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SECTION I

INTRODUCTION

The performance of the Global Positioning System (GPS) receiver may be
greatly improved by incorporation of L-Band Surface Acoustic Wave (SAW)
filters. The RF front end of the GPS system is shown in Figure 1. Microwave
power incident on the GPS antenna is amplified and diplexed. Signals from the
satellite transmitter are fed through the two SAW filters where unwanted signals
are filtered out. One frequency or the other is selected by a PIN diode switch
that has -50 dB isolation. The SAW filter must operate at L-Band frequencies,
have low insertion loss, excellent phase linearity, and good out of frequency
band rejection. Actual specifications for the filters are given in the next
section.

Low frequency, low-loss SAW filters in the 30 to 440 MHz frequency range
are highly developed and insertion loss as low as 2 dB with =50 dB sidelobes
have been reported.l Greater than 45 dB triple transit suppression is easily
achievable and these low frequency SAW devices are being produced regularly.

The 440 MHz upper limit to the three-phase undirectional transducer is a
result of the limitations of the fabrication process of the undirectional trans-
ducer utilizing gold crossovers. (See Reference 1, page 352, paragraph 3).
Three masks are required to fabricate the transducer (See Section V B) and
there is a critical alignment of the via hole mask to the electrode mask. As
the via hole becomes smaller with the increasing passband frequency of the
transducer the mask alignment becomes impossible above 440 MHz,

The group type unidirectional transducer? also requires three masks in the

fabrication process, but because the electrodes are arranged in groups, the via
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holes remain large and the mask alignment for the three levels is relatively
straighforward.

Group-type unidirectional transducers were first described by Yamamouchi.?
These early group structures utilized a meandering group line for single level
construction and loss as low as 1.0 dB was achieved at 100 MHz. However, at
1 to 2 GHz on ST-Quartz a meandering ground line would increase the parasitic
losses significantly making the gold crossover technique attractive for reducing

insertion loss.




SECTION II

PROGRAM OBJECTIVES

The objective of this program was to produce L-Band SAW filters that would
neet the requirements of the GPS Manpack program. Specific electrical require-
ments for the filters are listed in Table I. The center frequencies shown are
still firm requirements. However, the 3 dB bandwidth was reduced to 15 MHz.
The midband insertion loss requirement has bheen changed to 12 dB and the
frequency sidelobe specification remains at -50 dB. The passband amplitude
ripple of less than 1 dB is well within the capability of present low-loss
SAW filters. None of the other specifications have changed. Lithium niobate
devices were to be studied because of their low insertion loss capability,
but because of temperature and phase problems, they are not realistic candi-
dates for the GPS receiver. Group-type unidirectional SAW filters have been
chosen as the approach to perform the filter function and meet the system
requirements. These type devices will be studied in the main body of this

report.




TABLE 1
L-BAND SAW FILTER SPECIFICATIONS

Lithium Niobate Quartz
Device Device |
Center Frequency,GHz 1.2276, 1.57542 1.2276, 1.57542 %
Randwidth (3dB) 23MHz 18MHz ‘
: Midband Insertion Loss £ 3dB < b5dR
; Rejertion (Out-of-Band) > 50dB >50dB
Passband Amplitude Ripple < 1.0dB < 1.0dB ¥
, Passband Phase Ripple < +7.50° « +7.50° '
; Shape Factor f(50dB) < 3:1 < 3:0 i
f{3dB
VSWR (Input & OQutput) < 2.0 ~ 2.0:1
for 50 Ohm system :
Operating Temperature Range -54°C to +85°C -54°C to +85°C !




SECTION III

L-BAND GROUP TYPE SAW FILTER THEORY

A. INSERTION LOSS IN L-BAND SAW FILTERS

Insertion loss is of prime importance for any filter that is employed in
the front end of a receiver. SAW filters are typical high for insertion loss
device and the problem is even more severe at L-Band frequencies where substrate
attenuation can be significant. Before the insertion loss contributions can be

calculated, the length of each transducer must be known. From Hartmann,3

4+ = (.73/B) log Ry, (n
where 7% = transducer length in microseconds,
B = transition bandwidth (-1.5 dB to -2.5 dB), and

Ry = sidelobe level.
If B is 16.0 MHz and Ry is =30 dB then the transducer is .07 microseconds long.

1. Propagation Loss

The transducers must be placed at least .05 cm apart to keep RF feed-
through down to a reasonable level if the crystals used are .025 cm thick.
The propagation path is then .074 cm or .234 microseconds. According to
Slobodnika,if the material is ST cut quartz,the surface attenuation in a vacuum
varies with the square of frequency and is 2.62 dB/microsecond at 1 GHz and
6.6 dB/microseconds at 1.57542 GHz. Propagation loss in a vacuum is then 1.5 dB.
If the device is sealed in air an additional .71 dB/microsecond for air loading
loss will result.

2. Diffraction Loss

Each transducer will be 111 wavelengths long. As the beamwidth of the
transducer 1s widened diffraction loss goes down and the parasitic finger

resistance goes up. To find the point of minimum loss, diffraction loss

'y




has been traded off against parasitic finger resistance loss. The minimum loss
point is at about a 50 wavelength beamwidth. Diffraction loss at 50 wavelengths
is approximately .75 dB.

3. Parasitic Finger Resistance Loss

To keep mass loading from causing finger distortion, the metal
thickness has been assumed to be 500 angstroms. Finger resistance is then .9
ohm per square. For a 50 wavelength wide device the radiation resistance is
1922 ohm and the parallel capactive reactance is 270 ohm. The series resistance
of each transducer is then 37 ohm. Parasitic finger resistance is 1.08 ohm
per transducer and the insertion loss per transducer is .25 dB for a total of
.5 dB for the filter.

4. Package Parasitics and Matching Component Loss

Losses due to package parasitics can be significant especially if the
parasitic capacitance 1is comparable to the finger capacitance. The capacitors
used for matching should be high Q chip types and the inductors air wound for
high Q. The Q of these components will directly influence insertion loss. The
Q that may be achieved at L-Band for air wound inductors 1s on the order of 10
to 50 depending on the size of the inductor.

5. Total Insertion Loss

The total insertion loss predicted by the preceding calculations
is shown in Table 2 as 4.45 dB. 7This is less than the 5.0 dB in the specification
of Table 1. However, it 1s possible to reduce the loss even further by 1) moving
the transducers closer together, and 2) increasing the metal thickness to 1000
angstroms. The first possibility would increase RF feedthrough, however, it is
possible that shielding could solve this problem. The second would cause mass
loading reflections and loss but 1t 18 not known how much distortion would be

evident.

¥




TABLE 2

LOSS CONTRIBUTIONS L-BAND FILERS

Propagation Loss 2.2dB
Diffraction Loss .75dB
Parasitic Finger Resistance .5dB
Matching Network Loss 1.0dB

TOTAL 4,454B




B. GROUP TYPE UNIDIRECTIONAL TRANSDUCER THEORY

The configuration is essentially two bi-directional transducers placed
90 degrees out of phase (acoustically) on the substrate. The transducer frequency
response will be the same as one of those bi-directional transducers. However,
the insertion loss will be low due to the power from the two bi-directional
transducers adding in phase in one direction and cancelling in the other.

The transducer design approach is shown in Figure 2, The electrodes are
arranged in packets and several packets make up one group. In order to balance
parasitics in the transducer each packet is connected to bonding pads after going

under an ailr gap crossover. These crossovers are on both sides of the transducer

and balance parasitics between the two groups because they experience the same
crossover capacitance and electrode resistance. '
The devices are fabricated by visual alignment of three photo-masks. One
contact pad per wavelength at L-Band frequencies would make visual alignment
of masks impossible. However, four or five wavelengths per contact pad as
shown will result in an adequate pad size.
As shown in Figure 2, the fingers of each transducer will be placed in
“packets"” of 2 to 5 wavelengths each with every other packet 90 degrees or 1/4
wavelength out of phase acoustically with its neighbor. With a +90° electrical
phase shift of Group 1 from Group 2, then a wave travelling in the direction of
propagation will add in phase with its neighbor. A wave going the opposite direction

will then be 180 degrees out of phase with its neghbors and cancellation will occur.

1. Unweighted Transducer Theory

The Fourier series for the group type unidirectional transducer is given
in reference 2., When matched, the group-type unidirectional will have a

large forward wave and a small backward wave. The expression tor the frequency

l -'lw ﬁm R h-\i M




response of an unweighted filter is given by:

2 . (w-2nk)-NW -\
F(w)=n2=_3 (\Ja(w(:-&))) (S,L —7—) - ﬁ)’(%fz'f 25 iIN(§T+ @) )
where b for the backward wave is 180 degrees out of phase from the forward

wave.
Sax = sinx/x
w = 2Mf where f is frequency, MHz
T~ = wavelengths in 1/2 of a group, microsecond
T = wavelengths in one group
f = frequency, MHz; f, = device center frequency
W = 2Il/T, rad/sec
T; = overall transducer length, microsecond

Figure 3 shows the square wave modulation of one group of the group-type
unidirectional transducer. The overall length of the transducer,jvs, influences
the main response. The period of the transducer, T, determines how close to the
main lobe the spurious lobes will be. The time 1ength,71z of each group of
fingers affects the roll-off of the spurious lobes with respect to the main
lobe.

The sidelobe locations are given by:

e ST @)
where
f, = centei frequency main lobe, MHz,
f1 = spurious lobe frequency, MHz,
N = number of electrodes in a group.
f1/f, will be .8 for 4 electrodes per group. Since the spurious lobes will

be equally spaced in frequency on either side of the main lobe, there will

also be a spurious lobe on the high frequency side at fy/f, = 1.2




Figure 3. Square Wave Modulation of a Bi-Directional Transducer. 4




a. Theoretical Results

The above expressions have been programmed into our HP 9825 computing system
and some theoretical results have been obtained. Figure 4 is a theoretical freq-
uency response of a 250 MHz prototype device. The program thus far only uses the
above equations and no equivalent circuit model has been used to show rejection
of the spurious sidelobes. The response of Figure 4 is for both transducers.

Note that the first spurious sidelobes are at 200 and 300 MHz. By equation 2
this would correspond to 4 electrodes per group or two active and 2 grounded
electrodes per group.

Another way to find the frequency response of a transducer is to perform a
Fast-Fourier-Transforme (FFT) on the time envelope. Figure 5 is a plot of the FFT

result on the 250MHz group-type transducer with N=4. It must be emphasized

%

A haom e oz e .2 ..

that this FiT is for only one transducer whereas Figure 4 was for two transducers.
Note that from Figures 4 and 5 the spurious lobes are down only 4 or 5 dB

from the main lobe. For group-type unidirectional filters constructed on

lithium niobate this could be a problem. Since the impedance of the lithium

niobate transducer is quite low {(could be near 50 ohms), the spurious lobes

will have relatively low loss unmatched. When the device is matched, only

the matching network components will attenuate these lobes. The problem will

not be as serious on ST-quartz because the transducer has a relatively high impedance

unmatched. When the main lobe is matched, the spurious sidelobes should stay

suprcssed and also be attenuated by the matching network components.

2. VWeighted Transducer Theory

The weighting on a group type unidirectional transducer is accomplished

PO S

basically by weighting one group with apodization or withdrawal of electrodes ;

and then applying the same weighting of the other group. Taking a FFT of one of

the groups will then give the unmatched frequency response of the transducers. q
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Both types of weighting will be examined in this report.

a. Apodized Weighting and the Group Type Structure

The most difficult problem with over-lap weighting is developing a scheme that
will allow the parasitics to be balanced and the surface wave velocity under the
electrodes to remain constant. Figure 6 1s the representation of how this has
been accomplished. In Figure 6 (A) various packets of one group of a transducer
are shown with typical weighting on them. Packet A has very little weighting
and is the same as E if the weighting scheme is symmetrical. Packets B and D also
have the same weighting, and the full overlap of the transducer occurs at the
center. In order to balance parasitic capacitance, resistance and inductance
for both groups, a scheme must be worked out to have crossover ground bars
on both sides of the transducer. The technique is depicted in Figure 6 (B),
where at the center of the transducer the group is flipped as shown. In
Figure 6 (C), Group 2 is now added shown in the dotted lines. Packets A and
A', though on different ends of the transducer, interact with each other because
they are a net 90° out of phase on the substrate. C interacts at the center of
the transducer with C' and D interacts with D'. The arrows at A and E' indicates
the direction in which the connections are made to those packets. Figure 2
showed how the connections were made on both sides of the transducer for an
unweighted transducer. The weighted transducer will look the same except for
the apodization and flipping at the center.

A "iot is given for the theoretical frequency response of the apodized
transducer in Figure 7. The weighting 1s Dolph-Chebyhev with a Taylor series
approximation. The assumed sidelobes are -35dB and there are 5 wavelengths

between packets. This puts the spurious lobes at .8f, and 1.2f,. Further

-15-
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details of the actual waveform are given in the appendix.

b. Withdrawal Weighting with the Group Type Unidirectional Transducer

Withdrawal weighting is performed simply on the group type unidirectional
transducer by applying the weighting to one group and then the same weighting
to the other group. The withdrawal is performed by the use of a computer
propram developed at Texas Instruments in the early 1970's. The methods of
withdrawal is described in a paper by Hartmann.? A typical frequency response
of one transducer is shown in Figure 8.

C. HARMONIC DEVICES

Low loss harmonic filters are theoretically possible using the group type
unidirectional structure. The spurious lobes will be closer in to the main
lobe because at the fundamental the spurious lobes are closer to the fundamental
at the lower frequency, and the spacing will stay the same at the harmonic.

This may not be a totally limiting factor in that the location of the spurious
lobes may be controlled to some extent by going to the minimum number of wave-
lengths in a packet of fingers. (See Equation 2).

In designing a harmonic device it is necessary that the amount of phase
shift between groups at the fundamental be such that at the harmonic frequency
there is a net 90° of shift. One other limiting factor is the number of wave-—
lengths of transducer at the fundamental may cause too few of samples to do
an adequate job of withdrawal weighting a transducer.

This is the case with the GPS filters where at the third harmonic the device
has 80 wavelengths per transducer. Then at the fundamental there is only 80
divided bv 3 or 27 wavelengths to weight the transducer. An example of the
fundamental of the 1575.42 MHz device is shown in Figure 9. Note that the
spurious lobes are only (.8)(525.14) = 420 and 525-420 = 105 MHz from the

fundamental. No harmonic L-Band filters were produced under this program.

-18-
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SECTION IV

IMPEDANCE MATCHING AND PHASING OF THE GROUP TRANSDUCER

The first group-type unidirectional transducers used 90° lengths of coaxial
line to produce the necesary phase shift.2 This worked well for lithium niobate
devices where the transducer impedance was near 50 ohms. However, for devices
constructed on ST-quartz matching in and out of the coaxial line would present
a difficult problem. Malocha® developed a technique for matching and phasing
the group—type unidirectional transducer on ST-quartz using only two components.

Consider the schematic for the group-type transducer shown in Figure 10.
2'12 is the input impedance of the device phased with components X| and Xj.

The phase shift from phase 1 to phase 2 through X; and X7 will most likely
be achieved with inductors for ST-quartz and at least one will be a capacitor
for lithium niobate substrates. These component values can be calculated

fron the following:

X] = A(cos® + sine ), (3
X7 = A(sin® - cos®), (4
z'12 = lAcos®]|. (5)

A and can be calculated from the transducer parameters.

A =[nf0CS \qu)z + (8kZn)2 |~} (6)
and
© = tan”! [ o ] (7)
“Zn
where
fo = center frequency, MHz
n = number of electrodes in 1/2 transducer

-21-




Z Z
e 1
JX1
119 PHASE 1
o—— TRANSDUCER
PHASE 2
, .
£ £
SCHEMATIC

Figure 10. Series Tuning Network for the Group-Type SAW Trans-
ducer.

Figure 11. Transducer Structure for a 1227.6 MHz Unweighted SAW
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Cg = capacitance one finger pair

k2 = coupling coefficient

It 1is interesting to note that & only depends on the coupling coefficient
and the number of finger pair. However, any significant parasitic capacitance
or inductance can change S .

Equations 3-7 will be used in making component calculations in the next

Section.
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SECTION v

DEVICE FABRICATION AND PACKAGING

A. PHOTOMASK CONSTRUCTION

The photomasks are fabricated using either one of two electron-beam pattern-
ing machines in Texas Instruments Central Research Laboratory. The masks are
5.08 x 5.08 x .15 cm glass plates with 200 angstroms of chromium deposited by
evaporation. A negative E-Beam resist is spread in a thin coating over the
chromiume. The pattern is exposed with an electron beam and lines as small as
.4 micron have been fabricated. The resist is developed and the unwinted chrome
is removed using an ion-milling process.

The first level mask contains the interdigital finger structure and is shown in
Figure 11. This is an unweighted transducer with 5 acoustic wavelengths in

the periodic structure of a group. Figure 11 shows the transducer structure

for the unweighted 1227.6 MHz ST—quartz device. Only one side of the transducer
is shown but both sides are constructed the same. The parasitics are balanced
with the pads shown as ground on both sides and the two phases going between

the ground pads on both sides of the transducer.

B. DEVICE FABRICATION

Fabrication of the group-type unidirectional transducer utilizing air
insulated crossovers was described by Rosenfeld.* The steps in the fabrication
process include 1) defining the aluminum finger pattern on the substrate, 2)
sputtering a layer of moly and etching the via holes, 3) sputtering titanium

tungsten-gold, 4) elecrochemically plating thick gold reflections from the large
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ground bar. The device still has crossovers, and 6) etching away the moly to
leave the air insulated gold crossovers, Figure 12 shows an SEM of the air
insulated crossovers.

This proven fabhrication process was developed at Texas Instruments and is
highly developed. Therefore, no funds from this contract were expended in
developing the process further.

C. E-BEAM MASK MAKING DIFFICULTIES

The fabrication of upper L-Band *SAW devices dictates that E-Beam mask making
facilities be employed. For example, a SAW filter at a frequency of 1575 MHz
requires interdigital lines and spaces of only 0.48 microns. This is near the
limit of existing E-~Beam machine capabilities and can only be achieved when
the facility is fine tuned and working to its' peak potential. Since less '*
than 1 micron resolutions are not generally required for IC fabricat'on, very
little of such experience exists at T.I. As a result, considerable difficulties
were encountered in our attempt to produce masks suitable for this program.
This in turn limited our ability to experimental evaluate many of the theoreti- \
cally generated designs. It is uncertain at this time whether the masks neces-—
sary to follow through with the experimental portion of this effort will be
available by the specified contract delivery dates.
D. PACKAGING

Packaging of the devices in a low parasitic environmnent 1is crucial to the
performance of the filters. The following concepts have helped in packaging
L-Band SA% filters:

1. No RF feedthroughs may be used between the transducers and matching

networks.,

!

J

*~Band denotes frequencies between 890 MHz and 2000 MHz for purposes of this ;
!

!

reporte.
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Figure 12. SEM of Air Insulated Gold Crossovers.




PACKAGING (CONTINUED)

2. Low parasitic capacitance must be maintained with PC boards that
contain the matching components.
3. RF shielding must be incorporated to eliminate feedthroughs.
Two packages have been employed to accomplish the above goals. They are
shown in Figure 13a and 13b. Figure 13a is the prototype package and has been

used for testing the devices on this contract. Figure 13b will be the final

package for the GPS receiver.
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SECTION VI
DEVICE DESIGNS AND RESULTS
Group type unidirectional SAW devices have been designed, constructed
and tested at the following frequencies:
1. 961MHz unweighted, crossovers on one side
2. 250MHz unweighted, crossovers on one side

3. 1227.6MHz unweighted, crossovers on both sides (ST-quartz
and lithium niobate)

4. 1227.6MHz weighted, crossovers on both sides.,
Other devices were designed but masks of sufficient quality for device fabri-
cation were not obtained during the time available for this program.

A. LITHIUM NIOBATE DESIGN AT 961MHz '

The first group-type unidirectional filter produced at Texas Instruments
was constructed on lithium niobate with a center frequency of at 961 MHz., The
two transducers were 95 wavelengths long, constructed like Figure 14 with
crossovers only on one side. The transducer beamwidth was .0l5 inches or 39
wavelengths. From equations 3-7 this means that X; = 22 ohms or an inductor
of 4nh. Xy = 10 ohm or a capacitor of 16 pf. The transducer beamwidth was
not chosen correctly to utilize the series tuned approach to matching and
phasing the transducers.

The approach employed to match the device was to use a 90° long coaxial line
with matching components at each end of the line. This was a crude method and
may have contributed to the insertion loss. The insertion loss after matching
was measured to be h.5 dB and was probably due to narrow fingers and poor
matching.

A photograph of one transducer 1s shown in Figure 15. Both groups are con- >

nected at one side of the transducer utilizing the wold crossover. This resulted
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with parasitics that were not balanced and contributed further to additional
insertion loss and the inability to totally match the filter.

The main passband response of the device is shown in Figure 16. Since it
is an unweighted transducer, the response shows poor sidelobes. RF feedthrough
is also an obvious problem with the crosstalk level only 30dB down from the
main passband. Additional packaging effort could have reduced the crosstalk.
Not shown are the spurious lobes at 768.8 and 1153.2MHz. These lobes occurred
exactly where the theory would have predicted them.

B. 250MHz L-BAND PROTOTYPE ON ST-QUARTZ

To trv to understand the group-type unidirectional transducer without the
packaging parasitics that occur at L-Band frequencies, a device was constructed
at 250 MHz on ST-Quartz. The transducer was 65 wavelengths long, which represents
a bandwidth of just over 1 percent at 250 MHz. The period, T, of the transducer
was 5 wavelengths long so so that the spurious lobes would appear at .8 x 250 =
200 MHz and 1.2 x 250 = 300 MHz.

The series tuning approach was chosen to see if the technique could be used
at L-Band frequencies. Enploying equation 7, @ turned out to be 86.56 degrees
and A from equation 6 was 624. The two phasing inductors came out to be 421 nh
and 373 nh. 2’12 from equation 5 was predicted to be 37 ohms. Parasitic feed-
through capacitance of the package shown in Figure 17 changed considerably the
final values of the phasing inductors from 400nh to between 100 and 200nh. More
importantly 2'12 became very low in impedance and capacitance. Therefore, a
matching network was necessary and the total number of components needed per
transducer was four.

A photograph of the final transducer structure is shown in Figure 18. There
are two large ground bars in the interdigital finger structure. One of them, as

shown in Fipgure 14 , is 1 wavelength wide and the other 1/2 wavelength wide with 1/4
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wavelength between the two. It is hoped that this might cut down on spurious
reflecticns from the large ground bar. The device still has a crossover on
only one side as did the 961 MHz device.

The electrical results from the device were excellent. The insertion loss

T e T

in the middle of the passband was 3.9 dB, when matched and phased to 50 ohms.

Figure 19a shows the inband response and the Smith chart of the impedance

of one transducer. A small amount of ripple is evident in the passband and

could be caused by two things. The first is acoustic reflections of the 1/4

wavelength fingers In each group. The second is the possibility that the

device was not perfectly phased due to imbalance of parasitics. Figure 19b

shows the first spurious sidelobes quite clearly at 200 and 300 MHz. They

are suppressed due to the matching and phasing network only acting on the f

mainlobe.

C. 1233 MHz UNWEIGHTED LITHIUM NIOBATE FILTER

A filter was designed using Y-Z lithium niobate as a substrate and 15 MHz
bandwidth as a design goal. Figure 20a 1s the frequency response of the device
showing an insertion loss of 4.6 dB. The filter was unweighted so the sidelobe
level was -19 dB near in. Figure 20b shows the first three spurious sidelobes
with an apparent null occurring in each spurious passband.

To insure that the spurious sidelobes from each transducer will not reinforce
each other, each transducer is designed with spurious lobes at different
frequencies. Equation 2 can be used to determine where the lobes will be located
with various “packet” sizes for the group structure. For the device of Figure

20 N in Equation 1 was 4 for one transducer and 6 for the other. The resulting

first spurious lobe frequencies are 1056 and 986MHz.
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The matching network for the device of Figure 20 consists of two series
matching components per transducer. Connected to phase 1 of the transducer
is a 9 nh inductor and to phase 2 a 3.3 pf capacitor. Bond lead parasitic
inductance was taken into account to determine these two values. The output
is taken at the connection point between the two components where the impedance
is real and about 50 ohms. The matching technique is described in more detail

in reference 6.

D. 1233MHz UNWEIGHTED ST-QUARTZ FILTER

To this date both matching and phasing of an ST-Quartz device have not been
accomplished at the same time. It will require 4 components to do this and the
present package being utilized will accomodate only two components.

An ST-Quartz device that has been matched but not fully phased is shown in
Figure 21. It is an unweighted device designed for 15 MHz bandwidth. The near
in sidelobes are down 30 dB but will come up as the device is phased properly.
Ripple in the passband also indicates improper phasing.

Figure 22 is the same unweighted device with one transducer reverse phased.
Note the good sharp null in the passband indicating proper phasing. Also dis-
played is the Smith Chart impedance of the device at the input to the phasing
network. Whether the device is forward or reverse phased, this will be the
impedance of the transducer. A matching network can then be calculated to
both match and phase the device to 50 ohms.

Figure 23 shows the main passband of the device along with the spurious
response on the low frequency side of the two transducers. These lobes are
suppressed 45 dB in this non-phased device and should be down over 50 dB
in a properly matched and phased device. In fact, on the 250 MHz unweighted
prototype device that was properly matched and phased, the spurious lobes are

down =55 dB.
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E. 1233 MHz WEIGHTED ST-QUARTZ FILTER

The only scheme to reduce frequency sidelobes implemented to date has been
overlap weighting. Figure 24 shows the weighting in the center of the apodized
transducer. The pads shown are ground pads and the device has balanced parasitics
with crossovers on both sides. This transducer is a Taylor Series approximation

to the Dolph-Chebyshev weighting function with -35dB sidelobes.

Figure 25 shows the frequency response with -45dB sidelobes. The unweighted
transducer will have -13dB sidelobes, so that the theoretical sidelobe level would
be -48dB. This is Iin agreement with the approximate sidelobes realized.

A null in the mainlobe can be obtained when the weighted transducer is reverse
phased. Figure 26 is the frequency response and polar plot with the unweighted
transducer matched and the weighted transducer reverse phased. The impedance is
such that two additional matching components will be required to match and phase

the device.
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SECTION VII

CONCLUSIONS AND RECOMMENDATIONS

The mask making process has been troublesome but good devices have been con-
structed. Lithium niobate filters wth 4.6 dB of insertion loss have been proven
feasible at 1233 MHz. Sidelobe weighting using a special apodization technique
has been proven to work well and an ST-quartz device with -47 dB sidelobes was
observed. Withdrawal weighting was shown to be theoretically possible but never
proven. Package parasitics were difficult to overcome but a new package promises
to eliminate parasitic capacitance -- the most difficult packaging problem.

Many parameters were never measured because masks for the high frequency devices
were never adequately constructed. One of these parameters is the phase linearity
tracking between the two frequencles over temperature. This parameter is crucial
to proper operation of the GPS system.

It is recommended that work be continued in the L-Band filter area. An
alternate approache to improve performance presently being tried at Texas
Instruments are 2nd and 3rd harmonic filters. These approaches have their own
special problems with spurious lobes being too close and sidelobe suppression

beiny quite difficult. Also, direct E-Beam slice writing could be employed to

eliminate difficult fabrication steps and improve resolution.
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APPENDIX

GROUP TYPE TRANSDUCER DESIGN AND COMPUT:. R PROGRAM

The design of a weighted group type unidirectiondl transducer «il] be presented

in this section. The following steps are necessary in executing the design:

1. Determine the waveform weighting tunction.
2. Calculate the exact transducer length for one group.
3. Run the waveform computer program.

4, Use the output of the waveform program to do an FFT to analvse
the frequency response of the transducer.

5. Use the output of the waveform program to run the main aroup=tvpe
transducer progrdm to obtain mask making cdrds.
These steps will be discussed in the following sections and an actual design
will be presented. The design is for the apodized transducer of the device in

Section IV D.

A. WAVEFORM WEIGHTING FUNCTION

Many different weighting functions are possible, but there is one that seems
to combine optimum length of a transducer with sidelobe level. That tunction is
known as the Taylor Series approximation to the Dolph-Chebyshev Polvnomial., A copv
of that program has been included along with the output from it.
One data card is required to run the waveform computer program. Inputs to
the program are described in the text so {t i{s not necessary here to list them.
IWVFM=1, NBAR=10, BRECT=0.(window function), TIM=.0993809, SLOBI ==135,, BW=i0,,

FO=1227.6, IGP=5 . The term called BW is only used when doing the FFT for the

-1-
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trequency response and sets the bandwidth over which the FFT is performed.
The variahle called LGP {s the number of wavelenths from one packet to another
tn one proup. TIM is calculated in the following way: There should be an
cxact number of wavelengths trom one end of the group to the other. The
Scnter of the tirst tinge: shoald be at 0,0 time and the last finger should
heoat L0993809 microseconds. [t the center frequency is multiplied by the
tine lenprih of the transducer the number of wavelengths in one group comes
et N o= 1220 This variable should be a whole number of wavelengths and the
aamber of packets should be odd so that the peak of the waveform occurs in a
sacket,  There are IS5 packets in this particular design., The number of
packets mav be caleculated by the tollowing equation:

v D oo SN2t LGPt 1

) R THY

The FFT of the output of the waveform program is shown in Figure 7.

Wote that it is purelv theoretical and containsg no matching or insertion loss
etfects,  The spurious lobes are as predicted bv kquation 2 at .3 F, and

o2 b, .

He RUNNING THE MAIN GROUP TRANSDUCER PROGRAM

The main group=tvpe unidirectional transducer computer program for
overlip weighted transducers does nothing more than produce computer output
tor either an F-=beam or Gerber plotting machine., The F=beam machine is used
tor L=band SAW tilter masks and the Gerber plotting machine was used for

Ve

toe 2h0 MH, proap=type unidirectional device.




Inputs to the program are not described in the program itself and so
will be listed here. The iuput data card contains:

IGP=5, The number of acoustic wavelengths from the center of
one packet to the next.

VEL=.123561, The acoustic velocity in inches per microsecond

FO=1227.6, The device center frequency, Megahertz

TIM=,0993809, The acoustic time length, Microseconds

BMWID=.0C" , The transducer beamwidth at full overlap, inches

FING=.12», Finger width in mils

RED= XXXX, Reduction ratio for Gerber plotter photomasks
The waveform data cards follow the data card described above.

The computer program consists of a main routine and many other subroutines.
The DO loop numbered 20 in the main routine is the heart of the program.
The transducer is constructed from left to right with the left side being O.
Figure 2 looks much like the final transducer. First are some ground fingers
to set the acoustic velocity. The subroutine for calculating the location
and size of these fingers is called GRFING. Next are the periodic ground
fingers called GRDl. After that, the first packet of PHASEl(group 1) is
calculated. Then the second set of ground fingers is called and after that
PHASE2 (Group 2) is calculated. The process is repeated until all packets

are finished. Some sample E-Beam data output is also shown in Section 4.
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D. APODIZED GROUP~TYPE TRANSDUCER PROGRAM




cCCcCoCcoOooc

coe

IMPLICIT REAL #*4la=-R,U-$)

ODIMENSTUN XATCO) 4YLUTOO0) o YULTON ) 4700} ¢ aPKLLOUL ) o XPLELDO),
COLTRELDDN ) o SLTLALOD 4 PraL (L0 ) o PHA{LCO) o VILLLOD ) o viR(LO0),ACTUD S
CSET00) 4y PADULLO0) yPAILELVD) W VIAULLOO) o VIALLLOO) o 5L YULLO0) oL YLLLCD)
CoPHYL (130} yPHYJULLO0 D) o VTIYLIL00 ), vIYULLOO) ¢ SSLYLCLOO),S5LYLLLL00)
CedSOLTRULIOC M, 00LTLIL30) 5L LTLELGOD)y3LTLLILOD)

CUMMUNX s BAWD g OLAMy YL oYUy WO 9 L pd s NUgNGG o XPRy APL o JdJds B LedLTReSLIL,
L,PHL,PHKu V’Lg«/,hyAgS,N(,TKgPAUUIP[N)LQ’lAU'VIALQ)LYU’SLYL o PHYL yPHY U,
CVTYL v IV U, Jl '))LYL')SLYLL'SSL[RO)‘)LIL'S)LLIL.)L'LL

REARE AR L RE B BB R &R

1o

29

10=N rorAM PINTLUT

[u=1 EBUAM PUNLH

1G=2 GEtBER PRINILUI

Ltu=3 Gbtrdck PUNCH
[ SIS FE LS PESSESESSES RS

RE AD 10'lU'l\)P'VEL.FO,rlM,hMﬂlU.f‘Nb'KEd
FURMAT (2110, 10e64FlCa4y4Fl0.0)
PRINT 12310 LGP yvelyFueT [Ao8MulusFiNGeREU
RL AU4 ¢ NPEAKS

KEAD S, {STL)sall)e=1yNPLAKS)
FL)kMAllllx,f-».@.dbx.kl:.l.{)
FURMAT (] 5)

oMwl=3Mw [U/Z2.%1000.
DLAM=VEL/FG*1C00.

NG=(16P-1)/2

NLAMS(TImeFu) ¢+ No ¢ 1 ¢ o5
NGL=MNLAM/ TGP

NCTIR=NGGL /2

Ji=1

1a=]

CALL wvieaM(vPEAKS,TA)

JJd=1

=1

I=2

la=1

D0 20 J=1leNuv

IF{Jebwe l)CALL URFING

CALL OKUL

CALL PHaSEllLA)

CALL GROZ ,
CALL PHA>BEZ(IA)
LElJebdaNOGILALL GRUIL
lrtdeb e dwGICALL GRFEING
TF(JebQeNLGHI=T-1

CUNT INUE

iFtlusLTel) GU Ty L

CALL EBFING(IUFINUI

CALL EBLUNLIL)

CALL e8PAUCLILI)

ou Tu ¢ .
CUNT JINUE

CALL UBFINGUIJ,FINGWKRED)

CALL GKRCLCUNTIJoFINGIKED )
CALL GRPADIUFINGeRED)

2 CUNTINULE

eND

-[5=




[N

Suvskuull it wvt KMIN tARS,1A)

OIMe NS TN ACTCO0) oY  1700) YU T00) 4w (/00 o XPRIELOD) 9 XL 113D,
CoLTREIDII et TLLLON )y PHLELOO) v PHEEL00) , VTLEL00) v (L00) AL 100),
ColT00) yPAOULLOD ) 9P 0L U100 ) v AUCLOO0 )} s VIAL(LOO ) 5L YU(L00),SLYLL{1L00)
CoPHYL (L0 oty ud 1Y) o v Ty L (100) o VIY W10 oSSLYLEL00) y55LYLLILILO0
CoaSSLTREEOD) o 5ol TL L PO ) SS5LLTLELO00) »SLTILLIELOO)

VUMM N UMA )y ULAM v YU, iDL daNUs NGO XPR e XPLeJUp LEsdLTReSLTL,
CHMLyPHR g VIl g vIK ., ».NL’R.VAUU.P‘UL'VlAUlVlAL,SLYu;)L'L,PHY‘.'P“YU'
CVIYLaVIYU s JleooLYL oo YL LoddLTRySSLTLWSSLLTLeSLTLL

ot =2eNLt]

Li=-=jGr

JU L N=LleyNPEAKS, LI

JO ¢ L=1 N0

Rl ¥/ ¢N-1]

stlar=alx)

SULTA+NG) =a(K)

[A=1lae]

CUNTINUE

1a={aeNy

CuNl I NUE

[TA=]a-1

tFSEl)euTe0a) S0 Tu 5

B« L=lylaA

StLy==51L)

LuNT INUL

5 LunNTiINUF

PRING 33 {LeSEL)wL=101A)

3 FURMAT 11041 0XeF1nal2)

®ETURN
EiND

SYBrUUTINE LKUL

DEMENSTUN XUT00) oYL (T700) 4 YUJLI00) 4 w000 o XPRELOD) 4 XPLL10O),
COLTRELODIpSLTLLLIND ) PHLILOD) yPHR{100),VTLELOO) , vIR{100),A(700),
Lol 720) oPADULLO0) y P L ALOC) yVIAULLOD ) o VIAL(LO0 )y 5LYULLOCHy>LYL (1000
CoPrHYCELI0 ) o PHY UL YO o VIYLCLOO) g VIVYULLIO0 oSOLYLELOO) »doLYLLILVO)
CoeSoULTRELON) gSLTLELND )y SSLLTLIL00) o5LTLLLIL00)

CUMM INK ¢ 5AWU o ULAM g YL o YUgmu o L 0 JaNGa NGO o XPRe XPLedJe I LydL Ty SLTL,
LPHLv"’HR|V‘L'V'K'A'Jl"bIRpP“UU|pAULpV‘A\J.V‘AL’bLYU.SLYLyPHVL 9")"1'0'
LVl v pVT'U'Jl155LYL'§5LYLL'5)L‘R'55LTL'5)LLIL'$L[LL

XCir=xtI-1)¢0LAM/ 2.

YLl )=-0d4nwbD- 3. %DLAM

YUlil)=u1wD

Ydu=sYulld

yLe=yL (1}

IrdJEeGT NGl YUt ) --vLL

ITELJL 6T enNGOIYLUL)=-YUU

nDll=z=uLAM /S,

CALL ouiaul

JI=Jl+¢1

IFtteLTL100U1=1

{=1+1

XL =x{I=1)+0LAM/ 4,

YLEL)=~8MaU

YJU{l ) =nBMuU ¢ 3. %)L AM

YiL=yL(t)

YJdu=vdi(l)




s

IF{JleGT oNGUIYULTh=-YLL
[t{JlevlaNvoldYL (T I=-YUL
WOLlIL)=JLaM /4,

CALL GPADZ

I=0+1

RETURN

END

SUBRUUT e PHASELL LAY

JIMENSTUN ACTQCY oYL EICD) yYJCT00) g (1003 o AxPRELOO) ,APLLLOO),
CoLTRUELDID Iy 5L TLAL0U) s P L0003 PARLELOO) o VTLLLOO) VIR LLIDO0) 4t 790),
CSCTCD) 4P ADILL00 ) 4P AL {100 )y VIAULLIO0 ) oVIAL(LOO0) o 3LYU(LO0G) o 5LYLILCI)
CoPHYL LD} yPHYULLOO) o vIYLLL0Q) ,vTIYULLOO0) o5SLYL(10J ) sodLYiLL{LUT}
CodSLTRILOO ) oSoOLTLOLOQd oL LTL(LI0) oSLTLLILOO)

CUMMUNX s B AN s OLAM YL ¢ YUenwdrdaJd s sNGUe XPr g XPLadde I T »SLTRsSLTL,
CPHL» PHRy VIL g VIR P A S s NC TR PAUUPPADL ¢y VIAU G VIALs DLYU e SLYL 4 PHYL ¢PHY U,
CVIYL pVTIY U JlgodlYLySob YLl adob T oSS Tl b LTLeLTLL

DU 1 K=1ynn0

XMIUI=x(I~1}vulLAM/L2.0

YLl )=-BMa0-ta T30ULAY

IF iRl QeI YL} ==BMA0—500%DLAM

YULT)=8MwDES (L ad %2 -181nD

YLL=vL(])

Yuu=Yu(l]

IF{sleuT aNGu)YULL)=-YI L

IF(JleoTenGLIYLT ) =-YUU

WO(l1=0LAM/ 4,

It {hebQal)LALLPLEAR

fA=[A+]

l=1+1

YLED)=YJUli=1)+¢DLAM

YUll ) =3Maut2 ¥ ULAM

YLe=vL i)

YudsYJdii

IFlJlaoT JNGLIYULT) =YL L1=-1)-DLAM

IFtlaoT o NGodYLIT)==Yuu

Xtiy=x(Il-1)

WD) =abtl-1)

I=1+1

IFlKaevE«NGICALL Prilo

CUNT EINJE

RE TUKN

END

SUBRUUTINL LWROZ

DIMENS fUin XCTQ0) 4y YLC70N) 4 YUl 700 ) ymwDE700) o XPKELI0) yXPLILOD)
COLTRELID0) g SLTLLELOD) ¢ PHLEADD) o PHKIL100) v TLI100),VIK(LCO),ALTOOD),
LSETI0) PAILELI00) yPALLLLI0D) yVEAUCLIOD) o VIALCLIO) o SLYU(LO0) y5LYLLLOOI
CoPHYL U100} 4 PHYULLOO ) o vTIYLCLOO0 D) o vTYULLOO) »SSLYLULOO0) o55LYLLLEL0O)
CoSSOLTRELOO) o05LTL 0100 ) ¢a5LLTLLLO0),SLTLLCLOO)

COUMMUNX ¢ 3M a0 g JLAMe YL oYU s AU sk p s NG NGU g XPRe XPLeJJ e bl e oL TRy5LTL,
CPOHL s PHR e VIL o VTR AP SeNCTR s PADI S PADL s VIAU)VIAL s SLYUeSLYL 4PRYL yPHYU,
CVIYLaVTIY U L g5 YL oSOLYLL pdSLTRySOSLTLySHLLTLyaLTLL

XUD)=all-1)¢9.%ULAM/ Lb.

YL{L)=-bMaD
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YUl =3Mwue o0 AM

YLl=vL (1)
Y Ju=vul)
LFlJisuT oNGO) Yy (1) =-YLL
IFlJdleul enGulYL i L)==YUU

ad{l ) =3.%00LAM/ 5.,

I=1+1]

JiI=Jl+}
XCL)=x{I-1)¢5.%30AM4/8.
YLl )=—-nitwb~3.% JLAM
vulb L) =3Mw)

Yeb=vL (1)
YJu=vyJil)
IFLdlenfstivodya il
IrtdletT o NGLIY LTI
wdll)=se%)LAM/ 4,
=1+]

rETUKN

riND

==YtL
=-YUU

SUBRUGUTING PHASZ2(14A) X

DIME s Loy X077 1o a L7000 YUl 702 14w (700) o XPRILOU) 9 P L1130, ‘
COLTROLID ) gL TL 110Xy PAL CLO0) 3y PHRELOD )y vILLLOO) o VIK(EL00) AL 700,
Col 790}, A 0UdULN )y PASLLLCO  yVIAUCLO0 ) o VIALCLO0 ) o 5L YUl L00) ,5LYLELDD)
CoPrYL LLOD )y PHY GELO0) o vIYLCLIOO) 9w TYULLOO0) o SSLYL(LOD ) g>SLYLLELOD)
CodolIR UL ) pSoe TLELOC) oL LTLELAD ) » 5L TFLLLL100)

LuMAL VL 0tw )y Ul WMy YL o YU nJdel s g NOaNGU e APR s XPL g Jdds Ll ladLTkydLIL,
LAl g PHIG, J'L'VI!~'A|)vNL!K,r)AUUp}’Al)L'VIAUyVIAL')LYU)SL(L,P’HYL"""'U'
CVEYLyvTY eyl oo LY L pDSLYLL gSSLTRyOOLILeSSLLTLySLTLL

Ju L K=1l¢4306

Allb=atl-L)+ul aM/2a)

Iy (kabtGel)XELboal{l-12+y4%JLAMA/ L.

YLED) = dMad=5101n)®2, %3Mu)

rJll)=tMa0el sVl aM

LKt weNu YUl LT 28MaU+.500%00LAM

Yobl=vye i)

Ydu=yud(l)

It Cdl e T oNUOIYUT LI ==Y L

IttdlsuTevoudyi tll=-YUu

add ) soL AN A,

LE{n LweNu) LAl 2UAKR

la=1Aay]

I=1+}

YLl )=—opMaD=-2. %L AM

YJlbi=vl ti-1L)-ueL ad

rel=vL ()

YJud=yuJi(l)

lrtJdleolevuolvyutll=-YLL

It danl o GudYLLL)=YlI=-1)¢ULAM

xtl)=x(l-1)

adll)=wull-1}

[

[H{RaNtains) LALL PHZG

CINT NG

KETURN

N
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SUBRUUTINE Piiu
JIME NS Ldie XE/D0) s YLETOC) yYULT00) ywiU 10Q) , AP LI0QUS XPL(LOOI,
UCOLTRELODY g SL T Li{U) o PHLELCO) yPHRCLOD ), VIL(L1JIO) s vIRELOO)I AL T0D),
COEIC0) »PaddilPChy v ADL (LU ) o VIAUCLICO )Y y VIALELDO0) 4 5L YULLO0) ,50YL(100)
CaPAYL IOy ParJ(LO0 ) o vIYE CLUO) o VIVYULLOO) o SSLYLELOD) o SOLYLLLLILO)

pOSL TR CLOU Y oo LTLOLIO o2 LTLULGI) y5LTLLLIL00)

COMMUNX yUMAU s JLAM YL oYU s p L o JaNUyNUG o KPR ) XPLeJJs L LoDl T ,SLTL,
«PHL, PHEK, HL,le.A, )1NLIK!"AUU'PAUL'VIAU'V]»\L'SLVU'SL'LqPHYLDPH'U|
VEYL g VIY Ul o SLY L oSOLYL L p3dLTR,SoLTLeSOLLTL,yOLILL

ACLY=Xtl=L)vdnaM/2,

YLE1J i~

Yd(l )= Aaurs %L aM

YeLl=vL (1}

YJusyula)

[FlJlesT anvuulvyuil)==yvi L

TFlJl ot onGedryLil)==YyUy

WAl )=Ci ad/4.

I=1+1 .

he TuskN

ENU

SJUxuUJTINE 211l0

DIMENS ToMN XCTS0) oYLt 700 v vt 1001y w2 L T00) o KPRUELOW) o XPLILOO )

COLTR (LT )y SLTLULOD o POl CLO0 ) o PHRILO0 b o v T L(100) o vTRELOO AL TUD),
COTTCI) 2 adULLN0 )4 PAXLA LI D) 9y v LAULLICO )y VIALLLUOdy oL YULL100)y5LYL (L0
CoPHYLOLOD) yPAYULLON) o vIYLCLOD ), vIYULLOD) oSSLYLOLIOO0) oSSLYLL(L00)
CodSUTRULOD ) yodSLTLEEN0 00t TLUED0 ) L TLLILICD)

CUMA SN Ky MU s JLAM YL g YU n s L g d g vb e NGO o KPP XPLe JJ el Lo SLTK DL TL
CPHL Yy PHRp Y T VT g Ay e NLTIR P RJUI PADL o VIAUYVIAL s SLYUsSLYL o PRHYL o PHY U,
bV,YLQJTYU'JIy)>LYL'53LYLL ,)bL‘K'b)LILyb)l.l "L')\_ ee

AL =xX{l=1L)+DLAM/ .

Yull}l=84w0

YLl ) ==oMau~-s.%00LAM

Ydu=vrJdtl)

Yib=vL (i}

IF{dleuleNGUIYL{L)==-YUU

[IFLJl 0T oNGuiIY Uil ) ==-viLL

WOl L)=0LAM/ S,

[=1+1}

Ke TUklv

LND

SUBkRUUTINE LwPADIL

DIMENSTUN X{T00)»YL(TO0) oYUl T0D ) 4w (T00) yXPK{L0D) 4 xPL(100),
COLTRULOND) ySLTLELGC) y PHLOLCO ) o PHRELDD Dy ¥V TLLLIVO ) o vTR{L10D),AL1700),
CSET00) s PAQULLO00 )+ PA0L LICI )y v TAULCLOD )y VIALL100) 5L YULLOO0) p5LYLL100)
CoPHYLULCO) o PHYULLIDO) o VIYLELOD ) o vIYU(CLOO0) y55LYL(L100) ,55LYLLELOO)
CodoLTKELIO) 5oL TL LU0 o55LLTLlL00),L5LTLLIL100)

CUMMUNXe BOMAU s DL AM e YL oYU pnDy o dpNuaNUVUy XPH o XPL e JJ el 1 g SLTR ¢DLTL,
LPHL,P‘HK'V’LvVlKyA,)pNCTNgr)AL/d.PAULleAU)VlAL. SLYUpSLYL yPHYL PHY U,
CVIYL g VIYUad T gdSLYL o OSLYL Ly SOULTReSSLTL e SoLLTLeSLTLL

XPrR{JI)=Xt1)+wll L)/l

APLIJJI)I=XPROJII=INGH 3T ) &)L AM
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L T

I

.

jjpaterativigidupuaibamim v ll

c

[ o

TE{JJabwa NGO LIXPREUII= XPKR(JIDEINLr 3T )8ULAM
PAUU(JJ)=~BMWU-1.99%JL AM
PAULLIJJ)Y=PALU(JUI=-1.0

PU=PabUlJY)

PL=PAVL (JJ)
[FLO1«GToNLULIPALL(JY)==-PY

[F{J Va0l JNGOIPALULJI) =-PL
VIAULJUJ)=PAUJLJI - LY
viAaLt oy =PaoLL U

It (JlebTavuu)Vviabcgd)=PAULIJI)tLLS
[FlJlaol e ou)vAUCIII=PADULIY)

iz TURN

END

sdunudl v oPAJYC
DIEMENS Ty XCID0 oY LCTT0) 4 vt 700 )y w1001 o X (LU yxrL (100},
SLTnCLOY) y St TECE0D )y PHLOLCO) yPHRELOS ) o v ILELID) v IRTI100) A0 7000,
SE729) 4 2A0UlICOY yPavl (100) o vIAULLOD ) o VEIALLLIOI o SLYULLDO ) 5L YLLLDO0)
fPHAYLLLN0) o PRY U IO ) o vIYLLLOD ) o vTYULLO0D) o55L YL (LOD)youbl YLt ¢ 100)
et TRUEQC ) o 5oL TLULI200) 5oL LILELO0) ,5LTLLLL0O)
CUMadivaguMateg LAYy YL g VU el gdaNoeNwo e APReXPLsJJpll et IRpDLIL, ¢
CPHLy PH e vEL o VIR p mg 5 NUTR P PADU s PADL g VIAU P VIALp DL YU SLYL o PHYL oY U,
LV"YL'V'Y\Jle[J)LVL'.)bLVLl ')bLlR.)bLIL'bJLL]L.)LILL

hol=NnuGt+1l

xXPLUEJJe ol Y=X(I)-n0l1)/2,.

APRIJIENGLI=XPLIJUENUGLI#INGe.3T5)%ULAM

AP L eBE e LIAPLEJI+NGL)=XPLIJIENGLY- (NG 375)%DLAM
PADLIJJeNGL)=OMRr +H] o 9O%OLAM

PADULIJIENGLIEPAUL(JJ#NGL) +1 .0

PJEPAVULII NG L)

PL=PABL(SJeNOT )

T (Jleul oNGULIPAULLJJENGL) =—PL

IF(JlebLl oNOVUIPALLLJIENGL) =-PU

VIAULJJeNGL) =P AU Jd#nGl)

VIAL{JJIENGL ) =rALL LJJENGLY+ L 1D

IRl eST eNOLOUIVEAGEJIENG LY =PADJLUJIENOLI= 15

TFlJ L el NUGUIVIEALLJISNCLY=PADLEJdENGL)

Jd=dd+l

KETJURN

tND

C Cc

SUBKUUTINE PLloak

DIAENSTUN X(TO0) yYLITCO0) yYUCTO0) WD TO0 )y XP (1003, xPL(100),

CoL Tt LG ) ySLTLLLICO )y PHLUIOO0 ) 9 PHRIULIO D o VILLLD0) o VIRK{LO0} AL TI0),
CSOIND ) 4 PAQULLCO) y Pl LL0D) ¢ vIAULLOD) o VIALLLO00) ,SLYULLO0) »S5LYLI1D0)
CoPriYLELDO) o PHYU(L0N) o VIYL (100) yVTIYU(LOO0) o SSLYL(LO0)»55LYLLL100)
CeSSLTREENO ) o SSLTLCLI0 D w35LLTLELO0) oL TLL{L100)

CUMAUNX , BMW) ¢ ILAMy YLy YU swUs Lo J e NGeNGUe XPRy XPLoJJe LI oSLTRSLTL,
CPHLyPHK'V'LyVIK'A.)gNLTR.PAUUQPAUL'V‘AU.V‘AL'SLYU.)LYLQPHYL.PH{J.
CVTIYL VIV U sl o550 YLySSLYLLsDSLTReSSLETL o SSLLTLySLILL e

W=ULAM/ G4t DLAM/q4.%. %

SLTRELI V=X (L) +OLAM/ Bt 2%0LAM/ 4,

SLTLII L)Y =X (1)} +JULAM/4a~al2%0LAM/ 4, :

SOLTL LY =SLTR(TT)—w i

SOLIRCLE)=SLTL (1) +w
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ace

SSLLTLIT LI =SLIRUTL ) —w
SLTLLCED) =S inr(IL)

PHLUL L ¥=x( 1) +ULAM/ 40~ L% ILAM/ 4,
PHROUD I =PHLCT L) #ING- 1. 120 ) %L AM
VILULD) =(enl(f L) #PHR (LT} 1/2.-0LAM/ 4.
VIRTLLY=viLCLL)Y+OLAM/ ¢

SLYULH D) == tddai)=e0T75%0LAM
SLYLUTT)=-dMwu-2.0%0LAM :
SSLYLELII=1oevyulllpdeSLYLULIEI) /2atn/2.
SSLYLL LIl =5styLlll)—w

PHYL (1 1) =-8MwD—2.05%ULAN

PHYU(]T L) =~BMau-lew®DLAM
VIYL({TL)=—tMaw=2.75=2.%DLAM
VIYULL L) =—BMnU-2.%DLAM

IFINGew e LIVIYULTTI=-3Muo-la4a*ULAM
SLR=SLTIR(ID)

StL=strL(Il)

TF(JLeUT NGO oL TRETTII=5LL+1ea*DLAM/ 4D
FREJEoGTONGUISLTILETT ) =SLK-1.4%ULAM/ 4.0
IFLJLGT o NGGhasLTLIET ) =0 inl{il)—w
R a0l aNGOIOSLTREEEI=DLTLITITL) ¢n
TRl a0l aNGUYPSHLLTLELL) =L TRETL)
IFCJlaGT anGOISLTLLEE I=SLTLIL L)
SYU=SLYulll)

sYL=SLyL(il)

SSYL=osLyYL (Il

SSYLL=SSeyYLL(IT}

(RO OT NGO SLYL (LTI =-5YU
LECJleuT oNGOISLYULTT)=->vL
TECJTLOT aivud SSLYL (L E==5SYLL
LE(JLsoT WNuGo o SLYLLET ) ==50vL
PYL=PHYL(LI) :

PYU=pPrYull )
IFIJLGTaNGU)IPHYLILL)==PYU
IF{JiebT oNGOIPHYLIL T ==PYL
vYL=VTIYL (1)

VYUsVIYU(IT])
TFLILLGTNGGIVTIYL LT ) ==VYU
IFCJLLGT W NGGIVTYUL L) ==VYL

RETUKN

END

SUBRUUTINE P2uAR

DIMENSTUN XCT7GO) ¢YL{T730) ¢YULT00) 4w 70u) ¢ XPR{100) ,XPLL100),
CSLTRUL00) ¢ SLTL(LCO )y PHLILOO ) yPHR{100) ¢ vTLIL00),VIR{100),A(T00),
CSET00) 4 PADUCLOO ) ,PAUL(LO0 o VIAULLQ0) o VIALLLOO) ¢ SLYULL0D),SLYL(100Y
CoPHYLCLO0D) yPHYUCLOO ¢ vTYLLLOOG) 4 VTYU(L00) oSSLYL (100)455LYLLILOO)
CoSSLTRULOOD) oSSLTLCLOO ) y35LLTL(LO0),SLTLLLLOO)

COMMUNX y SMWO o JLAMs YL 9 YU g ap Ll o JeNGyNGGe XPRy XPL o JdglloSLTRyOLTIL,
CPHLy PHRyVIL g VIR g Ay SyNCTRyPADUYPADL s VIAUZVIAL v 3LYUeSLYL WPHYL 4PHYU,
CVTIYLyVIYUeJl g0SLYLeOS5LYLL o55LTReSSLTLSSLLTLy >0 Tl

W=DLAM/4+DLAM /4%, 4

SLTLELI#NGO)=X{L)}-UVLAM/ B~ 2%DLAM/ G,

SLIKCTI#NSG)=X{1)~DLAM/ 4. ¢ o 2%DLAM/ 4,

SSLTIKELI eNGULY=SLTLITT ¢NGU) ¢

SSLTLUTEIONGG) =5LTRULTIENGG) - w

SSLLTLITI#NGG) =5SLTLITLeNGG)
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SLILLLELeNGGY=SLTILLILI+NGL) #n

PHRAUTLI #NGG =X 1) ~OLAM/ 4o+ 1 XDLAM/ 4.
PHLOTL NGO ) =PAKITL+NGO )=t NG~ 125)%DLAM
VILLETeNLG)=(PHRCTTENGU) ¢PHL (LI #NGO I )/ 2.-DLAM/ 4.
VIKCTTI#NOGGI=VTILLTL+#NGGIHULAM/ 2.

SLYJUT T+ LG )=+MaU+ 2, 0%DLAM
SLYLULE#GG)I=3Mal+ O T5%ULAM
SSUYLOTIrNGUl=(SLYU{ LTI #NGGI+SLYL{LII#NGU) )/ et/ 2e
SSEYLLULLeNGGI=odL YLULTI¢NGG)—W
PryL{II+nNGG)I=08Mniit L e @®*ULAM
PavullI+NGG)=8dMa+2.05%00L aM
VIYLLLi+NGG)I=usMau e %ULAM

I ANVt QeIIVIVYLILL+#NUGGI=0MWItLe4%ULAM
VIYULLLI¢NGU)=3MWC+ 2. TH+ 2 %DLAM
SLL=5LTL{TIIeNLG)

SLE=SLIR(TILI#NGG)

IFCJLeOT UNGOYSLTLULLENGL) =SLK=1.4%¥0LAM/ 4.
(I eGT oNGUIDLTRITLI#NGULIESLL Y]l 2 4%DLAM/ 9
[FAJTaGT aNGS)IISLTLLLLENGO) =0LTROLL¢NLG)-w
IF Ll eul anvoudSSLTRETE®NGOI=SLTLITI#NLG) N
[F{JleuT e ouloStLTLtii+Nnool=SLTRITLI#+NGG)
IF{oleOT s iunisb TLL LTI eNGOUI=0LTLLTT ¢NGG)
SYU=sLYullleNouu)

SYL=SLYL{LT#NOUL)

SOYL-adL AL LT eNLY)

SoyvYLt=oStyiLLltlenvod
LF{JleGlaNGOIOSLYLEEL#NOG)==SSVYLL

TFCJTl ST NG SLYLLELLE#NULG)==SSYL

IFLJL o GT o NGUISLYLULLI¢NGO) =-0YY

IFCJL ST aNGOISLYULTLeNGG==5YL
PYL=PHYL{TT#NSG)

PYU=PHYU(TT#NLG)

IFUJL GV uNGOIPHYLLLL#NGG)=-PYU

[F{JleUl oNGUIPHYUCTI#NGU) ==PrL
VYL=VTIYL(TI+NGUL)

VYU=vIYU(TT+hnoU)
FE(JLaGTaNGUIVIYLULItivos ) =—VYY
TELJToGTaNGUIVIYULTE#NGU) =-vYL

ii=11+1
Rt TUKN
tvU

[

(W

C

SUBKUUTINE GKFING

DIMENSIUN X(700) oYL U700) ,YULTIO0) ywDC700) 4 XP{LOO) ¢ XPLILVO),
COLTROLDD) pSCTLCLINO ) PHLOLD0) yPHRULOCIVILLEL00) , VIRLID0) A1 700),
CO0T700) ¢PadULLID0) 4PAVLILON )y VIAUCLO00) o VIAL(LIO00) y5LYULLOU ¢ SLYLLLOO)
CoPHYL(ILOZ) 4 PHYU(LOD) o VIYLIL00 D o VIYULLOOD) oo SLYL 00} y5SLYLLI10V)
CoSSLTIRELON N oSSLTLELOO0 g5 LTLOLO0) 5L TLLCLOGIH

CUMMUNX g MO g DLAMa YL oYU s o L g JsNGyNGGa XPRe XPLpJJp L Lo dLThgdLTL,
CPHL o PHR ¢ VTIL g VIR g A SeNCTRyPADU o PADL s VIAUGVIAL 9 SLYUySLYL ¢ PHYL 9PV U,
CVIYL o VIYUpdlgSSLYL o SSLYLL »SSLIR§SSLTLeSSLLTLeSLTLL

x{l)=0.

DO 10 M=z1l,y4

XEL)=X{l-1)+DLAM/ 2.

YUl 1=8Mad#2.*DLAM

yLit)==vyull)

wlCl)-DeaM/a,.

R




l=1+1

L0 CUNI INUE
RETUAN
END

SUsRouJTInG EBFINGEEURE iNG)

OLAE S LUN X(700) o YLATOO) o YULTONM) gD TOO0) o XPRUINO) 4 XPLLLOD)
COLTRULIOO) 4oL FL L L00) ¢ PHLULDOD) ¢ PHKIL00),vTLIL100),VIR(L00),at700),
UOLT0) yPADJILIO0) yPAUL LLID) , VIAJLLOO) o VIALILQO ;4 SLYULLOO0) yoLYL(LOD)
CoPHYLELOO) yPHYU(LO00 ) o VIVLCLO0O0) o VIVYUCLOCH SSLYL(100) o55LYLLLLOO)
CoSSLYKILIO) yS5LTL{100d ¢0oSLLTLULOO) ,SLTLLELOO)

LUMMJNK'UMnL)|ULA\M’YL9Y\J|WUnl'J.NU'NGG.KPK'KPLpJJ.II.)LIN,SLIL[
CPHALe PHI o VIL o VIR 9 Ag SyNLTR e PADU s PADL ¢ VIAUS VIAL s 5L YU SLYL ,PHYL ,PHYU,
CVIYL o VIYUadlgdSLYL gL FLLpOSLTRySSUTLgOOLLTLeSLTLL

PRINTO

S FURMAT LLE 20X, YE—=DpLAM ATA FOUK TRANSDUCER FENULRS')

IF(lUebEwel }PUNLHY

M=[+]

DO 7T L=2yrl

xiL-1)=x(L)

Yulit-1}r=vullL}

YL(L=-1)=rvL (L}

wollL-1l)=nufL)

T CONT I wJE

K=1/¢

nWl=00LAM/4.

VU6 L=Ly:

IF(aD(L) ot yewi)wlOIlL) =} ING

6 CUNFINUE

DO 10 L=l

M=2%{ -1

N=2%¢

XL =x{M})~-wu(M)/2.

X2=x{M)+wti(M) /2,

X3=XINI=wIIN)/2.

Xa=X{NItWwD(N}/ L2

PRINT 20 yMyXLpYULUIM) 9 X2, YUIM) g X34YLAN) gALe YUl

IFClUebUa LYPUNCHZL o XLg YLAM) 9 X2 9 YULIM) g R39 YLIN) gAY Uliv)

10 CONTINUE
O FORMATULH 0S5 e U s F a3 ot s gk 1a3 0P IRECTUY oF T332 sFTasst )il
KET a0 0t ab Ta3 s JRECT(Y gE Ta3,4¥y ' yFla340))

Jt FURMAT | """bn)""ﬂ"b-ip')hELl('"’Oc}’"'an-Jo.J;(.'
KFbojv.t'l‘003"’RECI(.'FO.1."'.fo.a..)..
KETURN
END

SUBRUUTLNE GBF INGLIUsF INGYRED)

VIMENSTUN XLT00) 3YLIT700) ,YULTOO0) 9nDI 7000 4 XPULIO) XPLLLCI),
CSLTRULOO) y oL TLLL00 4 o PHLULOO) yPHRELOJ )¢ VILCLOO) y VIKILDO0) ¢t 700),
CSET001 ,PALUCLING) PADL LA )y VIAJUCLIO )y VIALILOO ), SLYULLOO0) 5L YL{10D)
CoPHYLILINO) yPHYU(L100) yvIYLILOO0) VTIYU(LIO)#SSLYLELOU) o5SLYLLIL00)
CoSSLTRELIO0}»SSLTILEL0O) pSSLLTLELO00) 45LTLLLIOO)

CUMMUNX ¢ BMWD g DLAM g YL 4 YUr D p Lo J e NGINGUL e XPRe XPLy J o L1 4SLTR,SLTL,
CPHL o PHRyVTL g VIR g Ay SoNCTRePAUU yPADL ¢ VIAU  VIAL 9 SLYUSLYL oPHYL oPHY U,
CVTVL o VTIYU Ul aSSLYL»SSLYLL oaSLTKpSSLTLeSSLLTLSLTLE
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