW filters on both lithium niobate and ST-quartz. The First Engineering
Phase (Phase I) clerical testing demonstrated that the device designs generally
met the specifications imposed by the program. Deviations from specifics.-

• tion, which required additional test to optimize the levels of padding and/or
shunt resistance and capacitance, were resolved during the Second Engineer-
ing Phase (Phase II) for the PC-Q, PC-LN and TDL-200. Deviations from the
insertion loss specification occurred with the BP-LN and TDL-100 designs. In
the former case, a redesign excluding the program-specified multi-strip
coupler, was theoretically evaluated, In the latter case, as pointed out in the
Hughes proposal, a theoretic~l analysis precluded the possibility of a specifi-
cation accommodation, It was necessary to revise the specification for both
designs since the customer insisted on utilization of the multistrip coupler in
the BP-LN. ~~~~_

___
._ -

~
--——--—-~~~~~~~~~.~~~~~~

Testing of modified semiconductor pin packages during Phase II demonstrated
these to be suitable, cost—effective replacements for the machined chassis em
ployed for Phase I. A Quartz orientation problem was highlighted in Phase I
and negotiated during Phase II. The quartz vendor implemented an effective
screening procedure for the off-orientation problem. However, problems with
this vendor continued in the form of substrate surface defects. Other major
yield problems encountered during these portions of the program resulted
from the dicing and mask making operations. The Phase I and Phase U efforts
resulted In a finalized layout , electrical specifications and test procedure for
the Third Engineering Phase (Phase III).

• Phase III involved fabrication of a larger quantity (50 ea.) of confirmatory
devices which were sampled at a high rate and subjected to rigorous life and
environmental testing. Phase Ifl was successfully completed with delivery and
acceptance of the confirmatory samples. The device configuration is detailed
as it existed for Phase In along with assembly details, results and conclu-
sions from the Confirmatory Sample production run (Phase III).

The Fourth Engineering Phase (Phase IV) of the program was pilot line produc
tion effort of 150 each of the devices scheduled to be delivered. Solder scaling
was identified as a problem area during Phase IV for SAW devices in Phase III
packages. New solder seal screening and processing procedures were inves-
tigated. In addition, alternative sealing approaches were evaluated. These
procedures, Tungsten Inert Gas (TIG) and projection and seam welding were
demonstrated to be more compatible with SAW processing. They are es-
pecially suitable for high volume production.

Phase IV pilot line production was completed with the delivery of approxi-
mately 150 of each of the device types. Some devices were shipped short due
to the Inability to locate a second source for projection welding, and the ex-
tended lead time in reprocureinent of packages capable of being sealed by
alternate procedures.
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Data from Phases I through IV are presented in the Technical and Operational
volume of the Final Report. Pilot Line process flow and related documentatior

- • ~~
• are presented in the Process Specification Volume of the Final Report. All in-

spection positions, pilot run yields, and quality control procedures for Phase
IV are presented in the Quality Control Volume of the Final Report . Cost
analysis and labor distribution for all facets of the program are covered In a
non-distributable volume of the final report.

• The program will Include preparation of a General Report , which will consist
of an analysis of equipment and facilities required to produce SAW devices of
the type produced in the Pilot Run at a rate of 500 per month. In addition , an
Industry Demonstration was prepared which verbally and visually presented all
facets of the MMT program through the Pilot Run.
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PURPOSE

• This report presents the results of the three year effort In satisfying the
requirements of a Manufacturing Methods and Technology Program devoted to
a representative range of surface acoustic wave (SAW) device designs.

The objective of thi s pro gram was to estab lish a production capabi lity for
the purpose of meeting estimated military needs for a period of two years after
the compl etion of the contract , and to establish a base and plan s which may be
used to meet expanded requirements . The manufacturing method emphasized
the photo lithographic fabricat ion of SAW devices that are reliable and reprodict-
ble at low cost.

Specific tasks includ ed establi shing and demonstrating a capab ility to manu-
facture the six SAW device designs on a pilot line basis using methods and proc-
esses suitabl e for a pro duction rate of 150 devices per month for each type. In
additio n, engineering analysis and planning remains to be accomplished for ex-
pansion of the manufacturing capability which could accommodate the production
of such devices at a rate of 500 each per month . Thi s analysis and planni ng will
be delivered in the General Rep ort.

The program was divided Into four phase s. The firs t (Pha se I First Engi-
neering Sample) addressed the design, fabrication and analytical testing of sixprototype SAW devices that are representati ve of the major curre nt and potential
application of the techno logy. While these device requirements did not represent
the state-of- the-art in an R & D sense , they were of such complexity as to re-
quire a serious design effort in each case.

The second phas e (Pha se II — Second Engineering Samples) was performed• to redesig n those devices that failed the intended design specificat ion. The net
result of this effort was to be functional electrical specification adherence ,
based on a cost effective packaging commitment.

The third phase (Phase III — Confirma tory Samples) was to test and conform
to specification for both the electrical and environmental commitment of the
various devices. The final phas e (Phase IV — Pilot Run) was to test the repro-
ducib ility of those predete rmined electrical and environmental requirement s in
a high volume (500 per month) production environme nt . A key result of th is
phase was the establishment of meaningful manufacturing cost data on each de-
vice as well as a compar ison of this data to the prio r low volume efforts of the• earlier phases . These data will then be extrapolated to a producti on rate of
500 per month with assumptions regarding facilities and equipment in the
General Rep ort.
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GLOSSARY

SAW — Surface Acoustic Wave

~ ~~

_ 

BP-Q — Bandpass Filter — ST Quartz Substrate
• - BP-LN — Bandpass Filte r — Lithium Niobate Substrat e

TDL-100 — Tapp ed Delay Line Filter — 100 MHz — ST Quartz Substrate

• TDL-200 — Tapp ed Delay Line — 200-MHz — ST Quartz Substrate
PC-Q — Pulse Compressio n Filter — ST Quartz Substrate
PE-Q — Pules Expans ion F ilter — ST Quartz Substrate
PC-LN — Pulse Compression Filter — Lithium Niobate Substrate
PE-LN — Pulse Expansion Filter — Lithium Niobate Substrate
ST — Quartz orientation , ST cut (42° 45’), X propagating
YZ — Lithium Niobate orientation , Y cut Z propagating
TIG - Tungsten Inert Gas Welding
MSC — Multistrip Coupler
K 2 - Electromechani cal Coupling Constant

— Center frequency
B - Bandwidth
T — Time Delay
TXB - Time Bandwidth Product
VSWR - Voltage Standing Wave Ratio
DUT — Device Under Test
LINS — Insertion Loss

68.L. — Sidelobe Suppression
Si t — Feedthrough Suppression

8Spur — Spurious Suppression

TTS - Tr iple Transit Signal
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HUGHES.FL/LLERTON
Hughas Aircraft Company

Fuliarton. California

1.0.0 STATE OF TH E ART IN SAW MANUFA CTURING TECHNIQUES AT
PROGRAM INITIATION

Pr ior to the initiat ion of this MMT program, devices with electrical per-
formance characteristics comparable to those descr ibed here in had been
developed in the Hughes R&D laboratory. Particularly in the case of pulse com-
press ion filters, devices with even higher center frequencies and time—bandwidth
products had been demonstrated. However, there did not exist facilities or
techniques for batch—processing ~ny of the devices; they were produced and tested
on a one—at-a—time basis. Since the majori ty of these devices were developed
on R&D programs and were not yet installed in deliverable systems, process
specificat ions and SAW crystal document ation procedures had not been developed .

Hughes ’ fi r st system requirement for a hermeti cally sealed SAW filter
arose at about the same time as the MMT program began. Up to that time , SAW
packaging consisted of non-hermetic , mach ined boxes with slots for the SAW
crystals and often with separate compartments for matching circuit elements.
While package s of this type are amenable to good Suppress ion of spurious elec-
tromagneti c feedthrough, their non—hermet icity and high mach ining expense
render them unsuitable fur milita ry systems especially at the higher production
levels.

The MMT prog ram and other concurrent Hughes’ programs prov ided the
vehicles for developing packaging techniq ues using commerc ially available
platform and butterfly type packages, and dealing with the Increased difficulty of
suppressing electromagnet ic feedthroug h In these packages. It was also the first
program where serious consideration was given to multiple—crystal photomask
layouts for optimum usage of the crystal substrates whose sizes were determined
by availability from the vendors. Othe r developments which are direct out-
growths of the MMT program include d the modification of Hughes ’ SAW device
computer simulation prog ram to output detailed data on transd ucer geometry,
and a study of the inherent limitations In trading off insertion loss, bandwidth,
triple transit suppression , and VSWR . 1

1~

1 W.R. Smith, “Key Tradeoffs in SAW Transducer Design and Component
S,&~,tfication” 1976 IEEE Ultrasonics Symposium Proceedings , pp 547-552.
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SAW DEVICE DESIGN-FIRST ENGINEERING SAMPLES (PHASE I)
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HUGHES-FULLERTON
Hughos Aircraft Company

Fullerton. California

2.0.0 SAW DEVIC E DESIGN-FIRST ENGINEERING SAMPLES (PHASE I)

-~ 
• - Phase I of this program was intended to perform the design and electrical

test of ten each of the devices outlined in Appendix I. Emphasis was placed on
determ1n~tion of compliance of the designed oryatals to the specification in

• - Appendix I. As a result, machined aluminum packages were used in Phase I to
eliminate any variable s which might result from the package. Emphasis was
placed on timely delivery, hence electrical tests were performed in the R&D
laboratory where the devices were fabricated . As a result, equipment utilized
for this phase was not that which would be utilized to build devices at the pro-
duction rates required in Phase IV , the pilot run. Electrical test procedures
were identical to those utilized for test of devices fabricated under Phase U,
Second Engineering Phase . As a result , electrical test procedures will be
covered in the section on Phase II.
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HUGHES-FULLERTON
Hughes Aircraft Company

Fullerton, California

2.1.0 QUARTZ LINEAR PHASE BANDPASS FILTER (BP-Q~ DESIGN AND
EVALUATION

2. 1. 1 Transducer Geometry and Predicted Performance

The quartz bandpass filte r (BP-Q) is designed for a 2 MHz, 3 dB bandwidth
at a center frequency of 100 MHz. It employs a conventi onal , in-line transducer
configuration with one transducer unapodized and one transducer apodized, as
shown schematically In Figure 2. 1-1.

a. Unapodized Sourc e — Withdrawal Transducer

The unapodized trans ducer contains 134 double electrodes , with only
the first and last pairs of double electrodes being shown In Figure
2. 1-1. This transducer does not have a uniformly alternating electrode
polari ty sequenc e but is a “source withdrawal” transducer. The source
withdrawal tran sducer concept is similar to “finger withdrawal” except
that no metal fingers are actually omitted from the transducer. 2
Instead , a double electrode appears at every position throughout the
transducer , but the polarities sometimes deviate from the normal
sequence . When successive double electrodes (4 or more consecutive
metal stripes) are connected to the same transdu cer sum bar, as in
the regions denoted “missing or withd rawn sources ” in Figure 2. 1-2,
a region of nearly zero electric field exists and little acoustic excita-
tion occurs. This is in contrast to the regions marked “ordinary
sources ” between adjacent double electrode s of opposite polarity. N0te
that an odd number of consecutive missing sources causes a reversal in
the polarity sequenc e of the surrounding ordinary sources, while an
even number of consecutive missing sources pr eserve s the polarity
sequence.

Source withdrawal is used to implem ent a desired bandshape by con-
sidering the associated impulse response . C*ie adds or delete s sources
so that the cumulative numbe r of sources , measured from the beginning
of the transducer , is proportional to the integral of (area under) the
Impulse response , also measured from the beginning of the transducer.
When the impulse resp onse function is everywhe re positive , only- even
numbers of consecutive sources are withdrawn; odd numbers of con-
secutive sources are withdrawn at a point where an impulse response
function with negative sidelobes change s sign. The advantage of source
withdrawal over conventional finge r withdrawal is that a uniform grat-
ing of double electrodes Is preserved, thus affording maximum sup-
pression of mass/electrica l loading reflections.

Note that source withdrawal provides a “staircase approx imation ” to
the continuous impulse resp onse function and is analogous to perform-
ing numerical Integration by the rectangular a~~rox1matlon. In the

: present implementation of Hughes’ source withdrawal synthesis , a

2C. S. Hartmann, ‘Weighting Interdigital Surface Wave Transducers by Selective
Withdrawal of Electrodes,” 1973 IEEE Ultra sonics Symposium Proceedings,
pp 423—42 6.
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___________________________— — .150~’
134 DOUBLE ELECTRODES ELECTRODE WIDTH • 3.Ra 211 OOU•LE ELECTRODES
UNAPOOI ZEO “SOURCE WITHDRAWAL SPACE WIDTH • 3.l~ - APODIZED “VASILE METHOD

ALUMINUM THI CKNESS • 2000 A

Figure 2.1-1. Schematic of BP-Q Layout
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- OROINARY SOURCES
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ELECTR IC MISSING OR “ WITHORAWN SOURCES
FIELD

Figure 2.1—2. Example of a Series of Double Electrodes , Nonstan dard Polarity Sequecce, Illustrating
the “Source Withdrawa l” Concept

delta-function model3 is assumed wherein missing sources have
strength zero and ordinary sources have strength * 1. The designs are
checked by analysis using Hughes’ newest, much more accurate cIr-
cuit model analysis4 which accounts for the actual electric field dis-

4 tribution under each electrode. It is planned eventually to refine the
aynthe.is prooe&re to take Into effsct the results of that oircuit model
analysis but the present form of synthe sis is more than adequate for the
BP-Q filter speciflcations .

For the BP-Q filter , the impulse response for the unapodized, source-
withdrawal transducer was chosen as a cosine-squared on a pede~ital
(Haninitqg) fru ction since the large st sidelobe In the associate d (t e-
quency response has a level of -43 dB. Thus , the unapodized trans-
ducer is designed to provide considerably more stopband suppression
than an ordinary periodic transducer whose (sin XIX) type response
would have a near-In , -13 dB sidelobe.

In the BP-Q device, the ‘134 double electrode source withdraw*l trans-
ducer baa the Insertion loss function , (exclusive of electrical tuning
and matchin~ shown in FIgure 2. 1-3. The highest sidelobe is at
-18 dB, much higher than the Ideal —4$ dB because of the discrete
approximation to the desired impulse response. Nevertheless, this

3R. H. Tancreli and M. 0. Holl.M, “Acoustic Surface Wave Filters,” Proc
,1EEE, Vol 59, pp 393 — 409, March 1971.
‘W.R. Smith and W. F. Pedler, “Fundamental - and I~ rmcnic - Frequency Cir-

cult Model Analysis of Int.rdlgital Transducers ~tth Arbitrary Metallizaticn
Ratios and Polarity Sequences,” IEEE Trans MTI’-23, November 1975.
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IL 1d81 40.00 —

45.00

50.00

E E 1  ____
SO. 54. 66. 92. 96. 100. 104. 106. 112 .

FREQ (MHZI

Figure 2.1-3. Predicted Untuned Insertion Lou of the Unapodized Transducer
in the BP—Q Filter -

double electrode source withdrawal response is superior to the (sin x/x)
response of a periodic transducer, cot only because the —18 d8 eldelobe
is lower than the first —13 dB sidelobe of a (sin x/x) periodic transducer,
but also because the -18 dB sidelobe is farther from the center fre-
quency and can be suppressed wIth electrical tuning. In addition, the
source-withdrawal transducer has icore capacitence than a (sin x/x)
periodic transducer of comparable bandwidth and Is, therefore, easier
to tune Inductively.

b Apodlzed Transducer

The apodized transducer In the BP-Q contains 211 double electrodes
and was designed according to the frequenoy-elgenfunctlon method de-
scribed by Vaslle 5. The apodizatlon profile contains one sidelobe on
each side of the main or center lobe. The theoretical Insertion loss of
this transducer (before tuning) is shown in Figure 2.1-4. The predicted
stopband suppression for the apodized transducer exceeds 50 dB so that
the etopband suppression of the filter (both transducers combined with
series inductive Pining on eac)~ is well In excess of 70 dB exclusive of
spurious signals such as bulk waves and feedthrougli.

5C. F. Vasile, “A Numerical Fourier Transform Technique and its Application
to Acoustic-Surface-Wave Bsndpaae Filter Synthesis and Design. ‘ IEEE Trans
SU-21, pp 7— 11, January 1974.
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Figure 2.1—4 Pre dicted Uncuned Insert ion Loss of thc A podi zed Transducer in
the BP-Q Filter

An alternate design w hich was considered for the apodized transducer
had an additional apodization sidelobe on each end and more than 500
electrodes total. This design would have allowed the apodized trans-
ducer to have a response with a dip at the cente r frequency and two

• surron n&ng maxima. When combined with the unapodized source with-
drawal transducer , whose response is rounded , this would have pro-
vided a net paasband shape which is nearly rectangular with a low
(40 dB/3 dB) shape factor. The alternate design was not adopted be-
cause of the Increase in fabrication complexity and ‘substrate area re-
quired for a 500 + electrode transducer ; also, no particular require-
ment for the shape factor was specified.

The theoretical response of the filter (surface wave response exclusive
of spurious feedthrough and bulk wave signals) was calculated by cir-
cult model analysis. Included In the analysis was series Inductive inn-
Ing and series psdrHng resistors of 37.5 £1 to lower the VSWR and also
the electric Q so that the series-resonant tnnlrg of the transducers
does not excessively narrowband the filter. The padding resistors were
incorporated In the device by aluminum film strips with three taps to
allow adjustment to 27.5, 37.5 or 47.5 o~~ s, as shown In Figure
2. 1—1. Figure 2. 1—5 shows the resultant response as predicted by cir-
cuit model analysis. The predicted Insertion loss ii 18 dB, the 3 dB
band wIdth 1.2 MHz, and the stopband suppression exceeds 80 dB every-
where except for a small Imee at -50 dB below midbsnd. The VSWR from
Impedance calculation (not shown) Is less than 1.5. AU relevant dimensions
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IL l IdR

-20.00

L
-40.00 -

-50.00
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-80.00

-90.00

-100.00

-110.00 &~~~~ L .11 t
80. 54 . 58. 92. 96. 100. 104. 108.

FREQ IMHzJ

Figure 2.1-5. Circuit Model Prediction of the BP-Q Filter Response. Both
transducers are tuned and resistively added. Bulk wave responses are ignored
in this calculation

• of a single filter structure are shown in the bottom portion of Figure
2. 1—1; the center-to—center spacing between tran sducers Is set for 2.0
gig nond isper sive delay. The upper portion of Figure 2. 1-1 shows the
5 x 5 die layout of the photomaek, designed for fabricating 15 filters on
a single substrate before dicing. Given the 3 x 0.75 Inch substrate, the
mask contains rednndsint patterns to replace those damag ed in process-
ing. All the design paramete rs and circuit model prediction s meet the
required specifications. The entire desIgi~ is well within the state-of-
the-art for a~.irfaoe wave bandpass filters.

2. 1.2 Measured Perfor mance

A prototype BP-Q filter was series tuned with variable inductors adjusted for
maximum response at 100 MHz and the first tap of the three -tap resistor pattern
was broken to achieve the nominal value of 37.5 1) series padding resistance pro-
vided by the center tap . Smith chart impedanc e plots of the tuned and padded
transducer s are shown in Figure 2. 1-6, where the full sweep range is 10 MHz
centered at 100 MHz. For both transd ucers , the VSWR Is well under 1.5 over the
2 MHz operating band.

The n~ asured insertion loss is shown in Figure 2. 1-7. The minimum Inser-
tion loss Is 21 dB, within the specification of 20 dB ± 2 dB. The center frequency
is about 100.3 MHz, or 0.3 MHz above the desIgn goal but well within the speci-
fication of 100 ± 2 MHz. This slight error In the center frequency is the result
of using an ST-X quartz velocity for much thicker metal electrode, than actually
used in the design. The3dB band wldth ls 2 MHz and the stopband rejectio n
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C,

e• U,
C,

OUTPUT

(a) UNAPODIZED TRANSDUCER

A4
• OUTPUT

(b) APODIZED TRANSDUCER

Figure 2.1-6. Smit h Chart Impedance Plots for the BP-Q Transducers with Series
Tuning Inductors and Padding Resistors
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“It 100 MHz

-20 dB — ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~
H

-43 dB — —

HORIZONTAL SCALE 1 MHz/c m WITH 100 MHz AT
CENTER; VERTICAL ~CALE 10 d B/c m WITH -20 dB
AT TOP.

Figure 2.1-7. Measured Insertion Loss of the BP-Q Filter with Series Tuning
Inductors and Padding Resistors

exceeds 35 dB everywhere In spite of the spurious bulk wave resp onse which has
reached the -43 dB level at 105 MHz, the upper frequency limit of FIgure 2. 1-7.

Measured param eters for the ten BP-Q filters fabricated for Phase I are
compared with SCS 476 (A ppendix 1) In Tabl e 2. 1-1. All the specifications were
met by each of the BP-Q devices delivered in Phase I.

TABLE 2. 1-1. COMP ARISON OF MEASURED PARAMETERS AND
SPECIFICATIONS FOR BP-Q FILTERS

SCS 476 SCS 476 Average of
Para No. - Parameter Dec. 9, 74 Measured Parameter

3.10.1.2a fo (MHz) 100 ± 2 100.2
3.10.2.2a $at —3 dB (MHz) 2±0.04 2.04
3.10.3.2a i (p.sec) 2±0 .01 1.995*
3.10.4.2a i x ~~ 4:1 4.07:1
3. 1O.5.2a Insertion Loss (d~~ 20 ± 2 22
3. 10.6. 2a Sidelobe supp (dB) ? 35 40
3. 10.7 Feedthrough supp (dB) > 50 58
3. 10.8 Spurious supp (dB) >35 43
3. 10.9 VSWR <1,5:1 <1.2:1

*See Appendix 11 for a description of the measurement technique.
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LITHIUM NIOBATE LINEAR PHASE BANDPASS FILTER (BP-LN)

DESIGN AND EVALUATION
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HUGHES-FULLER TON
Hugñes Aircraft Company

Full.rton, California
• F 2.2.0 LITHIUM NIOBATE LINEAR PHASE BANDPASS FILTER (BP-LN)

1
” DESIGN AND EVALUATION

2.2. 1 Transducer Geometry and Predicted Performance

The lithium niobate bandpass filter is designed for a 30 MHz, 3 dB band-
width at a center frequency of 150 MHz, and utilizes two apod ized transducers
with an Intervening multiatrip couple r (MSC) so that the transducer transfer
functions can be multiplied. The unique feature of the Hughes design approach
for this type of filte r Is the use of different center frequencies for the two
transducers. In the case of the BP-LN, one transducer operates at a center
frequency of 148.0 MHz , and the other at 152.0 MHz, which provides a net center
frequency of 150 MHz and staggers the individual transducer responses 3ust
enough for maximum ripple cancellation . As Indicated schematically in Figure
2.2-1, the amplitude peaks for one transd ucer are aligned with the amplitude

— ____

p4

‘p0
‘a___ 

~~~~~~~~~ ‘II
,. •

‘
~~~)L. 1. ’.. ’~~~~~ s..)

ill
ii

• 

• III ‘.1’
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• _ _~~~~~~~~~ _ , ,  TRA NSDUCER NO . 1• 1’j , — — — TRANSDUCER NO. 2

( . I F ILTER RESPONSE 1
I ~PROOUCT OF I

— I I TRANSDUCER

• 
‘ RESPONSES)

L

I ~I i’\/\ ’\I 
‘

~~

-
~~ 

.

F*EQUEN~~V

Figure 2.2—1. Schcmat ic~~f Individual Transducer Responses and Overall Filter Response in a Band-
pau Filt er with Stagge rcd Transducer Center Frequencies

minima of the other transducer so as to provide a product response (solid line)
with a smaller ripple amplitude than that of either transducer alone. The same
general type of ripple cancellation occurs for the phase transfer function also.
One relatively minor disadvantage of this staggering scheme is tha t the flrst
stcpband ripple on either side of the pusband Is larger than the rem~In4ng stop-
band ripples because the first stcpbend ripple is actually in the stopbsnd of one
transducer only and just within the paaaband of the other transducer.
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Both transducers in the BP-LN were synthesized using the equiripple or
Chebyshev computer6 program furnished to Hughes by McClellan and Parks of

• Rice University. In this procedure, one specifies for each transducer a frac—
tional bandwidth, shape factor , number of electrodes , and relatIve weight factor
for trading off pasaband versus stopband ripple amplitudes. The program then
generates the optimum set of tap weights (I. e., the apod ization) for a trans .-

• ducer having a uniform ripple amplitude in the passbazxl and a different uniform
etopband ripple amplitude. The passband and stopband ripple amplitudes are In
the ratio specified and are the minimum possible for the specified number of
electrodes , fractional bandwidth , and shape factor.

The geometrical layout of the BP-LN is shown In Figure 2.2-2 (bottom por-
tion) , with the top portion showing the 5 x 12 die array on the complete photo-
mask which is used to fabricate 20 BP-LN filters on a single substrate before
dicing. The 148 MHz center frequency transducer conta ins 86 double electrodes
and the 152 MHz center frequency transducer contains 88 double elect rodes.
Both transducers have series Inductive tuning and a three-tap, aluminum film
resistor adjustable for 5, 10, and 15 ohms. This resistor is needed to give a
VSWR less than 1.5 in a 50 ohm system , as the radiation resistanc e of eithe r
transducer is about 22 ohms. The multistrip couple r contains 140 strip es spac ed
on quarter wave centers at 150 MHz which is the frequency of maximum transfer
efficiency. The transducer spacing is set for a nond ispers lve delay of 2.0 ~&s.

The filter transfer functio n (respon se of the tra nsducers exclusive of any
insertion loss introduced by the multistrip coupler) has been calculated by cir-
cuit model analysis and is shown in Figure 2.2-3. The series tuning coils and
10 ohm series resistors are Included in the calculation. The predicted insertion
loss Is 9.7 dB, the 3 dB bandwidth is 30 MHz, the ultimate stopband suppression
(excluding bulk wave respons es) exceeds 70 dB below midba nd, but the first stop-
band sidelobe is just below the -40 dB level as explained In conjunction with Fig-
ure 2. 2—1. The (40 dB/3 dB) shape factor Is 1.28. The VSWR , determined from
Impedance calculations (nct shown) is 1.5.

It is known that the multistrip coupler (MSC) transforms the Incident ,
transversely nonuniform acouøtic beam into a uniform beam with the relative
amplitude contributions from the various electrodes being proportional to the
respective elect r ode apertures. 7,8 It is for this reason that each ai’iodized
transducer in the filter responds as if the othe r transducer were u ir.podized,
and the filter transfer function is the product of the transducer transfer functions.
However , it Is also clear that some additional insertion loss must be introduced
in this aperture tr ansformation process. The acoustic energy from a very nar-
row tap in the input tran sducer emerges from the entire apertu re of the multi-
strip couple r slightly less than half of which Illuminates the output transducer.
Using the method of La Rosa9, we calculate that this effec t contribute s only 0.6
dB to the loss. In previously reported filters of this type , both at Hughes and in

6J. H. McClel lan, T. W. Parks, and L. R. Rabiner , “A Computer Program for
Designing Optimum FIR Linear Phase Digital Filters .~ IEEE Trans AU-2 1,

506 — 526, December 1973.
R. H . Tancrell and H. Engan , “Design Considera tions for SAW Filters , ” 1973

8IE EE Ultrasonics Symposium Proc eedings , pp 419 — 422.
Hughes Technical Proposal for Acoustic Multistrip Device Technique s, Docu-

9ment #RP73- 14—67, pp 2-6 to 2—7a , AprIl 30, 1973.
• B. La Rosa and 8.J. Karbel, “Equivalent Circuit Representation of Interacting

r SAW Transducers , ” 1976 IEEE Ultrasonics Symposium Proceedings, pp 558-563.

2—16

• • T .  • - . • •

.~ :
• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

.• .
• • 

- 

~• .

‘

•~~~~~! 1 ’ ~~~~~~
• ’



HUGHES •FULLER TON
• . Hu~ a.s Ai, cr af t Company

Fullarron~ California
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a .500”
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Figure 2.2-2. Schematsc of BP-LN Layout
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Figure 2.2-3. Circuit Model Prediction of the BP-LN Filter Response. Both transducers are tuned and
resistively padded. Losses introduced by the multistrip coupler are ignored.

reference 7, the measured filter loss has been several decibels greater than
the theoretical loss of the franaducers alone. In addition, reference 7 states
that laserprobe measurements indicated that the multistrip coupler loss appeared
to be of the order of a few dB, suggesting that the dominant “loss” mechanisms
In the MSC are in fact ohmic and acoustic dissipation.

These facts together wIth the circuit model predictions of the transducer
performance Indicate that the required BP-LN performance is well within the
state-of-the-art except that It may not be possible to achieve 15 dB insertion
loss. It appears that 20 dB insertion loss Is certainly realizable, while 15 dB
loss, if realizable, may require that the transducers be perfectly matched, a
condition that is generally detrimental to the preservation of a perfectly linear
phase transfer function.

2.2.2 Measured Performance

The measured Insertion loss of the BP-LN device is shown in FIgure 2.2-4
and the swept Impedance plots of the two transducers are shoan In FIgure 2.2-5.
The bandshape Is essentially as predicted theoretically, with a 30 MHz, 3 dB
bandwidth centered at 150 MHz. There is a small “knee” as predicted at the -35
to -40 dB level below midband on the band-edge skirts; otherwise, the ultimate
stopband suppression exceeds 50 dB.
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HUGHES-F ULLER TON
Hu~’,ai Aircraft Company

Fullerton, California
MHz

130 150 170

• 

—-50 dB

(a) NO TAPS BROKEN IN SERIES RESISTOR PATTERN; TOTAL
SERIES RESISTANCE IN EACH TRANSDUCER IS APPROXI-
MATELY 30u INCLUDING 5u IN SERIES RESISTOR PATTERN

• AND THE ACOUSTIC RADIATION RESISTANCE. HORIZONTAL
SCALE 10 MHz/cm; VERTICAL SCALE , 10dB/cm; CENTER
FREQUENCY , 150 MHz, MINIMUM INSERTION LOSS, 19 dB .

1 1 110

— —20

— -50 dB

— -70

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -60

— —80

(b) FIRST TWO TAPS OPENED IN SERIES RESISTOR PATTERNS
TO YIELD 15fl IN EACH SERIES PADDING RESISTOR AND A
TOTAL SERIES RESISTANCE OF ABOUT 40~~, INCLUDING
RADIATION RESISTANCE, IN EACH TRANSDUCER. HORI-
ZONTAL SCALE , 10 MHz/cm; VERTICAL SCALE , 10 DB/cm;
CENTER FREQUENCY, 150 MHz , MINIMUM INSERTION LOSS,
21 dB

Figure 2.2-4. Measured Insertion Loss of IW-LN Filter with Minimum and
Maximum Padding Resistance
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‘0p4

I IMPI DANCE

I (a) INPUT IMPEDANCE OF APODIZED TRANSDUCER #1
SWEPT OVER 100 MHz CENTERED AT 150 MHz

IMPEDANCE

(b) IMPEDANCE OF APODIZED TRANSDUCER #2 SWEPT
OVER 100 MHz CENTERED AT 150 MHz

Figure 2.2-5. Measured Smith Chart Impedance Diagrams for BP-LN Transducers.
The transducers are series resona ted.
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Fullerton, California

Before opening any taps in the series padding resistor patterns, the inser-
tion loss is 19 dB as shown in Figure 2.2-4(a). In this case, the theoretical
transducer radiation resistances are about 220 , the resistance in each padding
resistor is 50, and it was assumed that there is a remaining parasitic resistance
(electrodes, bonds, coils) of about 5(1 when calculating the correspondIng loss
for the two transducers at 10 dB as shown in Figure 2.2-3.

In order to minimize the VSWR, the first two taps in each padding resistor
were opened , raisi ng the built-In padding resistors from 50 to 150. The in-
sertion loss is increased by 2 dB (as expected) and the resultant impedance plots
for the two transducers are shown in Figure 2.2-4(b). The measured insertion
loss is now 21 dB. The total out-of-band resistance, from the Impedance plots
of FIgure 2.2—5 , average s about 240, slightly greater than the design estimates
of 150 in the pad resistor plus 50 in the wires, bonds, and coils. More signifi-
cant is the fact that the effective radiation resistance of the transducers averages
about 140 rather than the theo retical value of 22(1. This reduction is due to
parasitic capacitance between ground and the transducer with its tun ing coil. We
can therefore Identify from these impedance plots that 15 dB of the total filter
loss is in the transducers. Over half of the remainIng 6 dB lose must be due to
dissipative effects in the MSC, since only 0.6 dB was identified as being due to
the transver sely nonuniform intensity pattern of the Incident acoustic beam. The
VSWR Is less than 1.5 at the center frequency and over at least most of the pass-
band; unfortunately, there are no frequency markers in Figure 2.2-4 to Indicate
the -3 dB points. The full sweep width Is 100 MHz. A VSWR of 1.5 at the center
frequency could have ~uat been realized by opening only one tap on each series
reSistor pattern, maldng each padding resistor a 10 ohm resistor (the design
value) , and the associated insertion loss would be 20 dB.

The performance of this line is essentially as desired except that the inser-
tion loss is 5 dB too high as was anticipated might be the case. Whether or not
this can be overcome can be answered only in the light of a theoretical and/or
experimental analysis of the MSC operation In this type of filter. Averages of
measured parameters for the ten BP-LN filters fabricated for Phase I are com-
pared with SCS 476 (AppendIx 1) in Table 2.2-1. These devices met moat requiro-~menta of Appendix I, but failed to meet two performance specifications . First,
the VSWR was excessive. However, by increasing the series padding resistance so

TABLE 2.2-1. COMPARiSON OF MEASURED PARAMETERS AND
SPECIFICATIO1~ FOR BP-LN FILTER

SCS 476 SCS 476 Average of
Para No. Parameter Dec. 9, 74 Measured Parameter

3. 10. 1. 2b fo (MH z) 150 * 3 150.0
3.10.2.2b $at —3 dB (MHz) 30± 0 .6  30.0
3. 10.3.2b r (psec) 2 ±  0.01 2.00*
3.10.4. 2b ~ xj S  60:1 60:1
3.10.5.2b Insertion Loss (d~~ 15± 1.5 21
3.10.6. 2b Sidelobe supp (d~~ ~35 40
3.10.7 Feedthrough supp (d~~ >50 53
3. 10.8 Spurious supp (dB) >35 39
3. 10. 9 VSWR <1.5:1 <2.3:1

*See Appendix II for a description of the measurement technique.
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j ~ that the total input resistance Is 50 ohms, at mldband, a VSWR of 1.5:1 can Just
be achieved over the operating band. The second specification deviation is more
serious. The use of a multistrip coupler (MSC), as required in Appendix I, re-
sults In an insertion loss of up to 6dB in addibontotheusual losses duetotrans_
ducer mismatch, bidlrectionaltty, and propagation effects. While this effect has
been observed previously,’0 it was not attributed to the MSC until after the be-.
ginning of the program. The only possible way to comply with the insertion lose
requi rement is to Implement a new design without the MSC. Hughes medelled
the BP-LN minus the MSC in order to evaluate the feasibility of meeting the re-
quired 15 dB insertion lou. These data will be discussed under 1%ase II.

‘0R.H . Tancrell and H. Engan “Design Considerations for SAW Filters,” 1973
IEEE Ultrasonics Symposium Proceedings, pp 419 — 422.
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2.3. 0 QUARTZ BIP RA SE CODE D TAPPED DELAY LINE FILTERS (TDL-100 AND
TDL-200) DESIGN AND EVALUATION

The two quartz blphase tapped delay lines are so similar that they. are both
described in this section. They both contain 127 taps coded according to the bi-
phase code which was found to have the lowest sldelth e level.” In each case, the
total length of the code Is 12.7 ~ts and the chip rate (bandwidth ) is 10 MHz. The
only difference is in the center or carrier frequency; the line at 200 MHz
requi re s twice the electrode line resolution as the 100 MHz lines, while the 100
MHz line, having a 10% fractional bandwidth , is harder to match for low inser-
tion loss on low-coupling ST-X quartz.

2.3. 1 Transducer Geometry and Predicted Per formance

The design of the bipbaee coded tapped delay lines was largely fIxed by the
specification (AppendIx 1). The design pr ocess is essentially reduc ed to choosing
the number of electrode s per tap and an aperture which allows optimum input
transducer matching and Insertion loss minimization . An unapodized tapp ing array
has been specified along with the chip rate and code length ; the code mentio ned
above is an obvious choice from the results of a previo us ECOM program .

The criteria for choosing the number of electrode s per tap are (1) limIting
“mass/elect rical loading” reflections as described below; (2) keepIng the taps
as short as possible so that they are broadband compared to a chip and resemble
infinite-bandwidth Ideal samplers, while on the other hand , (3) using enough
electrodes to minimize insertion loss.

The Impact of the number of electrodes on the Insertion loss is described
in reference 12, where the aperture is also found to be an important factor. The
insertion loss Is minimized when the capacitive susceptanc e of the complete 127
tap array equals the 20 mlllimho load admittance — a general rule for untuned
unmatched transducers. This Is the case for the 127 tap arrays; only the Input
transducers are tune d and matched for a VSWR of 1.5. Reference 12 also gives
the level of spurious “regenerated ” signals in the output tap array which ar e
driven by the voltage that the tran sducer delivers to the electric load . This spur-
ious sIgnal Inc reases as the Insertion loss is reduced and It is sometlmen nec-
essary to deliberately trade off insertion lose to reduce the spurious . However ,
It Is found in the quartz tapped delay line designs described below that regenerated
signals are not a limiting factor and the tap arrays have thus been designed to
minimize Insertion loss.

Another Important consideration is spuriou s acoustic reflections caused by
electrode mass/electrical loadi ng. Because of the low coupling constant of
ST-X quartz , acoustic reflect ions caused by electrical loading (I.e., shorting
of the tangential electric field by the electrodes) are much smaller than those on
lithium nioba te. It I. also found that, by limiting the electrode thickness to about
1250 angstrom., mass loading reflections can be kept acceptably low. It was
found In the ASPD study12 that a convenient “rule of thumb” criterion for adequate

11P H  Carr , P. A. DeVito, T.L. Szabo, “The Effec t of Temperature and tbp-
pier Shift on the Parformance of Elastic Surface Wave Encoders and Decoders,”
IEEE Trans . Sonics and Ultrasonics, SU—19 3, 357-67 (7/72).

12~ Jucici, F. Morse, and W. R. Smith “Acoustic Sigz~ l Processing Devices”
(First Interim Report) , Technical Report ECOM-0023-1, Section 3.3.
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reflection suppression is established by looking at the pulse train which is acous-
tioa1l~ transmitted through the tap array when it is excited with one
chip. ~~ The performance of a coded line will generally be acceptable If the first
transmitted echo (triple transit echo two chip lengths alter the main transmitted
pulse) I. suppressed below the main transmitted pulse by at least the required
sidelobe suppression.

Inasmuch as the size of the reflection from one tap Inc rea ses as the number
of “single electrodes” In the tap, this criterion will determine whether single
electrodes are acceptable instead of requiring the double electrode taps with
interspersed ib~imrny gratings described In reference 13, Section 2.5 , Case 2.
It Is found that ordinary single electrodes are acceptable provIded that the num-
ber of taps is limited as in the designs adopted below. This Is adv~ntkgeous
from the point of view of fabrication simplicity as well as eliminating the higher
propagation loss associated with the Intertap dummy gratings.

2.3. 1. 1 TDL— 100 Design
0The TDL- 100 geometry Is shown in FIgure 2.3-1. Assuming 1250 A aluml-

niim and single electrodes in the taps, it was determined that seven electrodes
per tap should give a -27 dB first transmitted echo In the transmission test for
mass/electrical loading reflections, or some 5 dB below the theore tical sidelobe
level for the chosen code. Mass loading Is the dominant source of these reflec-
tions. With seven single electrodes in each tap, and aperture of 0. 125 inches is
predicted for a total capacitive susceptance of 20 millimuo, which minimizes the
insertion loss of the untuned , unmatched tap array. The predicted insertion loss
of the output tap array alone, neglecting propagation loss, is 23 dB measured to
the highest point on the smooth envelope to the insertion loss function whose
fine structure is rapidly-varying with narrow peaks above, and nulls below, the
envelope.

The Input transducer Is periodic with 21 double electrodes. It is series-
tuned and a serIes padding resistor Is Included to lower the VSWR and also the
electric Q of the series resonant circuit so that It does not seriously narrowband
the desired chip waveform. Double electrodes were chosen in order to Increase
the transducer capacitance so that the series tuning Inductor can be held down
to around 1 ~th; larger Inductors would suffer a self-resonance problem . The
predicted radiation resistance Is isfl; with a series padding resistor of 45(1,
the input VSWR is 1.2 , the input transducer insertion loss is 9 dB and the reson-
ant electric Q is 8.4. Thus, the expected Insert ion loss for the TDL-100 device
Is around 35 dB when propagation loss is Included.

2. 3. 1.2 TDL—200 Design

The TDL-200 layout is shown in Figure 2.3-2. Each tap contains four single
electrodes, which results in a transmitted echo about 25 dB below the main pulse
in the transmission criterion for assessing mass/electrical loading reflections.
Again, this Is lower than the theoretical ma~dmum sidelobe for this code. The
predicted Insertion loss of the output tap array again measured to the envelope
of the Insertion loss function with fine structure, is 27 dB.

13a Judd, F. Morse, W. R. Smith, and L. Templin, “Acoustic Signal Process-
ing Devices,” (Final Report), Technical Report ECOM-0023-F, Section 2.5.
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P1gw. 2.3-1. Schematic of TDL-100 Layout
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• Figure 2.3-2. Schematic o(TDL-200 Layout

The input transducer Is periodic wIth 41 single electrodes. Its radiation
resistance Is about 25(1 and a series tuning Inductor is used with a 25(1 series
padding resistor to lower the VSWR and also to lower the resonant electric Q
so that the chip waveform Is not seriously narrowband. The VSWR should be
1.0 at the center frequency of 200 MHz, with an insert ion loss of 6 dB and a
resonant electric Q or 4.2. The total insertion loss should be around 35 dB.
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r Predicted device performance is largely as desired except that the Insertion
loss Is expected to be at least 35 dB. There are two fundamental reasons why
this loss must be accepted, both of which ultImately rooted in the low k2 of
ST-X quartz. First, the number of electrodes per tap is limited by the need to
avoid large spurious reflections. Second, extra loss must be Incurred for use
of padding resistors in the Input transducers In order to achieve the required
bandwidth (especially for the TDL-100) on ST-X quartz . In fact, the resonant
electric Q is just barely low enough to prevent narrowbanding in the present
designs. Therefore, three effects In the present designs are potentially detri -
mental to the aidelobe levels: (1) distortIon due to electric narrowbanding on the
input transducers , (2) acoustic reflections in the tap arrays and (3) failure to
apodize the tap arrays to compensate for propagation loss as described In ref-
erence 12, Section 3. 4. It is hoped that a,U these effects will result in sufficiently
small sidelobe degradation that the sldelobes, although raised above the ideal
level of -22. 8 dB, will not exceed a level of -19 dB. If the electrical tuning on
the input transducers Is too narrowband, It can be improved with more series
padding resistance, but at a slight additional penalty In insertion loss.

2.3. 2 Measured Performance

2. 3.2. 1 Impulse Response — TDL-100 and TDL-200

Impulse response data for the TDL- 100 and TDL-200 lines can be seen in
Figures 2.3—3 through 2.3—5. Series Inductive tuning was applied to the Input
transducers, but the series padding resistors were not adjusted . Swept Insertion
loss measurements were not made In Phase I , because suitable packaging for
suppression of electromagnetic feedthrougb was not yet avai lable. In addition,
the output tap arrays had a do-resistance of the order of 100 ohms rather than
open circuit, suggesting a possible defect (short) In the arrays.

The Impulse response of the TDL-100, before applying series Inductive
tuning to the input transducer, Is shown in FIgure 2. 3-3. An encouraging feature
was the lack of appreciable roll-off due to propagation loss. The insertion loss
was lowered some 15 dB by series inductive tuning, resulting In the Impulse
response shown in FIgure 2.3-4. The apparent amplitude is comparable to that
shown in FIgure 2.3-3 since a 15 dB attenuator was Inserted in the test circuit.
Note, however, that there is appreciab le narrowbanding due to the series Indi te-
tive tuning , resulting In distortion at the phase-reversals of the code. This
probl em could be alleviated by opening one or both taps In the series padding
resistor to lower the electric Q; however, there may not be sufficient padding
resistance in the present design to overcome this narrowbanding effect. The
nominAl electric Q Is about 8, which is rather high for use with an Input trans-
ducer whose acoustic fractional bandwidth Is 0.1.

The Impulse response of the TDL-200 , with series Inductive tuning, is shown
in Figure 2. 3-5. Here , electric al narrowbending was not a major problem Inas-
much as the nominal series resonant electric Q of the Input transducer was less
than 5 while the acoustic fractional bandwidth is only 0.05. The principal prob-
lem evident In the preliminary TDI.~-20O measurement is a roll-off of about 10
dB from the first to last tap. Because the taps are not apodized to compensate
for propagation loss, some roll-off was anticipated although It was not expected
to exceed 3 t o5dB. A first attempttoreduce the roll off conslsted of bonding
the output leads near the far end of the tap array. This resulted in reduction of
the roll-off to about 5 dB. Increased compensation could be achieved by using
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Figure 2.3-3. Shor t Pulse Response of the TDL-100 Prior to Transducer Tunin g. Horizontal scal e
1.0 ps/cm, vertical scale 0.05 volt /cm.
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Figure 2.3-4. Short Pulse Response of the TDL-100 After Tran sducer Tuning. Horizontal scal e
1.0 ps/cm, vertical scale 0.05 volt/cm. A 15 dB atte nuator was inserted in the test circuit.
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Fi gure 2.3-5. Response of the Tuned TDL-200 to a 0.1 psec , 200.086 Mf-l z pulse. Horizontal scale
1.0 ps/cm , Vertica l scale 0.05 volt /cm.

more electrodes in the “late ” taps than In the “early ” tap s, since apod ization
Is prohibited in the program specification.

In each of the TDL Impulse response photograp hs (Figures 2.3-3 , -4, -5) a
series of trai ling sidelobes is seen following the mai n output signal of duration
12. 7 ,~s. These sidelobes are caused by acoustic reflections within the tap array.
The dominant type of spurious reflected output signal is a double trans it echo
(once—reflected , backward acoustic wave) detected by an “earlier ” output tap
than the one causin g the reflection , Each sldelobe is the sum of all double transit
echos having the same value of delay ; the (n+1) sidelobe corresponds to double
transit signal s whose bac kward trav el distanc e is one tap-spacin g more than
those produci ng the n-th sidelobe, It was confirmed that the TDL devices are
operating with the correct code , center frequencie s, and signal time-duration.

2.3.2. 2 Measured Performance — TDL— 100 (100 MHz Lines)

Averag e measured parameters of the Phase I TDL- 100 filters are compared
with SCS 476 (Appendi x 1) in Table 2. 3-1. TypIcal Smith chart impedance plots
for the transducers are shown In Figure 2. 3-6. Typical swept frequency response
(99 . 5— 100.5 MHz) and resp onse to a 50 nanasecond pulse are shown in Figure
2, 3-7, while the recompr essed pulse (amplified to show sidelobes) and the swept
frequency response (75 — 125 MHz) are shown in Figure 2. 3—8.

The following parameter s complied with the foliowlng specified values: cen-
ter frequency (f0), bandwidth ((3), time delay (‘r) , time—bandwidth product (r x 

~~~,

and feed—through suppression. Discrepancies were as follows: Inserti on loss Is
18 dB Instead of the specified 19 dB, spurious echo suppression is typically 28
dB rather than exceeding 35 dB, and the Input transducer VSWR varies over the
passba nd so as to be <6:1 everywhe re (<3:1 at midba nd) as compared to specifi-
cation of <1.5:1.
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TABLE 2.3-1. COMPARISON OF MEASUR ED PARAMET ERS AND
SPECIFICATIONS FOR TDL-100 FILTER

SCS 476 SCS-476 Average of
V 

Para No. Parameter Dec. 9, 74 Measured Parameter
V 3.10.1.3a fo (MHz) 100± 2 100.0

3. 10.2.3a $ at —3 dB (MHz) 10 ± 0.2 10.0
3. 10.3 3a T (~iaec) 12.7 ± 0.0. 12.7
3.10,4.3a r x f l  127:1 127:1
3.10.5,3a Insertion loss (dB) 30±3 4()
3. 10. 6. 3a Sidelobe supp (dB) ~19 IS to 18
3. 10.7 Feedthrough supp (dB) >50 60
3.10.8 Spurious supp (dB) >35 28
3. 10.9 VSWR <1.5:1 <6:1

In the Hughes prop osal It was pointed out that the 30 dB Insertion loss would
be difficult to achieve. This was verified by analysis In Section 2.3.1 (Indicating
I. L. = 35 dB). In additIon, It can be seen in Appendix III that conformance to the
VSWR specification of 1.5:1 results in a CW Insertion loss of at least 46 dB.
Resolution of the Insertion loss and VSWR problems require consideration of a
number of Interrelated parameter s.

1. The VSWR specification for the Input transducer cannot be met using
the selected series L-R matching technique without Incurring signifi-
cant increa8es In Insertion loss. The theoretical basis for this conclu-
sion is presented In Appendix III. This tradeoff can be Improved
somewhat by usIng L-C matching networks such as quarter wave trans-
formers and J-inverter networks. However , Hughe s feels these are
unacceptable because of their complexity and cost. Rather than constrain
the VSWR, Hughes recommends that the matching be designed to
optimize the tradeoff between insertion loss and biphase-coded wave-
form distortion. The effect of increased VSWR on system performance
Is discussed in Appendix lv.

2. Even when cbis optimum tradeoff is obtained, the specified in~~rtion
loss cannot be achieved. In fact, a better method of specifying the loss
should be developed. The insertion loss spectçpm of a typical biphase
coded TDL fluctuates rapidly about a (sin x/x)~ function. Measure-
ment of the average loss function woUld be prohibitively complex, and
Hughes has arbitrarily chosen to use the minimum Insertion loss value
as the specification. Unfortunately, thIs value depends on the selected
code and is therefore not useful for arbitrary codes. A more meaning-
ful specification would be to operate the TDL as a matched filter and to
measure the level of the correlation peak relative to the level of a
conjugate-coded input waveform. This value would correspond to the
sum of the Insertion loss from the input transducer to an Individual out-
put tap and the correlation gain, which for both of the TDL’s is
20 log~~ 127 42. 1 dB. The advantages of this method are that it
provides a direct measure of the parameter which is detected In a typi-
cal receiver application and that the measurement depends only on N,
the number of code chips, and not on the code sequence. The actual
specification will have to be developed during Phase II (Second Engineer-

V lug Phase) .

V 2—32

~~~~~~~~~~~~~~~~ 

.. 
~~~~~~~~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



HUGHES-FULL ER TON
Hu~ ,.s Aircraf t Company

Fullerton, Calif ornia

iO

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~1

(a) IMPEDANCE OF IN PUT TRANSDUCER SWEPT OVER
20 MHz CENTERED AT 100 MHz

rr

V 
105

44
(b) IMPEDANCE OF OUTPUT TAP ARRAY SWEPT OVER

20 MHz CENTERED AT 100 MHz

Figure 2.3-6. Smith Chart Impedance Plots for the TDL-l00 Transducers, with
Series Tuning In ductor and Paddin g Resistor on the Input Transducer, No
Matching on the Output Tapping Array
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(a) SWEPT FREQUENCY RESPONSE OF TUNED TDL.100
NO. 1. MINIMUM INSERTION LOSS POINT WAS TYPICALLY
40-42 dB.
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(b) RESPONSE OF THE TDL.100 NO. I TO A 50 ns PULSE AT 100 MHz AFTER APPLICATION OF SERIES
INDUCTIVE TUNING. VERTICAL SCALE , 50 MV/DIV. HORIZONTAL SCALE 1 4/DIV.

Figure 2.3-7. Midband Frequency Response and Expanded Pulse for TDL-~ 00 #1
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Figure 2.3-8. Compres sed Pulse (Using TRQ-10-10 Expander) and Insertion Loss Spectrum for
TDL-l0O #1
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3. The spurious echo suppression of the tap array Ia 28 dB rather than
the specified value of 35 dB. This Is attributed to multiple acoustic re-
flections due to mass loading by the tap electrodes. The spurious level
could be reduced by redesigning the taps with fewer electrode s (e.g. 3
instead of 6). However , this would increase both the insertion loss and
VSWR of the tap array. Double electrode s could be used for the tap
transducers but this should be avoided If possible to minimize fabrica-
tion costs. The recomme nded approach Is to redqpe the metaU izat lon
thickness by roughly a factor of two (1500 to 700 A). This was pro-
hibited by Appendix L Although the decreased thickness would increase
the insert ion loss by a few decibels, It would reduce both the spurious
level and the VSWR. Thinner metalllz atlon would also provide additional
series electrode resistanc e in the input transducer (due to higher metal—
lizat ion sheet resistivity), whIch was required to optimize its impedance
matching network in lieu of a mask cl~ange or a “dym~m4c tune” capability.

4. The specified time sidelobe level was not achieved . The most probable
reason was that phase and amplitude errors of both the compre ssion and
the expans ion TDL’s affect the compressed pulse time sidelobes. Such
errors are produced by the mass loading effects describ ed previously.

2.3.2.3 Measured Perform n nne — TDL.-200 (200 MHz Lines)

Averages of measured parameters for the Phase I TDL-200’s are compared
with Appendix I In Table 2. 3-2. Smith chart impedance plots for typical trans-
ducers are shown in Figure 2. 3-9, whIle typical swept frequency response and
response to a 0.1 paeo, 200.086 MHz pulse are shown In Figure 2.3-10. FInally,
the recompressed pulse Is shown In Figure 2. 3-11, showIng the far out spurious
in the upper photo and amplified to show the maximum aidelobe level In the lower
photo.

TA BLE 2,3-2. COMPA RISON OF MEASURED PARAMET ERS WITH
SPECIFICATIONS FOR TDL-200 FILTER

SCS 476 SCS 476 Average of
Para No. Parameter Dec. 9, 74 Measured Panix~eter

3. l0. 1. 3b fo (MHz) 200 ± 4 200. 1
3. 10.2.3b flat —3 dB~MHz) 10±0.2  10.0
3. 10.3. 3b r (p.sec) 12 .7±0. 1 12.7
3. 10.4 .3b T X ~~ 127:1 127:1
3. 10.5. 3b Insertion loss (dB) 30 ± 3 38
3.10.6.3b Sidelobe supp (dB) ~ 19 16 to 19
3.10.7 Feedthrough supp (dB) >50 50
3. 10.8 Spurious supp (dB) >35 34
3. 10.9 VSWR <1.5:1 <3.5:1

The following parameters comply with the specified values: ceiter frequency
(fnj, bandwidth (fi) , time delay (i), tIme-bandwidth product (v x 3), and feed-
through suppression. Furthermore, the spurious echo suppression is within 1 dB
of specification and can be improved, for example, by the use of thinner electrode
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44
(a) IMPEDANCE OF INPUT TRANSDUCER SWEPT OVER

20 MHz CENTERED AT 200 MHz

205

(b) IMPEDANCE OF OUTPUT TAP ARRAY SWEPT OVER
20 MHz CENTERED AT 200 MHz

Figure 2.3-9. Smith Chart impedance Plots for the TDL-.200 #1 Transducers ,
with Series Inductor Tuning on the Input Transducer, No Matching on the
Output Tapping Arra y
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FREQUENCY (MHZ)

(a) SWEPT FREQUENCY RESPONSE OF TUNED TOL-200
NO.1. MINIMUM INSERTION LOSS POINT WAS TYPICALLY
32 dB FOR TUNING BETWEEN TRANSDUCER AND
GROUND (PREFERRED APPROACH) BUT 38 dB FOR
TUNING BETWEEN TRANSDUCER AND SOURCE,
BECAUSE OF PARASITIC CAPACITANCE.
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(b) RESPONSE OF THE TDL.200 NO. 1 TO A 0.1 MSEC , 200.086 MHz PULSE., WITH SERIES INDUCTIVE TUNING
ON THE INPUT TRANSDUCER. VERTICAL SCALE 50 MV/DIV. LOSS TAPE R WAS APPROXIMATELY
5 dB OVER THE EXPANDED PULSE LENGTH. HORIZONTAL SCALE I MS/DIV.

Figure 2.3-10. Swept Frequency Response and Expanded Pulse for TDL-200 #1
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~~~~~~( — V -V

TIME (5 MS/DIV-)

(a) TDL.200.1 RECOMPRESSED PULSE RESPONSE

D U R AT ION OFL I FEEDTHROUGH
I ~~~ 

(LEVEL ~ -SO dS)

MAX
~~

.4UM SP U R I O US

MAXIMUM SIDELOBE j I -—-
~
- -.

LEVEL, (-16 dB LEADING - T - - 

I 
-

— - 

—— 

T

RECOMPRESSEO PULSE
(25.4 ~SEC)

TIME (5 $S/DIV)

(b) TDL-200.1 RECOMPRESSED PULSE RESPONSE SHOWING
MAXIMUM SIDELOBE LEVEL AND SPURIOUS RESPONSE

Figure 2.3-11. Recompre ssed Pulse Response for TDL-200 #1 on Normal and Expanded Amplitude
Scales. Vert ical linear scale determined by attenuation measurement.
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metallization. As with the TDL- lOO , the insert ion loss and VSWR are excessive
and the required sidelobe suppression was typIcally not achieved although it was
achieved in some samiles. This discrepancy will be discussed in Phase. U.

Many of the recommendations applicable to the TDL- 100 carry over to the
TDL-200. One exception is that the requIred VSWR for the input transducer can
be achieved for the TDL-200 since the fractional bandwidth is half that of the
TDL-100. On the other hand , the higher operating frequency causes a greater
propagation loss taper in the tap array, which is detrimental to the time side-
lobe levels in the recompressed pulse. Consequently, It appears that the time
sldelQj e levels better than -17 dB are not feasible. Metailization thinner than
1000 A would improve the margInal spurious echo suppressIon, and again inser-
tion loss should be redefined in terms of the correlation peak level of the corn-
pressed pulse. An alternate desIgn usIng double electrodes with a filled In
grating and apodization could decrease sidelobe and spurious response to accept-
able levels. However, at 200 MHz, this approach would impact photolithographIc
yield.
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PULSE COMPRESSION AND ~~CPAN SION FILTER DESIGN
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2.4.0 PULSE COMPRESSION AND EXPANSION FILTER DESIGN AND
EVALUA TION (PC-Q, PE-Q, PC-LN , PE-LN )

Because the quartz and lithium niobate pulse compre ssion filters are de-signed similarly , they will both be described in this section. In reality , thereare four separate filter designs because the quartz and lithium nloba te pulse
compression filters (PC-Q and PC-LN ) require companion pulse expansiontest filters (PE-Q and PE—LN) In order to demonstrate pulse compression.

Each of the filters is composed of one apodized transducer and one unapo-dized transducer. For simplicity of design, each transducer has electrodes po-
sitioned according to the classical FM law and the electrode widths vary through-
out the transducer so as to be everywhere equal to the adjacent gap width.Strictly speaking, the transfer function of a filter conta ining two linear FM
transducers Is only ~ppro~dxnately a linear FM f ilter . The Ideal design proce-
dure calls for dividing the transfer function of the unapodized transducer into
the desired linear FM transfer function, thus obthlning the (somewhat nonlinear)
FM transfer function for which the apodized transducer should be synthealzed14~ .t5,This procedure Is rather lengthy, however, and It Is found that the simpler, ap-
proximate design procedure in which both tr ansducers are linear FM results In
a design error sufficiently small that time sidelobes below -30 dB are realized.
It turns out that the moat severe limitation on the time sIdelobe supp ression Is
caused by electric circuit loading In the PC-LN.

In the expansion/compression filter designs described In this section, the
“unapodized” transducer has a dispersive delay of 1.40 p.s/i. 06 p.s, and Is un-apodized over the central 1.0 p.s/0.94 p.s. but has a short ‘tail ” of length 0.2
p.a/O, 06 p.s on each end where the eMctrode apertures taper smoothly to zero
to suppress Fresnel ripple (and consequently time sidelobea). The apodIzed
transducers in the two pulse expansion test lines also contain ‘tail ” regions of
length 0.2 p.s on each end for the same purpose; however, these, tail regions are
not needed in the apodized transducers of the compression lines since the built-
in Hamming weighting already causes the electrode apertures to taper smoothl y
to nearly zero at the transducer ends.

2.4. 1 Quartz Pulse Compression and Expansion Filter Design (PC-Q aucl PE-Q)
The geometrical layout of the quartz pulse expansion test filter (PE-Q ) is

shown In FIgure 2.4-1, ThIs is an up-chirp filter since the low-freque ncy ends
V of the transducers face each other. Each transducer contaIns 421 double elec-

trodes and the “apodizatlon profiles” shown In FIgure 2. 4—1 show the tail re-
gions on the ends of each transducer.

In the “apodlzed” transducer, in its central region, the apertures vary dl-
V 

reotly as the electrode spacing or , equivalently, as the reciprocal of the local

11W.R. Smith , Jr., “Acoustic Surface Wave Filters for Multiohannel Linear
FM C~ erat1on.” SectIon 2, Unpublished Hughes Final Report for contract
sponsored by the Mitre Corporation. October 9, 1974.

~~W. M. Bri~ge “The Development of Surface Wave Dispersive Filters for Usein a Muitlohannel Pulse Compression System,” Mitre Corporation Technical
Raport M’rR-2921, June 30, 1974.
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421 El ECTRODES - APODIZATION IS PROPORTIONAL 421 ELECTRODES - UNAPODIZED
TO CENTER-TO-CENTER SPACING IN MIDDLE OF EXCEPT FOR A FEW ELECTRODES
TRANSDUCER AND TAPER S TO ZERO FOR A FEW NEAR EACH END WHOSE APERTURES
ELECTRODES ON EACH END TAPER TO ZERO AT THE END

MAX ELECTRODE WIDTH • MAX SPACE WIDTH - 6’3M
MIN ELECTRODE WIDTH - MIN SPACE WIDTH = 4.5
CENTER-TO-CENTER SPACING VARIES MONOTONICALLV IN EACH
TRANSDUCER AND IS LARGEST AT THE END FACING THE OTHER 0 V

TRANSDUCER . ALUM I NUM TH ICKNESS • 2000*

Figure 2.4-1. Schematic of PE-Q Layout
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electrode synchronous frequency. This apodization law Is used because each
V transducer Is timed with a series inductor and is In contrast with the F-3 apodi-

zation law that is used for untuned or shunt tuned transducers. The transducers
In the quartz filters must be series tuned because the low dielectric constant
and k2 of quartz dictate , for reasonable apertures , that the series radiation
resistance is large enough for the required inser tion loss, while the shunt radI-
ation conductance is not.

The series radiation resistan ce of the “unapod ized” transducer varies di-
rectly as frequen cy while that of the apod lzed transducer va ries inversely as
frequency, so that the product (filter transfer function) Is flat. That is shown in
the circuit model prediction of the expansion line insertion loss function , given
In FIgure 2.4-2. The predicted Insertion loss is 48 dB, Including the effect of
series inductive tuning and the 30 ohm series paddi ng resistors on each trans-
ducer which are used to lower the VSWR below 1.5.

The design of the quartz pulse compression filter is in many ways similar to
that of the expansion test filter. The principal differences are that it Is a down-
chirp filter (the high-fr equency ends of the transducers face each other) and the
apodized transd ucer contains built-In Hamming weighting. Figure 2.4-3 (bottom)
shows the layout of this filter ; while the upper portion shows the 3x6 dIe layout of
the photomask. The “unapod ized” transducer contains 319 double electrodes; its
apodlzed tails which suppress Fresnel ripple are much shorter than those in the
pul se expansion fIlte r because the Hamming weighting In the apodized transducer
also suppresses Fresnel ripple.

‘U

—40.00

-50.00 —

.40.00 —

-70.00 —

-80.00 —

— -90.00 —0

-100.00 —

-110.00 —

-120.00 —

-130.00 —

-140.00 I I 1 1 1 I
o0 40. $0. 120. 150. 200. 240, 250.

FREQ IMIIZI

Figure 2.4—2. Predicted Insert ion Lou of the PE-Q Filter. Both transducers are
tuned and resist ive ly padded. - .
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The apodization function of the apodized transducer is a Hamnilng (cosine
- -i , squared on a pedestal) function modulated by a factor proportIonal to the elec—

trode spacing (I. e , to the reciprocal of the local instantaneous frequency). This
is appropriate so that the transfer function of the filter , whose transducers are
series tuned, wIll have a Hamming-shaped amplitude response without superim-

- V posed roll-up or roll-off. The same 30 ohm series resistors as In the expansion
filter are used to lower the VSWR and also to lower the resonant electric Q and
prevent narrowbanding.

The circuit model prediction of the compre ssion filter Insertion loss is
shown In Figure 2. 4-4, which clearly exhibits the Hamming response from built- / i
in weighting, with a center frequency insertion loss of 44 dB. The VSWR, from
Impedance data (not shown) is less than 1. 5. The predicted compressed pulse,
obtained from the responses of both the PE-Q and PC-Q filters , is shown in
Figure 2.4-5. All sldelobes are below a level of -36 dB.

The circuit model predictions indicate that all specifications can be met and
this filter is well within the state-of-the-art for surface wave pulse compression
filters. Batch-producing the relatively large number of double electrodes with-
out defects is the principal new area to be explored for these filters , but the
filter’ performance Is expected to be relatively Insensitive to small number s of
defects.

a’‘UU,
-40.00

-50.00 —

-60.00 —

-70.00 — -

-$0.00 —

-90.00 —

IL 1dB)
- 

-100.00 — 
-

—110.00 — V

-120.00

—13 0.00 — V

—140.00 I I I I I 1 I
00 70. SO. 120. 150. 200. 240. 250.

FREQ (MHZ)

Figure 2,4-4. Predicted Insertio n Loss of the PC-Q Filter. Both transducers are
tuned and resistivel y padded.
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Figure 2.4-5. Predicted Compressed Pulse Using the PE-Q and PC-Q Filters

2.4. 2 PC-Q Filter Measured Performance

In addition to quartz pulse compression filters , a companion pulse expansion
filter was also designed for test purposes as described in SectIon 2.4.1. While
the performance of the expansion filter (PE-Q) can affect the recompre seed
pulse sidelobes, Appendix I applies specifically to the compression filter (PC-Q),
so that measured periormance will be given for the PC—Q only.

Average measured parameters of the Phase I PC-Q filters are compared
with Appendix I in Table 2.4-1. Smith chart impedance plots of typical trans-
ducers are shown in FIgure 2.4-6; the swept Insertion loss Is shown In Fig- 

V

ure 2.4-7. The reoompressed pulse is shown In Figure 2.4-8, where the upper
photo has greater amplification to show the feedthrough and spurious responses.
These devices met nearly all of the performance specifications. The only device
revisions necessary were Insertion of larger series resistors to reduce VSWR

- 

- 

- to 2:1. Although this increased the insertion loss by as much as 6 dB, It was
still lees than the minimum specified value of 55 dB. The measured time aide-
lobe levels marginally met the -25 dB specifications . As was the case with the
TDL8, the errors in both the expansion and compression lines affect this result.

‘
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TABLE 2. 4-1. COMPARISON OF MEASURED
PARAMETERS TO SPECIFICATIONS FOR PC-Q FILTER

Average of
SCS-476 - SCS—476 Measured
Para No. Parameter Dec. 9, 74 Parameter

3. 10. 1. la fo (MBz) - 150 ± 3 149.5
3. 10. 2. la fi (MHz) 50 ~ 1* 50. 0
3. 10. 3. la ., (~~sec) 2 ± 0. 02 2

3. 10.4. la r x 100 100
3.10.5. la Insertion loss (dB) 55 ~ 5 39 to 48
3.10.6.la Sidelobe supp. (dB) ~25 19 to28
3. 10.7 Feedthrough supp. (dB) >50 70
3. 10. 8 SpurIous supp. (dB) >35 49
3.10.9 VSWR <1.5:1 2:1

*lnterpreted to be -6 dB bandwidth of unweighted linear FM waveform
and the -28 dB bandwidth of the Hamming-Weighted pulse compression
filter. See Appendix V.

2.4. 3 LIthium Niobate Pulse Compression and Expansion Filter
Design (PC- LN and PE-L14)

The lithium niobete pulse expansion and compression filters are designed
much like the quartz filters and employ the same number of double electrodes
and electrode positioning law in all transducers. The layouts of the PE-LN and
PC-LN filters are shown In FIgures 2.4—9 and 2. 4-10, respectively. The upper
portion in each case shows the 4x22 die layout on the photoniask while the lower
portion shows a single fiJtf3r.

The principal difference between the lithium niobate and quartz filter designs
Is that shunt (rather than series) Inductive tu ning Is used in the lithium nlobate
filters. The relatively high dielectric and electromechanical coupling (1c2) ~~~~stants of lithIum nlobate are such that either the series radiation re sistance or
shunt radiation conductance can be designed for an Impedance match yielding
30 dB Insertion loss with reasonable apertures. However, when a filter oper-
atea with 30 dB Insertion loss, there is a possibility of unacceptable distortion
(yielding time eidelobes higher than -25 dB) caused by interaction between the
transducer and an improperly designed electric load. It has beei established’6
that the minimum spurious reflections and regenerated signals are found when
the electric load approaches a short circuit, a property that is predicted b~yHughes’ crossed-field circuit model analys is. Both series-tuned and shunt-tuned
designs were investigated with circuit model analysis for the PE -LN and PC-LN
filters. It was found that series-tuned loads lead to unacceptable signal distor-
tions that result in one stdelobe higher than -25 dB.
16W.R. Smith, “Experimental Distinction between Crossed-Field and In-Line

Three-Port Circuit Models for Interdigital Transducers,” IEEE Trans.
MTT-22, pp. 960-964, November 1974.
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(a) IMPEDANCE OF INPUT TRANSDUCER SWEPT OVER
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(b) IMPEDANCE OF OUTPUT TRANSDUCER SWEPT OVER
100 MHZ CENTERED AT 150 MHZ

Figure 2.4-6. Smith Chart Impedance Plots for the PC-Q #2 Transducers with
Series Tuning Inductors
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Figure 2.4-7. Swept Frequency Response of Tuned PC-Q #1. Minimum
Insertion Loss was 39 dB.

For this reason , the shuiit tuned load was adopted ; a resisto r In parallel with
the tuning Inductor serves to lower the load impedance to reduce signal distortion,
while a separate series resistor is used to lower the VSWR. A tight, four—way
tradeoff exists among diffraction loss, insertion loss, VSWR, and signal distor-
tion which raises the sidelobes. A wide aperture is desira ble to reduce acoustic
diffraction (important because of the extreme apodizatlon In the Hamming-
weighted transducer) . Howeve r , a wide aperture Is detrimenta l to the simultan-
eous realizat ion of 30 dB insertion loss and low time sidelobes.

Initially, an aperture of 0. 016 in. (about 18 wavelengths at 150 MHz ) was in-
vestigated and it was found that 30 dB insertion loss, better than —25 dB sidelobes ,
and a VSWR of less than 1.5 could be achieved with a single shunt padding rests—
tor. Although the two transducers would be operating well under near-field con-
ditions if all electrodes had the maximum aperture of 18 wavelengths at 150 MHz ,
some of the electrodes in the Hemming-weighted transducer have an aperture of
only about 1.4 wavelengths. For this reason, It was decided to Incre ase the max-
imum aperture to 0. 025 in. , or about 28 wavelengths at 150 MHz. This ~ the
largest aperture for which an insertion loss of 30 dB, time sidelobes biI~w —25dB
and a VSWR of less than 1.5 can be realized simultaneously according to circuit
model analysis.

The insertion loss functions of the PE— LN and PC—LN filters are shown In
Figures 2.4— 11 and 2.4— 12, respecively. The compreased pulse is shown in
FIgure 2. 4—13. The Insertion loss is just under 30 dB for the PC—LN and there
Is one trailing time sidelobe at —26 dB below midband. The VSWR of all trans—
ducers Is just under 15. DIffraction is not Included in the circuit model analysis
and the principal uncertainty to be resolved experimentally Is whether diffraction

f effects will degrade the performance of the heavily apodized , Hs~n~ming weighted
- 
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- FEEDTHROUOH

(LEVEL < -lOdS)

T
— 

MAXIMUM SPURIOUS

TIME (2 us/DIV)

PC-Q #2 RECOMPRESSED PULSE RESPONSE, EXPANDED
AMPLITUDE ON VERTICAL SCALE

- MAXIMUM SIDELOBE
LEVEL (-26 dB)

TIME (2 ES/DIV)

RECOMPRESSED PULSE RESPONSE PC-Q #2, NORMAL
AMPL ITUDE ON VERTICAL SCALE

Figure 2.4-8. Recompresiecl Pulse Response for PC-Q #2 on Normal and
Expanded Amplitude Scales. Vertical linear scale determined by attenuation
measurement. -
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Figure 2.4-10. Schematic of PC-LN Layout
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Figure 2.4-11. Predicted Insertion Loss of the PE-LN Filter
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Figure 2.4-13. Predicted Compressed Pulse Using the PE—LN and PC-LN Filters.
The sidelobe at -26 dB is caused by dectric load interaction ; all other sidelobes
are below -35 dB.

transducer. It Is likely, but not certain, that the 28 wavelength aperture will be
sufficiently wide to avoid diffraction problems. If not, a wider aperture should be
used and some sacrifice In insertion loss, 8ldelobe levels, or VSWR be tolerated.
Accepting a VSWR of , say, 2.0 and/or an insertion loss of around 35 dB would
almost certainly aliow good time-sidelobe suppression with a considerably wider
aperture.

2.4. 4 PC-LN Filter — Measured Performance

Average measured parameters of Phase I PC-LN filters are compared with
SCS-476 (Appendix I) In Table 2.4-2. Smith chart Impedance plots of the trans-
ducers are shown In FIgure 2.4-14 aM the swept Insertion loss function appears
in Figure 2.4-15. The recompressed pulse Is shown In Figure 2.4-16, where
the upper photo has greater amplification to show the feedthrough and spurious
responses. The design of the PC-LN Is a delicate tradeoff between Insertion
loss, time sidelobe level, and VSWR. Included in the transducer design Is an
Integrated shunt resistor strip for Improving sidelobe suppression at some ex-
pense in ineertlon loss. This resistor strip turned out to have excessive Induct-
ance and had to be removed from each transducer. As a result, we were unable
to experimentally optimize the tradeoff between Insertion loss, sidelobe level,
and VSWR prior to the shipping date for the Phase I samples. During Phase II
(Second Engineering Phase), properly designed shunt resistors across the trans-
ducers were used to reduce the trailing sidelobe level from typically -21 dB to
better than -25 dB, while Increasing the Insertion loss to roughly 30 dB. It Is
known from previous analysi. of the transducer design that this sidelobe Is due
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(a) IMPEDANCE OF INPUT TRANSDUCER SWEPT OVER
50 MHz CENTERED AT 150 MHz

H

(b) IMPEDANCE OF OUTPUT TRANSDUCER SWEPT OVER
50 MHz CENTERED AT 150 MHz .

Figure 2.4-14. Smith Chart Impedance Plots for the PC-IN #1 Transducers ,
with No Tuning

to regenera tion resulting Imprope r matching of the transducer to the external
circuit impedance. As part of Phase II Investigation, It was determined If suf-
ficient series resistance could be added to reduce VSWR to less than 1.5:1 over
the operating band without incurring excessive loss.
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Figure 2.4-15. Swept Frequency Response of Tuned PC-LN #1. Minimum
insertion loss was 24 dB.

TABLE 2.4-2. COMPARISON OF MEASURED
PARAMETERS WIT H SPECIFICATIONS FOR PC-LN FILTER

Average of
SCS-476 SCS—476 Measured
P ara No . Parameter Dec. 9, 74 Parameter

3. 10. 1. lb fc (MHz) 150 ~ .3 150

3. 10 2. lb ~ (MHz) 50 ~ 1*

3,10 3.lb i (~sec) 2 ~ 0.0l 2

3, 10. 4. lb 7 x $ 100 100

3. 10.5. lb Insertion loss (dB) 30 ± 3 24 - 28
3. 10.6 lb Sidelobe supp. (dB) �25 19 - 28
3.10. 7 Feedthrough supp. (dB) >50 65
3.10.8 Spurious supp. (dB) >35 45

3.10.9 VSWR <1.5:1 >10:1

*Interpreted to be -6 dB bandwidth of unweighted linear FM waveform
and the -28 dB bandwidth of the Hamming-weighted pulse compression
filter. See Appendix V.
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I..

D U R A T I ON OF
i I FEEDTHROUGH -

J-’ ‘9 (LEVEL < -65 dB ) 5

T~URIOUS
I RESPONSE

44 dB

L V I SPURIOUS
I DURATION OF RECOMPRESSED

COMP RESSED PULSE PULSE

TIM E (1 j~S, ) IV )

PC-LN #5 RECOMPRESSED PULSE RESPONSE

TIME (1 MSIOIV)

FAR OUT SPURIOUS RESPONSE PC-LN #5

Figure 2.4-16. Recompressed Pulse Response of PC-IN #5 on Normal and
Expan ded Amp litude Scales
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2 .5.0 MATERIA LS AND PROCESSES CONSIDERATIONS FOR PHASE I
DEVICE CONSTRUCTION

2. 5. 1 Wafe r Fabrication

Device processing for Phase I was essentially that documented In the Proc-
ess Specification Volume of this report. Specific problems unique to Phase I
will be outlined below.

Substrates were not procured to a specification at this point In the program.
A unique orientation problem occurred with the quartz vendor, and Is discussed
in the following section. Essenti ally, substrate materials were ordered to the
following specification:

ST-quartz plates, (*15 m m ,  orien tation to X axis) 3 x 0.75 x 0.25 inch were
obtained from Valpey-Fisher Corp. ’7 Lithium nlobate wafers (*6 m m .  orienta-
tion to Z axIs) 2 (dla. ) x 0. 020 Inch were supplied by Crystal Technology Inc ’8
Both items are slated to be standard product by their respective vendors.

Cleaning, evaporation and photolithographic/etch procedures were identical
to those outlined In the Process Specification Volume. A summary of these pro-
cedures Is outlined below.

Both materials were cleaned with an acetone soak and scrub and a detergent
scrub. Intermediate steps involved a deionized water rinse. The substrates were
dried under a dry nitrogen stream. These subs lrates were then metallized with
aluminum to a thickness appropriate to the design requirement (2000 A * 10% ex-
cept TDL , 1250 ± 10%). The metallized substrates were spun at 5000 rpm In or-
der to achieve a positive resist thickness (Shipley AZ-1350B) of 3000 A ± 10%. A
prebake schedule of 10 mlii at 90°C was utilized.

Transducer patterns were exposed at from 3—6 sec. using a Kasper Alligner,
(Model 1800). Development of the resist involved a 50% dilution of commercial
developer. Exposure and development times were adjusted to give the prop er
line-to-space ratios for a given filter pattern. The patterns were then defin’~d
In the aluminum using a nitric acid, phosphoric acid, water (2:40:9) etchar t.. The
photoreslst was stripped In acetone prior to visual Inspection at 200X magnifica-
tion. In the majority of cases to date, the predice yield has exceeded fIfty per-
cent. The criterion for this yield Is based on the number of good die vs. the
number of die printed. A good die Is defined as having no shorts and less than
5 opens. 

-

Prior to dicing, the substrates were recoated with resist and baked for pro-
tective purposes. They were then mounted with optical pitch and diced using a
6 mu diamond blade. Dice were then recleaned and Inspected at 220X Individually
prior to packaging. At this point , excessive chipping and pin holing was noted on
some die. This was attributed to the use of a bad lot of- resist for the protective
coating, and the fac t that the “street s” on the mask were too narrow for the ker f
produced by the 6 mil diamond blade.

Die were mounted in the slotted aluminum chassis using l~ w Corning 3140
RTV , cured for 24 hours In air. Therunoconipresslon wire bonding was effected

V using a Hughes pulse Up wire bonder Model 360. After precap electrical tune and
- - 

test, the chassis lids were screwed on, It should be noted that the machined non-
hermetic chassis and SMA connectors were utilized in Phase I to eliminate else-
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Figure 2.5-1. Insertion Loss Spectra for BP—Q Design on Quartz Supp lied by Two
Vendors 
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PATTER N B — ST-QUARTZ VALPEY-FISHER

V -o

PATTERN A — ST-QUARTZ SAWYER

Figure 23-2. Comparison of Lauc Back Reflection X-Ray Photograp h of Two
Sources of Quartz
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Figure 2.5-3. Acoustic Velocity of Quartz as a Function of cutting Angle 19

frical variables, such as feedthrough, In order to distinguish a faulty crystal de-
sign from a packaging phenomena. Package se~1ing Is discussed in Phase II.
Electrical data has been discussed previously. -

2.5. 2 Crystal Orientation Problem

Initial results on BP-Q devices Indicated a four perce nt increase in operating
frequency (FIgure 2.5-1). This same design was then fabricated on ST .quartz
obtained from another vendor and of pr oven quality relative to the fabric ation of
other device designs. In this case, the center frequency design goal of 100 MHz
was obtained, Laue Back Reflection x-ray photographs of the two materials
(Figure 2.5-2) Indicated an apparent inisorlentatlon problem. A sam ple plate
eudilbltthg the misorientation was returned to the vendor for analysis. Using the
x-ray double diffraction technique, he was unable to confirm the alleged
iflisorlentatlon.

Subsequent work at Hughes with the TDL-100 design showed that supposedly
identical plates from the same shipment were capable of producing devices at
zero and plus four percent of the design frequency. With reference to Figure

- ‘7Valpey-Flsher Corp. , 75 South St. , Hopkthgton, MA 01748.
~~~~~~~ Technology, 2510 Old Mlddlefleld Way, Mountain View, CA 94040.
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FIG. 2.5-2 PATTERN A ST-QUARTZ
FIG 2.5-2 PATTERN S IMPROPERLY ROTATED CUT

I
PLATE (
NORMAL +v

+~~75O / ~~~~~~~~~~~~~~~~~~~ I 5 A

Figure 2.5-4. X-Ray Pattern Matrix as a Function of Orthogonal Polarity -

2.5-3, this frequency difference can be accounted for by an equivalent acoustic
velocity difference according to:

Vf = —
0 25

where

— . center frequency
V - acoustic velocity
S — center-to-center transducer spacing.

- 

- This acoustic velocity difference can be related to the polarity of the y-axis
rotation relative to the a axis (FIgur e 2. 5-4). Here, for the proper acoustic
velocity of 3158 rn/eec, the rotation angle Is a + 42. 75° rotated y-out (ST-qua rtz).

• 
‘9A. J. Slobodnik, Jr. , E. D. Conway and R. T. Delmonlco, “Microwave

Accu~tj cs Handbook,” p. 119 lÀ 1973 (APCR L-TR -73-0597).
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For an acoustic velocity of 3290 rn/sec the rotation angle is a ~42.750 rotated
y-out (not ST-quartz). This problem escaped detection because of the nearly
equal x-ray diffraction Intensities of these two planes of opposite polarity. The
vendor has chosen to Implement a screening technique whereby neighboring
plans of greater differential Intensity (011 = +38° 13’ and 011 = —38° 13’) are

* utilized to sense the proper polarity of the ST-X rotation. The procedure is
described In greater detail In Appendix VL In addition, It was further deter-
mined that the Laue Back reflection technique Is incapable of resolving the po-
larity of y-rotation If the polarity of the x-dlrectlon Is not known. A matrix In-
dicative of this problem Is Included in FIgure 2.5-4.

I It has been confirmed through the vendor that all the plates received under
the original order were cut from the same stone. Given that the stone must be
bisected In order to remove the seed crystal , it is hypothesized that the stone
halves could have been misaligned relative to one another In regard to x-polarity
prior to slicing. Device measurements to date tend to support a one-to-one ratio
In acoustic velocities in the shipment. 

-
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r . ~ 2. 6. 0 CONCLUSIONS FROM PHASE I

At the conclusion of Phase I, 60 devices of six differ ing SAW designs were
4 buIlt, tested and shipped. Evaluation of the test results demonstrated that two of

V the designs (BP-LN and TDL-100) suffered major deviations from the insertion
loss specification. Further reevaluation of these designs was undertaken in
Phase U.

Three of the remaining designs, TDL. 200, PC-LN , and PC-Q suffered only
minor deviation from specification. Furth~~ testing was performed during Phase
II In order to determine the adjustments necessary to make these designs con-
furm fully to the specification. The BPQ devices met all design goals In Phase I.

Conclusions and recommendations from Phase I discrepant designs are listed
below:

BP-.Q: Because the mldband Insertion loss is at the maximum of the specified
range of 20 ±2 dB, a small decrease In series resistance was to be exercised , at V

the expense of VSWR, In order to more comfortably meet specification incorpor-
ated In the design during Phase II.

BP-LN : A redesign would be evaluated In Phase II elmlnatlng the MSC.
- 

TDL-100: It was concluded that the design of the TDL-100 should be thoroughly
examined during the Phase U, and a new performance specification would be de- 

- -

veloped. The following areas of change were envisaged:

1. VSWR should be Increased to optimize the insert ion loss versus waveform
distortion tradeoff. (See Appendix IV. )

2. InsertIon loss should be redefined In terms of the correlation peak level
of the compressed pulse.

3. Metalllzatlon of less than the specified minimum value of 1000 A should
be allowed. V

4. MaxImum time sidelobe level should be Increased from -19 dB 1xi as high 
V

as —l7 dB.

TDL-200: The recommendations applicable to the TDL-100 apply to the TDL-200.
However, due to the lower fractional bandwidth of this device, the VSWR of the
Input transducer could be achieved.

PC-Q: Add series resistance to decrease VSWR (see Appendix lv).

PC-LN: Redesign the shunt resistor In order to reduce the trailing sidelobe level
to specification tolerance and add series resistance to reduce VSWR (see Appen-

- dlx IV). While both of these changes will increase Insertion loss, It Is felt that
there Is enough latitude between the measured and specified level to accomplish
both goals. -

- Crystal orientation problems encountered with Valpey-Fisher during Phase I
were resolved with the Inoorporatlon of a new Insepctlon procedure. Difficultie s
with lower than expected yelida after dicing were ellmIn~ted by restepplng photo-
masks for Phase U.
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Fullarton, California

APPENDIX I

ELECTRONIC S COM MAND SCS-476
TECHN I CAL REQUIREMENTS

PHOTOLITHOORAPHICALLY PRODUCED A COUSTIC
- SURFACE WAVE PULSE COMPR ESSION , BAND- PASS

AND PHASE-CODED FILTERS -‘

I

1. SCOPE

1, 1 Scope. This specification covers the requirements for photolitho-

graphic and batch fabrication techniques necessary for the low-cost produc9~~
of acoustic , surface-wave pulse compression , band-pass, and phase cod~d
filters. -

2. APPLI CABLE DOCUMENTS V

2.1 The following documents, of the Issue In effect on dat e of Invitation
for bids or request for proposal , form a part of this specification to the extent
specified herein. -

SPECI FICATIONS 
-

MILITARY

MIL-C -39012 Connecto r , Coaxial , Radio Frequency,
General Specification For.

STANDARDS •

MILITARY -

MIL-STD--105 Sampling Procedures and Tables for
Inspection by Att ri butes.

- MIL-STD -130 Identification Marking of US Military
Property.

MIL-STD-202 Test Methods for Electronic and Elect rical
Componen t Parts.

MIL— STD-883 Test Methods and Procedures for
Microelectronics.

(Copies of specifi cations , standards , drawings , and publ ication s required by

- 
;_ t. suppliers In connection with specifi c procurement functions should be obtained ;

from the procuring activity or as directed by the contracting officer. Both ti le
and Identifying number or symbol should be stipulated when requesting copies.) - 
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3. REQUIREI~IENTS 
-

- 
- 

3.1 General Descrip tion. The filters shall be photollthographlcally tabrt-
cated on lithium niobate or ST quartz substrates .

- - - 3.2 ProcessIng.

3. 2. 1 Metallizatlon. An aluminum film shall be deposited on the plezo—
electric substrates using high vacuum or radio frequency sputt ering systems.
The resiStivity shall be less than 0.5 ohms per square.

3. 2. 1. 1 TJnlfornttty of metallization. The absolute thi ckness of the alumi—
nwn film m a y  vary between 1000 and 2000 angstrom (A°); the uniformi ty of the
thickness shall be control led to *5 percent .

3. 2. 1.2 AdhesIon of metallic film. The adhesion of the aluminum film to
the substrate shall remain intact on the surface of the substrat e (see 4.6.2) .

3. 2. 2 Photore slst application. Photore sist shall be applied to the lithium
niobate and ST quartz substrates resulting In a thin uniform coating capable of
resolving 2 mIcron lines.

3. 2. 3 ~~iotoItthographIc -processing. Contact-printing (etching), “lift-oft ’
V or “wet contact” printing techniques shall be used , whereby photomaska are

applied over the photoresist.

3.2.4 VIsual Inspection.

3. 2.4. 1 Wafer. CIrcuits on the undiced wafer shall be checked using a
government approved prototype comparison standard to chack the sameness of
each cIrcuit pattern usIng 1000K magnification.

3. 2.4. 2 Filter package (device). The circuit chip shall be examined after V

placement In package (without cover) for broken wIre bonds, dirt, scratches or
other circuit imperfections under 20X magnification.

3. 2. 5 DIcing of wafer Into circuit chips. When required to separate the
multiple IdentIcal circuits fabricated on the same waver, a dI~vnond-tIpped
precision cutting tool shall be used.

3. 2. 6 ~~~~~~~~~~~~ Wire bonding techniques shall be performed so that
reliable electri cal connections betwesn the surface acoustic wave circuit and
th. package connec~~ a are made.
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3. 2.? DevIce packaging . Packaging and sealing techniques shall be used
so that the resultant hermetically sealed filters shall be capable of meetin g
all the environmental requirements as specified herein.

3 , 3  Classes of devices. The required filte r type devices are Identified
as follows:

Devices Substrate Materials Center Frequency
V ~ Linear FM Pulse ST Quartz 150 MHz

Compression Filter Lithium Nlobate 150 MHz

b. Linear Phase Band- ST Quartz 100 MHz
Pas s Filter- 

- 
~~~~~~ 

Lithium Niobate . 150 MHz

c. Biphase-Coded Tapped ST Quartz 100 MH z
Delay Line Filter ST Quartz 200 MHz

3.3. 1 Linear FM pulse compression filters. In-line configuration shall
be used with Internal weighting for sidelobe suppression . Conjugate matched
filter pairs shall be fabricated from each substrate material and used to demon-
strate pulse compression In each case. -

3.3. 2 Linear—phase band-pass filter s. Multistrip couplers shall be used
on lithium niobate to coupl e the two apod ized tr ansducers which effect the
weighted filter response. V 

- V

3. 3. 3 Blphase-coded tapped delay line filters. Phase-coded tapped delay

• line filters with center frequenci es of 100 and 200 IbIil z shall use uniform apera-
tore for the phase-codect array. Conjugate matched filter pairs shall be ~abrl -
cated and used to demonstrate autoco rrelat lon.

3.4 Number of circuit chips per wafer.

3.4.1 Linear — FM pulse compression filters . V

3.4. 1.1 ST quartz. At least 10 circuit chips shall be fabricated on a
single plezoelectr ic wafer .

3.4. 1.2 LIthium niobate. At least 10 circuit chips shall be fabricated on
a single plezoelecfrlc wafer.

3.4. 2 Linear-phase band-pass filters.

1—3 
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3.4. 2. 1 ST quar tz. At least 15 circuit chips shall be fabricated on a

- 

-

~ single pietoelectr lc wafer. 
-

3. 4. 2. 2 LIthium niobate. At least 15 circuit chips shall be fabricated on
a single plezoelectrlc wafer.

3.4.3 Blphase-coded tapped delay line filters.

3.4.3.1 At least 7 circuit chips shall be fabricated on a single plezoelectz-ic
ST quartz wafer.

3.5 Construction.

3. 5. 1 Connections (external ). The basic filter shall employ two or thre e
parts , depending on the type of filter device with connectors or strip leads .
(The precise location should be finalized prior to the confirmatory sample
phase). 

-

3. 5.1.1 Connectors. When connectors arc used with these filter devices ,
they shall be series SMA and shall conform to the requirem ents of MIL-C-
39012. -

.3.5.1.2 Strip.leads (lead Integrity ). When strIp leads are used, they shall
show no physical or mechanical damage when tested (see 4. 6.4.2).

3. 5. 2 Connections (Internal), wire bonding (lead Integrit y).. Gold wire
connections of two mu diameter and minimum length , shall show no evidence of
loosening or rupturing from the wire bond connection (see 4.6.4. 1).

3. 5. 3 DImensions. The crystal and package size shall meet the maximum
dimensions In Inches specified In Table I (see 4.6 .3) .

3.6 Hermetic seal. Each filter shall be back-filled with an inert gas and
shall show no evidence of leakage (see 4. 6.5).

3 7  Thermal shock. Each filter shall show no evidence of mechanical or
physical dA1~age and shall exhibit no short circuits (see 4. 6.6).

3.8 Solderabllity (strip leads) (when applicable). Strip leads shall be
solder abis (see 4. 6.7).

r~~

f

~~~~~~~~~~~ 

_ _  _J. ~~~~~~~V~~~~ V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V~~~~~~~ V 

-
- .L~ ~‘i ~~ ~~~ ~~~~~~~~~~~~~~~~ 

V
..

___:__ __ _V___  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,•.
• V - Vft~~~~~~~~~ — . — .~L



HUGHES.FULL ER TON
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Fullerton. California

• TABLE I. DIMENSIONS. 
-

Max. Circuit Chip Max. Filter Package
Size Substrate Size

Classes of (Inches) (Inches )
Devices Substrate Materi al L W T L W T

Linear—FM ST Quartz 1. 00 x 0. 200 x 0.050 2.0 x 1.0 x 0. 50
Pulse Type Lithium Niobate -

Compression
Filters ________________________

Linear Phase ST Quartz 1. 00 x 0. 200 x 0.050 2 ,0  x 1.0 x 0. 50
Band Pass Lithium Niobate
Filters

Biphase—coded ST Quartz (100 MHz ) 2. 20 x 0.200 x 0.050 3.0 x 1.0 x 0. 50
Tapped Delay ST Quartz (200 MHz ) 2. 20 x 0. 200 x 0. 050 3.0 x 1.0 x 0. 50
Lines -

3.9 Short circuit test. AU circuit devices shall be checked for no shorted
circuits (see 4. 6.8). -

3. 10 ElectrIcal characteristics. Filters shall meet the electrical -

characterist ics and tolerances as specified (see 4.6. 9).

3. 10~1 - Center -frequency of operation.

3. 10.1.1 Linear FM pulse compressio n filters.

• a. ST Quartz : 150 MHz 3 MHz. -

b. Lithium Nlobate: 150 MHz ±3 MHz.

3. 10.1.2 LInear—phase band—pass filters.

a. ST Quartz : 100 MHz ±2 MHz.
- 

b Lithium Nlobate: 150 MHz =3 MHz.

3. 10.1.3 Biphase—coded tapped delay line filters.

a. ST Quartz : 100 MHz ~2 MHz.
b ST Quartz : 200 MHz ±4 MHz.

- 3. 10. 2 Bandwidth (3db ).

3. 10. 2. 1 Linear FM pulse compression filters.

a. ST Quartz : 50 MHz ± 1 MHz.
b Lithium Nlobate: 50 MHz * 1 MHz.

_

_  

-

_
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3. 10. 2. 2 LInear-phase band-pass filters.

a. ST Quartz : 2 MHz *40 MHz.
b. Lithium Nlobate: 30 11Hz *0. 6 11Hz.

3. 10. 2. 3 Blphase—coded tapped delay line filters.

a. ST Quartz : 10 MHz ~0. 2 MHz (100 MHz) center frequency.
• b. ST Quartz : 10 MHz ± 0.2 ~I1z (200 MHz) center frequency.

3. 10. 3 TIme-delay . -

3.10.3.1 linear FM pulse compr ession filters (dispersive delay) .
p~ ST Quartz : 2 rntcrosec * 0. 01 microsec.
b. Lithium Nlobate: 2 microsec * 0. 01 mlcrosec.

3.10.3.2 LInear-phase band-pass filters (nondispersive delay ).
a. ST Qua rtz : 2 microse c *0. 01 microsec.
b. Lithium N lobate: 2 mlcrosec * 0. 01 mtcrosec.

- 
3. 10.3.3 Blphase-coded tapped delay line filters.

a. ST Quartz : 12. 7 mlcrosec ~10 ~~~~~~ (100 MHz) center
frequency.

b. ST Qua rtz : 12. 7 mlcrosec * 10 nanosec (200 MHz) center
frequency. -

3. 10. 4 time-bandwIdth product.

3. 10.4.1 LInear FM pulse compression filters.

a. ST Quartz: 100:1
• b. Lithium Nlobate : 100:1

3. 10.4.2 LInear-phase band—pass filte rs.

a. ST Quartz : 4:1
b. Lithium Nlobate : 60:1

3. 10.4.3 Blphase-coded tapped delay line filters.
• a. ST Quartz: 127:1 (100 MHz) center frequency.

— b. ST Quartz : 127:1 (200 MHz) cente r frequency.
. - . 3.10. 5 Inse rtIon loss.

I-6 
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V 3;10.5.1 Linear FM pulse compression filters . -

V 
a. ST Qua rtz : 55db *5 db.
b. Lith ium Niobate : 30db ~ 3db.

3.10.5.2 Linear- phase band- pass filters .

a. ST Quartz : 2Odb*2db .
b. Lithi um N iobate: 15db * 1.5db.

S

3.10.5.3 Biphase-coded tapped delay line filters.

a. ST Quartz : 30db 3db (100 MH z) center frequency .
- b. ST Qua rtz : 30db * 3db (200 MHz) center frequency.

3.10. 6 TInte-sidelobe supp ression level.

3.10.6. 1 Pulse compression filters.

a. ST Quartz : ~ -25db.
b. Lith ium Niobate : ~ -25db .

3. 10.6.2 Linear-phase band-p ass filte rs.

a. -ST Qvartz : ~ ---35db.
b. Lithium Niobate : � -35db.

3.10.6.3 Blphase-coded tapped delay line filters. -

• a. ST Quartz : ? -19db (100 MHz ) center frequency.
b. ST Qua rtz : � -19db (200 M1~z) center frequency.

3. 10.7 !eedthroug!~i suppression. The feedthrough suppression shall be
greater than -50db for all types of filters .

3. 10. 8 SpurIous echo suppression. The spurious echo suppression shall
be greater than -35db for all types of filters .

3. 10.9 Voltage standing wave ratio (VSWR ). The VSWR shall be less than
1.5:1 for all types of filters ove r the ope rating band with a 50 ohm Impedance
(Z0).

3.11 HIgh temperature storage. Filters shall show no evidence of physical
or mechanical damage and no electrical short circuits after subject ion to a
temperature of 75°C (see 4.6. 10 and 4.6.8) .

3.12 Shock (specified pulse). Filte rs shall show no evidenc e of mechan ical

r - :  or phys ical damage and no electrical short circui ts (see 4.6. 11 and 4. 6.8) . 
•
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3. 13 Vibration (low f requency) . Filters shall show no evidence ~f mechani-
cal or physical damage and no electrical short circuits (see 4.6. 12 and 4.6. 8).

3.14 Moisture resistance. Filters shall show no evidence of mecha nical or
physical damage and no short circuits . All of the electrical characteristics
(final) shall be met in accordanc e with the limits provided in the government
approved contracto r ’s plan (see 4.6.13 and 4.6. 8)~

3. 15 LIfe. A fter 500 hours of life, the filters shall show no evidence of
mechanical or physical damage; and shall meet all of the electrical character-
istics (final) In accordance with the limits provided In the government approved
contractor ’s plan (see 4.6.14).

3. 16 ~~~~~ All markings shall remain legible throughout processing
and testing In accordance with MIL-STD-130.

3. 16,1 Wa fers Ident ificat ion shall be provided on each chip on the sub-
strate to Indicate the manufacturer; crystal type; batch or lot; crystal cut and
orientation. -

3. 16.2 Filter. Identification of the type of device along with a descriptive
-Identifying number Indicat ing operating frequency and band width.

3. 17 Workmanship. Chips and filters shall be processed In such a mam er
as to be uniform in quality and shall be free from crass or ~~ er-defects that
will affect life, serviceability and appearance.

4. QUALITY ASSURA NCE PROVISIONS

4.1 ResponsIbility for inspection. The contractor La r *sponstb~ for the
performance of all Inspections specified herein. The contractor m a y  utilize

V his own facilIties or any commercial laboratory acceptable to the government.
Tests shall be perfo rmed under the supervision of a government representative.
Inspection records of the .,~ mInationa and tests shall be ke$ complete and
available to the government as specified in th. contract.

4.2 Classification of Inspection. Inspection shall be claasified &s follows:

a. First article Inspection (does not Include prepa ration for delivery)
(a.. 4.4).

b. Quali ty conformance Inspection.

4.3 Inspection condition. Unless otherwise specified herein , all inspec-
tions shall be In accordance wIth th, test conditions specified in general require-
ment of MIL-STD-2o2.

~~~ 
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HUGHES-FULL ER TON
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4.4 FIrst article inspections. This Inspection shall ~,onsist of all the
tests In Tabl es III and IV including the use of the contracto r submitted govern-
ment -approved plan on test method s and procedu res for determining the
electrical characteristics and the electrical characteristics final limits. No
failures In excess of those indicated shall be permitted .

4.4. 1 Sample. -

4.4. 1.1 Wafers. §ee Table ll.)

4.4 .1.2 CIrcuit chips. The wafers shall be diced Into disc rete circuit
chips with the exclu sion of one wafer for each type of subetrate and shall be
submitted for inspection as indi cated in Tabl e II.

4.4.2 Test routine. - 
V

4.4.2. 1 Wa fer submission. Sample units shall be subjected to the inspec-
tion specified in Table m, In the order shown prior to dicing Into discrete cir-
cuit devices. Ten (10) each of the first four categories In Table II shall be
tested and seven (7) each of the last two categories (ST Quartz 100 and 200 MHz ,
respectively).

4.4.2. 2 CIrcuit devices. EIghty-four (84) operable filter circuit devices
shall be submitted to the inspections specified In Table IV , In the order shown.
Twelve sampl e units shall be used for group II Inspectloa only. The remaining
units shall be subjected to group I Inspection and subdivided into the remainin g -

groups for their particular examination or test.

TABLE II. CLASS OF DEVICES WITH MINIMUM NUMBER OF WAFERS ,
- CIRCUITS PER WAFER AND TOTA L NUMBER OF OPE LABLE
- 

FILTER CIRCUIT DEVICES. 
_ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _

Minimum Nr. of Minimum Nr . of Operable filte r
Class of devices wafers circuits per wafer circuit devices

Linear FM poIse 10-ST Qua rtz 10 - 84
compression filters 10-Lithium Niobate 10 84

Linear band-pass 10-ST Qua rtz 15 84
filters 10—Lithium N iobate 15 84

V Btphase-coded tapped 7-ST Quartz 7 42
delay l ine filters freq 100 MHz ) I 

_________________ 
84

?-AT Quartz 1 7 -

____________________ 

(fr.q 200 MHZ)J

_ _  

-

‘ - 
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TA BLE UI. FIRST ARTICLE INSPECTION OF EACH TYP E OF WA FER.

Requirement Test
Examination or test parag raph 

— 
paragraph

Marking 
- 

3.16.1
Visual check (using a standard 3.2.4. 1 4.6.1. 1

for reference under magnifi—
cat ion) (1000X)

Adhesion of metall ic fIlm 3. 2.1.2 4.6.2
Short circuit 3.~9 4.6.8

TABLE N. FIRST ARTICLE INSPECT I ON OF EACH CLASS OF FILTER
DEVICES (CIRCUIT DEVICES).

t Requirement Test Number of
Examination or test _~~~~~~~~p paragraph Samples Defects 

-

Group ! - 
-

VIsual ch eck 3.2.4.2 4.6,1.2
(20X magnification)

Marking - 3. 16.2
DimensIons 3. 5. 3 4. 6. 3 72Strip lead (lead integri ty) 3.5. 1.2 4 6.4.2
Internal wi re bonding 3.5.2 4.6.4.1

aead inte grity)
Electrical characterIstics 3.10 4.6.9

Group II
Solderability (when - 3.8 4.6. 7 12 0

applicable)
Group III

High temperature storage 3. 11 4. 6. 10
Electrical cha racterist Ics 3. 10 4. 6. 9

Center frequency 3.10.1 thru - 18 0
3. 10. 1. 3,
m ci. -

Insertion loss 3. 10.5 thru
3. 10.5. 3, -
Inci.

Group IV
Life - 3.15 4.6. 14 -

Short circui t t~.t 3.9 4.6. 8 ~ 18
Electrical characterls— 3. 10 4. 6.9
tics (Final)

Group V
Hermetic seal 3.6 4.6. 5

Short clrcult test 
— 

3.9 4. 1. 8 1 
_________

1-10
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TABLE IV. FIRST ARTICLE INSPECTI ON OF EACH CLASS OF FI LTER
V 

-

~ - 
DEVICES (CIRCUI T DEVICES) (Continued). V

Examination or test Requi rement Test Number of
______________________ paragraph - paragraph Samples Defects

Group VI
VIbration 3. 13 4.6. 12

Short circuit test 3.9 4.6. 8
Shock 3. 12 4.6.11

Short circuit -test 3.9 4.6.8
Thermal shock (10 cycles) 3.7 4. 6. 6 24 2

Short circuit test 3.9 4.6.8
Moisture resIstance 3. 14 4. 6. 13

Short circuit test 3.9 4 .6.8
Electrical characteris— 3. 10 4.6. 9
tics (Final)

4.4.3 Defectlves. -

4.4.3. 1 Wafers. No defects shall be allowed In Table III; any defects shall
be cause for refusal to grant first article Inspection approval .

4.4.3. 2 Filter circu it devices. Defects in excess of those allowed In
Table N shall be cause for refusal to grant first article inspection approval .

4 5  Quality conformance Inspection.

4.5.1 Inspection of produc t for delIvery . Inspectkm of products for
delivery shall consist of groups A , B and C inspection. 

-

4.5. 1.1 Inspection lot. An Inspection lot shall be as specified in MIL-STD-
105. - -

4.5.1.2 -Group A Inspection. Group A inspection shall consist o~ the exami-
nations and tests In Table V in the order shown . Subgroup I examination and
tests are on wafers and subgroup II on the filter circuit devices.

TA BLE V. GROUP A INS PE CTI ON .

Examination or test Requirement paragraph Method paragraph
V Subgroup !
MarkIng 3. 16.1
Adhesion of metallic film 3. 2.1.2 - 4. 6.2

- 
- -
~ 

- Short cIrcuit V 

3~9 4.6.8
Subgroi~p H

Visual (magelfication 20X) 3.2.4.2 4.6.1.2
-
~~ Marking 3. 16.2

Hermetic seal 3.6 4.6.5
V Strip lead (lead integrIty) 3. 5.1.2 4.6.4.2

thternal wire bondijig pead 3. 5.2 4.6.4. 1
- — integrity) _________________________ ___________________

______ — _____________________________________________ —-- 

I—il 
~~~~~~
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4.5. 1.2. 1 Sampling plan. 100 percent Inspection shall be performed o~H subgroup I on the wafers which shall then be diced into discrete circuits; and
subgroup II Inspection shall be per knined using 100 percent Inspection .

V 
- 4.5. 1.2. 2 Rejected samples. If during the 100 percent Inspection of sub-

group II , screening requires that over 30 percent of the wafers be discard ed ,
the lot shall be rejected. 

- 

-

4.5. 1.3 Group B Inspection. Group B inspection shall consist of the tests
specified in Table VI , In the order shown and shall be made on sample units
which have been subjected to and have passed group A , subgroup II Inspection.

TABLE VI. GROUP B INSPE CTION .

Method
Examinati on or test Requi rement paragraph paragraph 

—

Electrical characteristics V

• Cente r frequency of operation 3. 10. 1, 3. 10.1.1 , 3.10.1.2 , 3.10. 1. 3 
- 

4. 6. 9
BandwIdth 3. 10. 2, 3. 10.2.1 , 3.10.2. 2, 3.10.2.3 4.6 .9
Time delay 3. 10. 3, 3. 10.3.1 , 3. 10.3 .2 , 3.10. 3. 3 4.6.9
Time-bandwidth product 3. 10.4, 3. 10.4.1, 3. 10.4.2 , 3. 10. 4. 3 4.6.9
Insertion loss - 3,10. 5, 3. 10. 5. 1, 3.10.5.2 , 3. 10. 5. 3 4. 6.9
Time—sidelobe suppression 3. 10. 6, 3. 10.6.1 , 3. 10.6.2 , 3. 10. 6. 3 4.6. 9
level

Feedthrough suppression 3. 10. 7 4.6.9
Spurious echo suppressIon 3. 10. 8 4.6.9
Voltage standing wave ratio 3. 10. 9 

V 4.6.9
(VSWR) -

4.5.1. 3. 1 SamplIng plan . Sampling plan shall be in accordance with F
special procedures for small sample Inspection of MIL-STD--105 . Tha AQL V 

-

shall be 6.5 percent defective using inspect ion level 8-4.

4.5.1. 3. 2 Test routine. The samples specified in 4. 5.1.3 shall be sub-
jecte d to the tests In Table VI in the orde r shown.

4.5.1. 3. 3 Rejected lots. If an Inspect ion lot is rejected, th• contractor
may withdraw the particular lot once, screen out defectlves. and reinspect
once. Such lots shall be kept sepa ra te from new lots and shall be clearly

V 
IdentI fied as retuspected Iota . Rejected lots shall be reinspected using tight-
sued Inspection.

4.5.1. 3. 4 DisposItion of samples. Sample units which hav, passed all the
group B Inspections may be delivered on the contract , if the lot La accepted and -

the sampl. units are still within the electrical tolerances .

1—12
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HUGHES-FUL LER TON
H u . s  Aircraft Company

Fullerton. Calif ornia

4.5.1.4 Gro~~ C inspection. Group C Inspe ction shall be performed once
each m onth and shall consist of the tests specified in Table VII , In the order
shown . Group C inspection shall be made on sample units selected from inspec-
tion lots which have passed groups A and B Inspections.

4.5.1. 4. 1 Sampling plan , Six sample units shall be selected for each of
subgroups, 1, 2 and 3 at random from each lot as specified in 4.5. 1.1.

4.5.1.4.1.1 Test routine. The samples selected In accordance with
4. 5. 1.3 shall be subjected to the tests shown In Table VII . Not more than one
defect shall be allowed for a single group of six samples.

4.5.1.4.2 Dispos itIon of samples. Filter circuit devices subjected to
group C inspection shall not be deliver ed on the contract or order.

TABLE VII .. GROUP C IN SPECTION .

Examination or test - Requirement paragraph Test paragra ph
Group l

High temperature storage 3. 11 4.6. 10
Short circuit - 3 .9 - 4.6.8

• Hermetic seal - 3.6 4.6.5
- Short -cIrcuit 3.9 4.6. 8

Subgroup II
Solderability (strip leads) (when 3.8 

- 
4.6. 7

applicable)
Life 3. 15 4.6. 14

Electrical characteristics (final) 3. 10 4.6.9
3 Subgroup m

VIbration 3. 13 4,~L 12
Sbort circuit 3.9 4.6.8

Shock - 3,12 4. 6. 11
Short cIrcuit 3.9 - 

4 . 6 .8

Thermal shock (10 cycles) 3.-? 4.6. 6
Short cIrcuit 3.9 4.6.8

Moisture resistance 3. 14 4.6. 13
Electrical characteristics (final) 3. 10 4.6.9

4.5.1.4. 3 NoncomplIance. If a sample fails to pass group C inspection
the contractor shall take corrective action on the materials or processes , or
both, as warranted, and on all units of product which can be corrected and which
were manufactured under essentially the same materials, processes , and so
forth , and which are conside red subject to the same kilure. Acceptance of the 

-

V - product shall be discontinued until corrective action, acceptable to the govern-
ment , has been taken. After the cor rective action has been taken, group C 

113
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Inspection shall be repeated on additiona l sample units (all InspectIo ns or the
inspection which the original sample fa iled at the option of the government).
Groups A and B inspection may be reinstituted ; however, final acceptance shall
be wIthheld until the group C reinspection has shown that the correctiv e action
was successful . In the event of failure , action shall be furnished to the contra ct-
ing officer.

4.6 Methods of examination and test.

4.6.1 Visual.

4.6.1. 1 Wafer (see 3.2.4. 1 and 3. 17). A govern ment appro ved compa rison
standard shall be utilized using 1000X magnification

4.6.1.2 Filter device (see 3. 2.4.2 and 3. 17). An examination for circuit
Inspections shall be perfo rmed under 20X magnification .

• 4.6.2 AdhesIon of metall ic film (see 3.2. 1.2). A one—Inch strip of pressure
sensitive cellophane tape , confo rming to type I , class A of Fede ral Specification
L—T—90 , shall be applied to the meta llized surface , adhesion side down , employ-

- 
tug fIrm hand pressure . The tape shall then be removed with one abrupt motion,

V 

and the adhesive side examined for detached part icles of metallic film. V

4.6.3 Dimensions (see 3.5.3) . Dimensions shall be measured using a
- micrometer. -

- 
4.6.4 Lead Integrity (internal wire bonding and strip lead). Filter devices

shall be tested In accordanc e with method 2004 of MIL-STD- 583, method 4.6.4. 1
or4. 6. 4.2 as applicable. 

V

4.6.4. 1 Internal wire bond ing. The following details shall apply:

a. Test condition A - Tension.
b. Weight to be attached to lead - 2 grams.
c. Length of time weight Is to be attached - A minimum of 10

seconds.

— 4.6.4. 1.2 Strip lead . Test condItion A — Tension.

4.6.5 Hermetic seal (see 3.6). FiLter devices shall be tested in accord-
ance with method 112B , MI L-STD-202. Th. following details shall apply:

- - : a. Test condition - C.

V - 

b. Leak—rate sensit ivity - 1O~~ atm cc/s.c.
I c. Procedure IV, test for gross leaks using teat condl1tlon A.

b14
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4.6. 6 Thermal shock (see 3. 7). Filte r devices shall be tested in accord-
- 

- s ance with method 107, MI L-STD-202 , test condition A (10 cycles).
- - 4.6.7 Solderabllity (strip leads only, when applicable ) (see 3. 8). Filter

devices shall be tested in accordance with method 2003 of MIL-STD-883. Each
strip lead on a filter device shall be tested.

4.6.8 Short circuit (see 3. 9). Chip and filter devices shall be tested for
short circuits by any suitable means. 

- -

4.6.9 Electric al characteristics (see 3. 10). The government approved
contractor ’s plan of electrical test methods , procedures and limits of degrada-
tion (electrical characteristics final ) shall be used.

4.6.10 High temperature storage (see 3. 11 and 3. 9). Filter devices shall

be tested in accordance with method 1008 of MIL-STD-883. The following
details shall apply:

a. Test condition - A (75°C).
- b. Test duration - 72 hours .

c. At the end of the exposure period , the devices shall be allowed

to stabilize at room temperature and the filter device tested
- for short circuits .

4.6. 11 Shock (specified pulse ). Filter devices shall be tested in accord-
ance with method 213 of MIL-STD-202. The following details shall apply:

a. Test condition - I

4 

b. Method of mounting - Filter devices - shall be rigidly mounted
- 

by their normal mounting means.

4.6.12 VIbrati on (low f requency) (see 3.13). FIlters shall be tested in
accordance with metho d 201 of MIL-STD-202. The filters shall be rigidly
mounted by their normal mounting means. V 

-

4.6. 13 Moisture resistanc e (see 3. 14). Filters shall be tested in accord-
- ance with method 106D of MIL-STD-202. The following details shall apply:

V a. Polarizing voltage - 50 Vdc
b. Final measurements - Befo re measurements , all units shall

be removed from the test chamber and sta bilized at room

r temperature. The filters shall be visually inspected and all

- 
- 

electrical characteristic s shall be peformed and degradation
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limits shall be as Indicated in the government app roved con-
tracto r ’s plan.

4.6.14 Life (at elevated ambient temp era ture ) (see 3. 15). Filters shall
be tested in accordance with method 108 In MI L-STD-202. The following de-
tails and exceptions shall apply:

a. Mounting - Normal mounting means as used In a system or
sub-system.

b. Distance between filter devices - 6  inches.
c. Test temperature and tolerance - 85°C + 10°C.

- 5
0

d. Final measurements - Before measurements are made , all
unIts shall be removed from the test chamber and stab ilized at
room temperature. All electrical characteristics shall be per-
formed and degradation limits shall be as indicated in the
government approved cont ractor ’s plan . -

5. PRE PARA TION FOR DELIVERY.

The substrat.s, circuit chips and fllterm -shall be In accordance with best
commercial practices.

6. NOTE -

Normally the filter device will be employed In a system or sub-system as 
V

a plug-In device, hence, so~der 1ng will not normally be required .

- 

S
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r ~ - *Errata Sheet on SCS—476
Photolithographically Produced Acoustic

Surface Wave Pulse Compression , Band Pass
and Phase-Coded Filters

1. Page 1—4, paragraph 3.6 Hermetic seal. Delete “leakage” and substitute
“leaka ge”.

2. Page 1—5, paragraph 3.9 Short circuit test. Delete and substitute:

“3.9 Short circuit and open circuit tests. All chips and filter circuit de-

fices, as applicable, shall be checked for no shorted circuits . A continuity
check shall be made to determine that no open circuits exist between the
external connectio n and the surface wave circuit. ”

3. Page 1—15, par agraph 4. 6. 8 Short circuit. Delete and substitute:

“4.6.8 Short circuit and open circuit tests. All chips and filter circuit

devices, as appli cable, shall be tested for short circuits by any suitable
means including the open circuit test between the external connectio n and
the surface wave circuit. ”

4. Page 1—9 , paragraph 4. 4.2. 1 Wafer submission. Add this sentence to this
paragraph: “There shall be no failures. ”

Page 1—9, paragraph 4. 4.2. 2 Circuit devices. Add this sentence to this
paragraph:

“Forty-two sample units of each substrate material (100 MBz and 200 MHz)
of the operable blpbaae-ooded tapped delay line filter circuit devices shall
be submitted to the inspections specified in Table IV, in the order shown, V

using 36 sample uthts for group 1; 6 sample units for group II; 9 sample
units for groups III and IV; 6 sample units for group V, and 12 sample
units for group VI. The number of defects shali remain as indicated for
each group excluding group VI, where only 1 defect shall be allowed.

5. Page 1—11, paragraph 4.5. 1. 1 Inspection lot. Delete and substitute :

“An Inspection lot shall be as specified In MIL-STD-105 and applies to
each of the six types of wafers or filter circuit devices, as applicable”.

Page 1-11, paragraph 4. 5. 1. 2.2 Rejection samples. Delete and substitute:

1—17
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“If during the 100 percent Inspection of subgroup I, screening indicated
that over 30 percent of the total filter circuit devices on the wafer (undiced)
be discarded, the lot (wafers) shall be rejected”.

6. Page 1—12, par agraph 4. 5. 1.3. 4 Disposition of samples. Delete this para-
graph in its entire ty.

Page 1—12, paragraph 4.5. 1.4 Grou p C inspection. In the first sentenc e,
delete the following:

“shall be performed once each month and ”

Page 1-12, p~ragraph 4.5.1.4. 1 Sampling plan. Afte r six sample units,
add the wllowthg:

“ of each type of tiler circuit device”

Page 1—12, paragraph 4.5. 1.4.2 Disposition of samples. Add the following
sentence:

“Samples emanating from lots which have passed groups A , B and C
Inspection may be delivered on the contract”.
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APPENDIX II

A SThfPLE TECHNIQUE FOR MAKING P1-POINT DELAY MEASUREMENTS ON
SAW DELAY LINES

As described by E.H. Young(1) th e most accurate method of measuring the

time delay characteristics of an acoustic delay line Is to first determine its

transfer phase characteristics In the frequency domain. For our purposes , let

this function be:

4’DEG (f) = -360 A1f - 4~err~~ 
(1)

Where A1 Is some constant that gives the beat linear fit to actual phase

response and +err( f) Is the difference between that estimate and the measured

phase response. Once this phase characteristic Is known , the group delay ,

rg, of the line can be calculated by taking the der ivative of the phase response

which yields:

_ _ _  
er 2

~~f) — 1360 df J 1 360 dl ( )

For an ideal nondlepersive delay line, the phase error term in (1) would be

zero and thus the Al constant would be equal to the group delay of the line for

all frequencies. In an actual device the error term La nonzero which means that

the group delay will vary with frequency about this A1 value as a function of phase

error derivative term given In (2).
In its simpler form , the derivative In (2) is approximated by noting the change

in frequency required to give some incremental phase shift. This means the group

delay function Is set equal to:

= 
_i_ 2~~1 .. .i ~ 4± $
360 f2~~1 

- 360 Al 
(

Where the measurement frequency , I, is taken to be the average of fi and

f~. When £4~ is iet equal to some multiple of 360° or 2ir radians, the delay Li

calculated by evaluating:

k~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~



— j •._ N(360) L 46f M ( )

Where N Is the number of 2n resolutions or “pt-po ints” used In making the
measurement. For an ideal nondispersive line , the derivative of the ~(f) fimc-
Lion is exactly equal to the finite difference approximation given in( S) , which
means that the group delay could be determined with a single measurement.
However , Lu a practical situation where higher order phase error term s are pre-
sent , numerous p1-point measurements must be taken to accurately determin e
a device grou p delay characteri stics. As an aid to making thes e measurements
on a semi-automatic basis, Hughes has developed a simple measurement techni-
que that utilizes the discrete frequency stepping increm ent capabili ties of the
HP 8660B freq uency synthesizer. The frequency synthesizer has been designed
so that It takes 1000 discrete steps to cover a specified sweep range. This means
the M frequency change in (3) is equal to AF/1000, where a~ is the des ired
sweep range about some specified center frequency. This discrete stepping In-
crement can be uaed to quickly determine the Aj constant giving the best linear
fit to a given delay line phas e response as described below.

The key to making group delay measurements with the synthesizer Is to pick
some AF sweep range so that Al step size between measurements will result in
a 

~4. phase change of some desired value. In some cases, it Is practical to set
so that A4 Is equal to -360 °. Under this condition, the measured phase re-

sponse for an Ideal line would be displayed as a constant straight line, and the
group delay would be found by solving (3) for the specified test conditions given
by:

— 
A Ø - —360 _ 1000

- 360 Al - 360 AF/l000 -

If the AF sweep range picked for this ideal line was smaller than the best
fit value, then the phase change between measur ements would be smaller than
-360°, and the resulting phase measurements would be displayed as a straight
line having a positive slope. If the step size was too large, then the slope of dis-
played phase would be negative. With these characteristics, the step size re-
quired to achieve the best linear fit to the lines phas e response can be deter-
mined quite accurately In a short period of time.

11-2
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In cases where a device has a short time delay and a narrow frequency

response, only a few pt-points may occur over its pasaband. In these situa-

tions, a step size corresponding to an Integral fra ction of a 360 ° phase change

may be used to attain a reason able degree of resolution In the lines amplitude

and phase response. An example of this type of measurement Is shown for the

BPQ lines developed for this program. In this case , the step size was picked

such that the phase change between measurements was 10° as shown in the data

of Figure IA-i. Under these condition s, the phase response wLU return to the

same value on every 36th measuremen t. Consequentl y, the phas e resp onse is

displayed as a series of repet itive phas e error curve s reported by 10° Incre-

ments . If desired, the discrete nature of the resulting curve s can be filled in

by tak ing mult iple measurements of the lines using different phase offsets . The

step size Lu this example was picked to obtain a flat phase error response at the

center of the lines pasaband r esponse. Using equatIo n (4) the corresponding group

delay was computed to be:

— 
—A + — —10 ° 

— 
( iO)(1000) — 1 995— 360 M — - 360 AF/1000 — 36(~ 13.92 MH z) —

The residual nonlinear phase error shown for this linear fit estimate m di-

cated that this group delay tended to become larger near the skirts of its pass-

band. The magnitude of this group delay change could be computed by fitting a

function to the error curve and then taking the der ivative of that function as noted

In equation (2).

I.

(1) E,H. Young, ‘Digoussion of Time Delay In Reference to Electrical Waves,”
mE Trans. on Ultr asonics EngIn.e,~~~~ Vol. UE-9, No. 1, pp 13-21,
July 1962.
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FREQUENCY

Figure I-A-i . Insertion Loss and Phase of a BP-Q Filter. Phase component shown
is the residual nonlinear component after removing a linear term corresponding to
the 1.995 psec delay.
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APPENDIX lU

IMPEDA NCE MATCH )NG TO HIGH -Q SAW TRANSDUCE R ~~

Broadband coupling between a resistive sourc e and a SAW transducer on
ST-quartz is complicated by the Inherent hlgh-Q impedance characteristic of the
transducer . In particular , this limits the maximum bandwidth for which both low
insertIon loss and low VSWR can be achieved. In this section the design tradeoffs
made In selecting the matching netwo rk for the TDL- 100 and TDL-200 input
trans ducers will be described . Estimates of fundamental limitations on broadband
coupling based on the Bode-Fano network theorem will be reviewed. The spec lf~c
problem of matching the TDL Input transducers wili then be discussed and the
selected approach will be analyzed with emphasis on the tradeoff among Insertion
loss , VSWR , and deviation from the desired response.

Fundamental Limitations

The equivalent circuit of a SAW transducer Illustrated In Figure IC-la , con-
slats of the static Interelectrode capacitance In parallel with the radiation admit-
tance parameters which represent the electr ic-to-acoustic convers ion process.
If it is assumed that Ba = 0 and Ga (

~a = constant over the frequency band of
Interest , the problem illustrate d in Figure IC-lb reduces to the classical one of
matching a resistive sourc e to a parallel R-C load. Following the analysis of
Reeder and Sperry (1) , one can invoke the theorem of Bodd~

2)and FaiS3) for
ideal coupling networks which relates reflection coefficient , r(i) , the load param-
eters and the frequency, f , accord ing to

1nIr (f)I~~~df ./RC (1)

In order to evaluate theoretical limits, one considers the most efficient
possible network; that Ii, one which provides constant coupling (j r( f) I Irmi)
over the desired bandwidth, ~F , but which totally reflects incident energy
(~ (~ — 1) at all other frequencies. In this case, (1) reduces to

Irm I 
— ex1~[ (~~F)RC] 

(2)

rn-i
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a. TRANSDUCER EQUIVALENT CIRCUIT
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b. SCHEMATIC FOR ANALYSIS OF THE IDEAL IMPEDANCE
MATCHING PROBLEM

Figure I-C-i. Equivalent Circuits for the Transducer Impedance Matching
Problem

whlch can be expreasedinterms of theQof the RC load as

Irmi = exp [_*] (3)

where $ is the desired fractional bandwidth. The corresponding input VSWR
and reflection loss can now be expressed as

l+ r mVSWR 1_ r  (4)
in

and

LOSS — 10 1og10 f~ = _lo io~io(
l_ e x ~~[~~~ ]) (5)

in

tir *,~~~~4E _
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These results clearly identify the fractional bandwidth -Q product (~ Q)
as the primary parameter In determin Ing the mInImum achievable Insertion
loss and VSWR. EquatIons (4) and (5) are plotted In F igur e IC-2 to illustrate

ç these relationships.
(a
N
‘a

10-
I NN

8~

>
6 -

0

I — 4.7 VSWR

4~

a

— 2.4 REFLECTION LOSS

2 -

— 
1.2

1.3 ~ 

20

~~~ PRACTIONAL SANOWIOTH — Q PRODUCT

Figure I-C-2. Reflection Loss and VSWR for the Assumed Ideal Matching
Network

This theory can be applied approximately to uniform , perlodlo SAW trans-
ducers. The equivalent circuit parameters are given by:

= 8k2 f0 CN

- 2w f ~, C

111—3

~~ 

~~~~~~~~~ 

-

r ~~~~~~~~~~~~~~~~~~~~~~~~

1. d 
~~~~ —j,



where L~ Is the center frequency, Ic2 Is the electromechanical coupling constant ,
and N Is the number of pairs of active Intere lectrode gaps . The load Q assumed
in (3) corresponds to the acoustic radiaUon Q; that Is ,

IT

2 (6)
4kN

For the TDL Input transducers • the desired fractIonal bandw idth $al/N
The values of the respective $Q products, the minimum loss and correspond-

Ing VSWR for ideal matching of the TDL 100 and TDL-200 trans ducer s are listed
In Table IC-i. It Is Important to note that these values are theoretical bounds
which can , at best , be only approximated in practise . However , several impor-
tant conclusions can be made.

TABLE IC- i . MINIMUM MIBMATCH LOSS AND CORRESPONDING
VSWR FOR IDEAL MATCHING OF TDL-lO0 AND TDL-200

INPUT TRANSDUCERS

Device k2 N Loss VSWR

TDL—100 0. 0011 10 7.2 2.4 dB 4.7
(double elec)

TDL—200 0. 0015 20 1.3 0.04 dB 1.2

For the TDL-100 Input transducer, minimum mismatch loss can only be
achieved at the expense of high VSWR. It is evident from Figure IC -2 that In
order to reduce the VWSR to less than 1.5: 1, as required by the MMT specIfi-
cations , the value of j3 Q must be reduced to less than 2. This requires the addi-

A
tion of a conductance equal to 2.65 Ga across the transducer terminals, which
increases the coupling loss to 5.8 dB.~ The actual transducer Insertion loss is
8.8 dB because of the additional 3 dB bidirectionality loss. The conclusion Is
that the VSWR ~1. 5:1 specIfied for the MMT devices can be achieved for the
TDL-100, but only at the expense of Increased Insertion loss. In interpreting
thIs result, It should be recalled tha t the theory assumes an Ideal matching

~ThIs Is calculated as follows: For $Q = 2.0, the coupling loss to the total load
is 0.2 dB. However, the power splits between the added oen4uotance ~nd t~etransducer so that the latter receives the fraction 10 logie (0il2.65 0a + Os)
= -5.6 dB. Ther fore , the net loss Is 5.8 + 0.2 5.8 dB.

f
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network which cannot be realized in practice. Good approximations can be
Implemented using impedance transformers such as the Iowpass Impedance
inverter networks described by Reeder and Speery( 1), However, at least a
sIngle-section ir network is Involved anc~ :sually up to 4 seotlons are required to
achieve near-optimum performance. For simpler series or shunt-tuned trans-
ducers, considerably higher insertion loss can be expected.

For the TDL-200 transduce r , minimal loss and VSWR can simultaneously be
achieved, but the practical problem of matching network realization must also
be solved in this case.

Design Considerations for Matching the TDL Input Transducers

SectIon 2.3. 1 describes the design of the TDL—100 and TDL—200 devices.
In both cases , the number of electrode0 In the tap transducers was chosen to
suppress tap reflectIons by at least 25 dB and the acoustic aperture was then
chosen to minimize tap array insertion loss. In both designs, the resulting
aperture was roughly 100 acoust ic wavelengths . It was concluded that the
multi-element matching networks required to optimize the ooupllngs of the
Input transducers to the source were not feas ible because of thier cost, size and
complexity. Instead the simple series R-L matching circui t shown In Figure
IC-3 was selected. The Inductor resonates the transducer reactance at the center
frequency , f.~, and minimizes the reactance at the ±5 MHz bandedges. The series
resistance value Is selected to minimize the Input VSWR over the operating band-
width. For the remainder of this analysis, it will be assumed that R5 Is chosen
so the total input resistance at midband equals R0, the source resistance. The
resistor can be implemented as part of the transducer summing bar structur e,
leaving the series Inductor as the only separate tuning component.

Figures IC-4 and IC-S present the calculated input transducer Insertion
loss, maximum VSWR and bandedge distortion as a function of the acoustic aper-
tore of the TDL-l00 and TDL-200 Input transducers, respectively. The bandedge
distortion is assessed by calculating the increas e In Insertion loss from midband
to the f0 ±5 MHz bandedges, and denoting the result as ~ IL(±5 MH z) In Fig-
ures 4 and 5. This parameter is then compared with the Ideal value of ~ IL
- 3.92 dB to obtain a measure of amplitud e distortion produced by the matching
network. The results for the TDL-200 are acceptab le because the VSWR is less
than the required value of 1.5, while the mldband Insertion loss Is only 4.2 dB
higher than the Ideal value computed earlier , and the insertion loss at the

r
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(a) TRANSDUCER SERIES EQUIVALENT CIRCUIT

L
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(b) SERIES CIRCUIT SHOWING TRANSFORMATION BY SHUNT
CAPACITANCE (DASHED)

Figure I-C-3. Transducer Series Equivalent Circuits with Series R-L Tuning

bandedges Is wIthin 0. 91 dB of the theoretical value. In oonstrast, the result s for
the TDL-100 are not acceptable, and It Is evident that the electrical network
narrowbands the Input transducer response. This explains the experimental
observation described In Section 2.3.2.2 where signal cancellation near phase
reversals of the TDL-100 Impulse response occurred when series tuning was
applied. The narrowbanding spreads the Impulse response of the Input transducer
so that adjacent chips In the TDL-100 output waveform overlap, and thereby tend
to cancel when phase reversals occur.
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Figure I-C.4. Calculated Insertion Loss, VSWR and Bandedge Distortion versus
Aperture for the TDL-100 Input Transducer with Series R-L Tuning

Improvements to the TDL-100 Matching N etwork

It is evident from Figure IC-4 that If the Input transducer aperture was a
design variable (which It Is not) , then the required VSWR limit of 1.5: 1 could be

F 
met with an aperture of 350 wavelengths, at the expense of 5.5 dB additional
Insertion loss. This amounts to reducing the Q of the input Impedance at the
source terminals, which Is given by

= 
1 

= 
1. (7)

~~ + k~ C cu0R0C

where C is now larger because of the Increaaed aperture size.
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Figure I-C-5. Calculated Insertion Loss, VSWR and Bandedge Distortion versus
Aperture for the TDL-200 Input Transducer with Series R-L Tuning

An alternate method of reduc Ing this Q is to add shunt capacitance across the
trans ducer termina ls as shown In Figur e IC-3b. The resulting serLes equivalent
circuit illustrate s that the acoustic radia tion impedance is reduced while the net
series capacitance is increased. By again Increas ing R8 so that the net input
resistance at center frequency equa ls B0, the Q of the Input Impedance becomes

• 

. ~~~ = w0R0( C + C ~) (8)

Figure IC- S illustrates the dependence of the TDL-100 Insertion loss and
VSWR on the ratio Cp/C. In order to achieve a maximum VSWR ~ 1.5:1 the ratio
Cp/C - 2.5 which results in a minimum Insertion loss of 21 dB. When this lose

• Is added to the estImated 25 dB loss of the tap array, the minimum TDL-100
Insertion loss 1. 46 dB compared to the specification of 3 0 *3  dB. Even If the
theoretical limit of 8.8 dB , deriv ed previously for the TDL-100 Input tran sducer ,
could be achieved, the VSWR and Insertion loss requirements could not be met
simultaneously. This confirms the presumptions made in the Hughes proposal.

10—8
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Figure I-C-6. Calculated Insertion Loss, VSWR and Bandedge Distort ion versus C11/C for the Current
TDL-100 Input Transducer with Series R-L Tuning

Obviously, the specificat ions must be modified, and Hughes reconunends that
• the Insertion loss be increas ed to 40* 3 dB and the VSWR ~ 2.5: 1 over the opera-

ting band. This will allow the use of shunt capacitance values In the range of
0.5 ~ Cp/C ~ 1.5. (See Figure IC-6.) .
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APPENDIX IV

EFFECTS OF IMPEDA NCE MISMATCH ON SYSTEM PERFORMANC E

Appendix 10 contaIns an analysis of Impedance matching to Surface Acoustic
Wave (SAW) transducers. There, it is pointed out that the Input Impedance of

* most SAW transducers baa an inherently high-Q characteristic, and that opti-
mum coupling to an extern al circuit results In a tradeoff between VSWR and
insertion lees. Generally, Insertion loss must be increased Substantially In
order to reduce VSWR to below 1.5:1. However, SAW devices operate In the

VHF and UHF ranges where the deleterious effects of impedance mismatches
are often minimal. It is therefore important to characterize these effects and
to determine the design constraints which can make high VSWR acceptable in an
electronic system.

The problem to be analyzed is depicted In Figure ID—i. The SAW device,

including Its transducer snatching networks, is characterized by Impedances
Z2 and Z3 at its Input and output ports, respectively. It Is driven by a source
with a port Impedance, Z1 through a transmission line of length, L1, and char-
acteristic Impedance Z0. The load network is connected with a ~1n~f 1nr trans-

mission line of length, L2. It will be assumed that the transmission lines are
loesless, in which case Is real and perfect matching occurs when

Z1 — Z0, i 1, 2, 3, 4 (1)

The voltage reflection coefficients , given by

~
-
~~

:
are then zero, the corresponding VSWR, given by

_ _ _ _ _— i+ 1r 1 I
are unity, and power transfer Is ms~dmlaed. In practIce, (1) cannot be satis-
fled at all frequaiolei which results In the following potential problenis

IV—1
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Figure I-D-l. Network for Analysis of Impedance Mismatch Effects

• impedance mismatch loss

• distortion due to “transmission line effects ”
• instability and Increased noise figure of active source and

load networks
Each of these problems will now be analysed and shown to be tolerable In

most SAW device applications.

Impedance Mismatch Loss

The power transfer e~~clency at a port Is given by

= i-~r1 ~ (4)

Hence, insertion loss results from Impedance mismatch. Aside from bidirec-
tlonallty loss, the Insertion~ loss of a SAW device is predorilnantly mismatch
loss because the acoustic propagation loss Is generally negligible. The ti.*ns-
ducer Impedance mismatch is often a result of its high Q characteristic, but In
many oases, mismatch Is Intentionally Incorporated to minimise distortions due
to acoustic reflections and external circuit effects (regeneration) . In either
event, minimization of the Impedance mismatch at the SAW device ports re-
quires the additi on of p’411ng resistance to the matching network which In-
creases the device Insertion loss.

The oonclualon Is that high VSWR In a SAW device does not necessarily
imply maXImum Insertion loss, and In act, Insertion loss must generally be
Increased to minimise VSWR. Therefore, Impedance mismatch loss Is not an

W-2
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important consideration In determining the tolerable VSWR for most practical
SAW devices.

Transmission Line Effects

Whenever the electrical length of the transmission line Interconnecting two

I networks Is an appreciable fraction of the wavelength, multiple transit electro-
magnetic echos due to port reflections can result In significant amplitude and
phase distortions. To analyzô this effect , consider the driving network of the
SAW device depicted In Figure ID-i. When Z1, Z2 ~ Z0, multiple reflections
of the original Incident signal occur, and the total excitation at the SAW device
Input port Is given by

S2(f) — S(f)(1- r~) 11÷ nir2~~~
[1471

~ l] (5)

+ (rjr2)2 exp [l8lrfTi] + . .
where 8(f) is the Fourier transform of Incident excitation signal and T1 Is the
electromagnetic time delay for the transmission line of length, L1. A conven-
lent closed form expression for (5) Ia

— S(f) (1- r2) ( 1 (6)

\ i.. J I’ll I j ’21 ezp [ i(4lrrr1+(8 1+02)) ] /
where and are the phases of the reflection coeffici ents, “i and r2,
respectively. Equation (6) can be mpnlpulated into the polar form:

— S(f)(l- r2) 2ri~ I l’ 2 1)  —2 Iril IrsI cos

/ Iril Ir2Isin [4f1Ti1(0140,)] \
I (7)

1- r1) x’2~ 
cos [4wfr1+(.1+.~] /

IV-3
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The term, S(i)(i- ~~ Is the excitation at the SAW device terminals In the
absence of any echos. Therefore , the term In brackets accounts for amplitude
distortions due to the multiple electromagnetic echos while the exponent contains
the phase distortion. Several conclusions can be derived from (7).

• If eltherj r i l o r l r21 0, all dlstortions vanish. In practice, this
can only be approximated. For example, sources and loads for SAW devices
are usually amplifiers. General purpose, broadband amplifiers are specified to
have VSWR <2:1 for which ) rI <0. 83, while custom narrowband amplifiers can
be designed for maximum VSWR as small as 1.2:1 (I r f <o. 1).

• The effects of reflections depend strongly on the time delay, T1, of the
interconnection cable. When T1 is comparable to the frequency period, the
amplitude distortion La oscillatory with a peak-to-peak value given by

~t f 8 2~~ I 
— 
1 1 2 1  (8)

which Is plotted in Figure JD-2. From Figure ID-2, it is evident that when T1
Is large, impedance mismatches must be minimized to eliminate unacceptable
distortions. However, SAW devices are more typically used In IF circuit s
where they are In close proximity to the source and load networks. The delay,
T1, is then sufficiently ~maII that the frequency dependence of the trigonomet-
ric function arguments In (7) Is due primarily to ~~~ ~~~ 

Assuming that

~ - 0, the amplitide distortion Is given by

£I sa(f) I - 1-Jr~Jrj ]

which Is plotted in Figure ID-S. In practice r~ and 1r2 vary slowly with
frequency 0 that this effect can be either neglected, or it can be compensated
In the SAW device design. The Important conclusion here Is that although Im-
pedance mismatch re ults In lose due to reflections, short interconnecting
transmission lines minimize the frequency - - .‘ . - .  e of the loss. Moreover,
as discussed earlier, It I~ often mdesirsble to minhnla • Impedance mismatch
becaus. the commensurate Increase In SAW device Insertion los, more than
offsets the r.duotlon In mlsms~oh loss.

_ _ _ _ _ _ _  - _ _  
-_ _ _ _ _  
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Figure I-D-2. Excitat ion Amplitude Ripple ~lS2(l)I (eqsi 8) veriua II’iI r 2i for Larg e T1

Effects on Active Networks

Formerly. Input and output Impedance mismatches could affect both the
stability and noise figure of amplifiers. However, nearly all commercially
available an~p1ifters are designed to have characteristics which are lndspemdsmt
of external impedances, I. e,, they are imoonditlnnally stable. Q~e exc.~~1cn
Is the nolse flgure which can vary by as muoh u lto I dB as a ~mctlon of ter-
ininatlon Impedance.. Thi s ii saldom an Important b.ctor, however, because
the reduced SAW device Insertion loss associated with the mismatch can pro-
duce a net Increase in .lgi’al/noise. In oases where .‘gmiI/nolse must be

TV..’
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ma~4m laid , an amplifier can be designed to have Its optimum noise figure for
an arbitrary Impedance levól.
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APPE NDIX V
OPERATING CHARACTERISTICS OF LINEAR FM CHIRP SYSTEMS
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APPENDIX V

OPERATING CHARACTERISTICS OF LINEAR FM CHIRP SYSTEMS

The generally accepted method of defining the operating parameters of a Unear
FM chirp system is to speci~r the Instantaneous operating bandwidth and different-
ial time delay of the transmitted signal. The time and frequency domain character-
istics of a waveform having a bandwidth, fi, and a differential delay, T, are shown

in Figure lB-i.

pa
TIME DOMAIN FREQUENCY DOMAIN

UNIFORM AMPLITU DE
RESPONSE RELATIVE ___________

- TIME 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0 T F1 F2 FREQUENCY

Figure I-B-i. Time and Fre quency Domain Characterist ics of a Linear FM Waveform

As shown In the figure , the time domain response Is assumed to be flat over
the pulse length, T. The instantaneous frequency of the carrier varies linearly
between the extremes F1 and F2 which define the characteristic bandwidth to be
fi (F2 - F1). The apectrums of this waveform has a nominally rectangular
envelope response whose -6 dB bandwidth Is equal to B. If this waveform were
correlated in a matched unweighted compression line having the opposite chirp
slope, the recompressed pulse shown in Figure IB-2 would be obtained. With
no weighting, the close in sidelobes would be 13 dB down from the peak output

response. The -4 dB width of the recompressed pulse would be equal to 1/0
while Its null width would equal 2/fl. The ratio of the transmitted pulse length
to the -4 dB width of the reoompressed pulse would be T/(i/fl) or Tfl. Thus the
pulse compression ratio of an unweighted chirp system is equal to the product
of the transmitted pulse length times Its instantaneous operating bandwidth.

In most systems, it is desirable to reduce the amplitude of the time sidelobea
In the recompressed pulse by Including some form of weighting In the receiver.
Thi. weighting also broadens the width of the reoompressed pulse and thua some
range resolution must be sacrificed to obtain low time sidelobes. A commonly

v-i
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _  - 

“~ .~~.
, 

.~~
. 

~ . .. 
;.- .- -

. 
- ... ~~~~~~~~~ •3~~’ , T..--~-~ -

r
~ 

--~~~~
‘. 

-



I 
____________________________________________________

;:: 
~~~~~~~~~~~

TIME

Figure I-B-2. Recompreued Pulse Obtained with an Unweighted Compression
Line

used weighting function that strikes a good tradeoff in obtaining low time sidelobes
for a minimum amount of pulse broadening is the Hamming weighting function.
When this function is used to weight the respons e of a surface wave compression

line, the time and frequency domain characteristics shown In Figure IB-3 are

obtained. If the impulse response of the compression line had the Ideal Hamming
weighted envelop response, then Its spectrum would have a -28dB wIdth equal to
the Instantaneou s bandwidth , f i,  of the compre ssion line.

TIMC DOMAIN FREQUENCY OOMA N

s( t ) .A +$COS (w t~~ (Th T -2~~dB

~ 

~

TIMC 
~~ EQUENCY

Figure 1-~-3. Waveform and Spectrum of a Hamming Weighting Function
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The ideal recompressed pulse that would be obtained in a large time band-
width (>100) chIrp system using this type of weighti ng In the receiver Is shown
in Figure IB-4. The peak output response obtained with this weighting would be
about 5.4dB down from the peak level obtained in an unwelghted chirp system.
The noise level at the output of the weighted line would be 4dB down from the
noise level expected for an unweighted line. Consequently, the signal to nois e
ratio obtained with the weighted lIne LB about 1.4dB smaller than the level that
would be achieved with a matched filter (unweighted line) in the receiver.

‘.1

~th 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

a

Figure I.B-4. Ideal Recompressed Pulse that would be Ob tained with Hamming
Weighting in a Large Time — Bandwidth Pro duct Chirp System

With no amplitude or phase errors In the system, the close in time sidebbes
would be 42dB dow-n from the peak output response. The -4dB puls e width would
be 1.5 times wider thai the 1/~ width obtained with an unweighted line. Conse-
quently , the ratio of the tranam (tted pulse length to the -4dB width of the recom-
pre ssed pulse would be T(3/1. 5 which means that the pulse compression ratio of
a weighted system is about 33% smaller than the time bandwidth product of the
transmitted pulse.
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APPE NDiX VI

PROCEDURE FOR CHECKING THE SENSE OF THE Y-ROTATIONL • ~ FOR ST-CUT QUARTZ *

1 
1. The ST-cut (+42 3/4° rotated Y—cut) Is near the (011) reflection

(+38° 13’)
2. The (011) reflection is rotated in the opposite direction (-38° 13’

rotated Y)
3. X-ray Intensity from the (011) is 2 to 4 times more intense than

from the(O11), using copper radiation at 20 = 26.65°, i.e.,

lekoil) = 2 t o 4~~01j)

Procedure:

1. Rotate blank (about X) 38° 13’ from Y toward Z and measure Intensity.
2. Then rotate In opposite directIon 38° 13’ from Y to opposite Z

and measure Intensity.
3. The higher Intensity plane Is within a few degrees of the ST-cut .

—
~~~ 

. 
V

*8. Roth , Valpey-Fisher Corp. , Hopklnton, MA
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Figure 1-E-l. Relationship of the Oil Plane of Quar tz to the Proper STY Rotation of Quartz
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