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A b s t r a c t

‘-.--.~~~ Landing system simulations have been carried out in support of the Microwave
Landing System (MLS) program of the Federal Aviation Administration. The results
of these simulations have been published in an interim report and in Caispan
Technical Notes. This report contains the results of extensive simulation evalu-
ations of a multimode digital processor developed for the time reference scanning
beam (TRSB) system.

Four processing algorithms were developed for the TRSB system. Simulation
tests showed that the algorithms developed for the dwell gate processor were less
sensitive to multipath errors and had less processing noise than the flight test
phase 3 receivers. The split gate processor had smaller multipath and noise errors
than the dwell gate processor. Two asymmetrical processing algorithms were
implemented that had multipath errors of less than half the magnitude of the dwell
gate or split gate techniques. The single edge processor (SEP) is effective for
reducing elevation multipath errors from hangar reflections and ground reflections
in flare data. An adaptive SEP was developed that can be used for azimuth or
elevation data and is effective in reducing errors from multipath that occurs on
either edge of the beam.

The algorithms for the four processing modes were implemented in an LSI-ll
microprocessor packaged for convenient field and flight tests. The
features permit processing an elevation or azimuth function in~~.ITfour~mode:

• This feature permits direct comparisons between the different processing techniques” .
test. 
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Section 1.0

INTRODUCTION

The material in this report is prepared in support of the Microwave
Landing System (MLS) program for the Federal Aviation Administration. This

report describes a digital multimode processor developed for evaluating
different processing techniques for the TRSB system. Performance test results

of four processing algorithms are included.

Performance evaluation tests were conducted on the MLS simulation

facility at Calspan. In this facility the TRSB signal received by an airborne

receiver is simulated and translated to the C-band frequency required in the

MLS receiver. This simulation includes the direct signal and a multipath

signal that is computer controlled to represent any amplitude, scalloping

frequency and beam coding angle required by the reflecting surface and aircraft

velocity vector. The TRSB simulator, as described in Reference 1, has been

used to evaluate the multipath error characteristics of the receivers used in

the f l ight tests of the TRSB system. The large data base on TRSB receivers
has been used in comparing the performance characteristics of the digital multi-
mode processor .

The multimod e processor was developed to explore the feasibility of
a dual mode processor that uses a dwell gate or split gate processing algorithm
for azimuth and long range elevation data and single edge processi,ng~ algorithms
for short range elevation data. In addition an adaptive single edge processor
was developed . These four processing algorithms were implemented in the PDP-11/10
computer that controls the MLS simulator. An LSI-ll microprocessor was conf igured
to provide a convenient test unit for field evaluations of the processing
algorithms. The software for the PDP-ll/1O and LSI-ll computers are program
compatible with a few minor exceptions. It should be noted that the dwell
gate or split gate algorithms could be implement ed in an 8-bit processor for
an operational airborne unit .
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1.1 Background Information

Fourteen technical notes have been prepared under this contract. The
data in the first twelve technical notes has been summarized or included in the
interim report, Reference 1.

Technical Note 13 contains the results of simulator tests on two

phase 3 receivers to be used by the UK in flight test evaluations of the TRSB
system, Reference 2. Frequency responses were run on thc angle analog outputs

and were similar to those run on the digital angle outputs, as reported in

TN-S. In addition, autocorrelation tests were run on the angle outputs.

Technical Note 14 reports the results of field measurements made on

the Doppler scan format during the J.F. Kennedy flight tests of the Doppler

system, Reference 3. The 6 x 6 (six scans in one direction and six in the other)

azimuth scans and 20 x 20 elevation scan format were recorded by using a C-band

receiver with suitable laboratory test equipment.

1.2 Scope of Report

This report summarizes the results of simulation evaluations of the

multimode digital processor. The conclusions resulting from the simulation

tests are summarized in Section 2.

Four processing modes were implemented and evaluated under various

multipath situations. These four processing algorithms were done with software

in the computer and included the dwell gate, split gate or centroid processor,

single edge and adaptive single edge processing techniques. The dwell gate

algorithms were an improved version of those used in the phase 3 receiver.

The centroid processor is a digitized version of the Australian split gate

tracker. The single edge processor (SEP) is a digitized version of the early

analog processors tested for elevation and flare data. An adaptive SEP was

developed to minimize multipath errors under all possible situations when

the multipath occurs on either edge of the beam. A description of these

processing algorithms is included in Section 3. The implementation of the

multimode processor in an LSI-1l micre.~omputer for use in field evaluations

is described in this section.
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Section 4 reports the results of simulation tests. The test data

show the processor errors under various multipath situations, multipath scenarios
and low signal levels.

Field test objectives are outlined in Section 5 that should provide
verification of the simulator performance tests. In addition , the susceptibility
of the dwell gate , split gate processor and adaptive SEP algorithms to aircraft
shadowing effects when processing azimuth data would be evaluated in these
field tests. The schedule for the ICAO flight test demonstrations did not
permit time for completing field tests within this report period.

A brief analysis of the aircraft path following filter approximations
was made using some early elevation channel closed loop simulation data. The

results of this study are included in Appendix A and showed that the selected

filter provided closer approximations to aircraft error responses than the

filter used in the ICAO data evaluations.

S

A 
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Section 2.0

CONC LOS IONS

2.1 General

a The MLS Simulation Facility has proven to be very useful for

developing and evaluating processing techniques.

• The split gate processor algorithms provide better performance

with respect to processing noise and multipath errors than the

dwell gate processing technique used in the phase 3 receivers.

• Although a 16-bit microcomputer (LSI-ll) is used for implementing

the multimode processor, the algorithms for the split gate and

dwell gate processors are suitable for an 8-bit microcomputer.

• The single edge or adaptive SEP are very effective techniques for

reducing multipath errors in elevation and flare data.

2.2 Processor Characteristics

• An 8-bit resolution in quantizing the log IF video output is

satisfactory and only results in a small increase in processor

noise relative to 12-bits. Going to 8-bits does increase the

signal level required for acquisition by about 2 dB.

• Eight microsecond sampling of the video waveform is adequate. It

was not possible to try reduced sampling rates because of time

and equipment constraints.

= • Split gate or centroid processors should use four data points

(N = 4) on each side of the beam peak value to minimize multipath
and processing errors . For a simplified processor that is l imited
in processing t ime, only one data point (N = 1) could be used with
a modest performance degradation .

1’ I
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• The Log IF video filter bandwidth has a significant effect on the
multipath errors . If the bandwidth is too small the multipath
errors increase. An RC filter characteristic with 3 dB attenuat ion
at 20 kHz and 13 dB at 50 kHz was found to be a reasonable com-
promise between low signal level processor noise and multipath

error.

• Autocorrelation measurements can be mad e with the receivers but
are of very l imited value in evaluating performance. Frequency
response curves are more meaningful.

2.3 Characteristics of Multi path Effects

• The dwell gat e processor implemented in the PDP-l l and LSI-11
software had smaller multipath errors than the phase 3 receiver
in baseline tests for multipath separation ang les between 1.0 and
1.5 deg rees . The use of a tracking gate that is offset from the
center of the bean discriminates against inultipath on the opposite
side of the beam and greatly reduces the peak mean and rms errors
that occur with cen tered gates . A one degree per second rate
limiter is effective in reducing the rms errors for -1 dB multipath.

• A split gat e processor using four data points on each side of the
peak amplitude (N = 4) has a significantly smaller mean and rms

error at large separation angles than the dwell gate processor for
the -l dB multipath baseline test.

• Single edge processing (SEP) algorithms reduce multipath errors
to less tha n half the magnitude for either the dwell gate or split
gate processing techniques . An SEP is very effective in reducing
elevation errors from hangar reflections . The digital SEP main
lobe and first side lobe errors are about 0.7 as large as the
analog SEP .

2-2
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• An ~iaptive single edge or dual edge processor (DEP) can be used
for both elevation and azimuth situations . The DEP should be
effective in reducing elevation errors from hangar roof top multi-
path that can occur on either edge of the beam. An adaptive SEP
may prove effective in reducing errors due to aircraft shadowing
effects on azimuth data , such as from an aircraft turning off the
runway or taking off.

• The algorithms presently used in the DEP require modifications in
the technique used for selecting the unperturbed beam edge. In
hangar scenario tests in which the peak multipath level did not
exceed -7 dB the correct beam edge is not always selected until
the multipath level and separation angles approach their peak values .
Software modifications should be mad e to correct these problems
if an operational need for the adaptive SEP is established .

• In a flare scenario the digital SEP peak errors will be about 70%
of those for the previously tested analog SEP flare scenarios.
It appears that the magnitud e of the resulting errors are too
large for directly measuring altitude rate from flare data. For
closed loop flare cont rol , complementary data is probably required
from barometric altitude rate or accelerometer derived rate data.

2.4 Field Test Obj ectives

• The features of the LSI-ll processor included in the field test
unit will greatly facilitate flight test evaluations of processing

techniques. Multimode processing during a test run permits relative
performance evaluations and only requires a limited amount of test
data. The core memory in the LSI-11 processor permits changes or
additions to the processing algorithms with a minima l effort .

• Only flight tests can evaluate the effectiveness of the split gate
and adaptive single edge processors for reducing aircraft azimuth

shadowing effects (from aircraft turning off the runway or
taki ng off) .

2-3
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• The Aust ralian flare unit at NAFEC can be used for both flare and
hangar multipath tests. These tests should be supplemented with
simulator evaluations to estimate the multipath levels during the
fl are and to provide additional verification of simulator data.

• Flight tests are required using the single edge processor with
different beamwidths to verify the beaniwidth correction algorithms
developed with the simulator .

• Flig ht tests are required to evaluate the effectiveness of an
adaptive sing le edge processor in reducing multi path errors at

elevation sites where the multipath can occur on either edge of
the beam.

LI.T . .~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Section 3.0

DESCRIPTION OF PROCESSOR TECHNIQUES

Computer programs have been prepared that compute the MLS angle using
digiti zed video signals from a logarithmic receiver. The angle processing programs
were first debugged and evaluated on the PDP-ll/ 10 minicomputer that also controls
the MLS signal simulator. The same programs were then put into an LSI-ll micro-
computer for use in field and f l ight tests. The differences between the programs
for the two computers are principally in the input/output control routines.
This description pertains directly to the LSI-ll program.

3.1 Processor Description

Figure 3-1 is a functional diagram of the interface between the micro-

computer and the outside world. An MLS receiver provides decoding of the DPSK

signal that indicates the presence of TRSB signals and identifies the functions.

The log video output of this receiver is digitized to provide the signals for

angle processing. Over limited periods of the scan, controlled by the computer

(tracking gates), digital samples of the video voltage are directly stored in

the computer memory. The sampling period is eight microseconds and the amplitude

resolution is 12-bits (1:4096).

The average beam peak amplitude is supplied by the computer to a

digital-to-analog converter for comparison with the log video signal. This

comparison is carried on throughout the scan except when the video signal is

being digitized, that is, except during the tracking gate periods. If the

comparison indicates a video signal greater than the beam peak amplitude , the
time of occurrence of that signal is passed on to the computer on a program

interrupt basis.

Real time is supplied to the computer by an interrupt that occurs

every five milliseconds. This controls the missed scan count for each function.

A crystal oscillator supplies the timing for this clock as well as for control

of the analog-digital converter activity and the out-of-beam comparison times.

The timing counters are reset at each DPSK function identity decode.

3-1 
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The front panel contains switches for control of the processor

operations and a display of outputs. Computer speed has limited the number of

processors that may be simultaneously exercised to four. These may be allocated

in any way among the functions; azimuth, elevation, flare, and back azimuth,
except that the dwell gate processor must be used for each function that is

active. If the dual edge processor is in use, the single edge processor out-

put will also be available but will not be counted in the limit of four.

Outputs are provided to a magnetic tape recorder (ARINC word), four

analog chart recorder channels , and the f ront panel display . Processor selections
for magnetic tape recording take precedence. The chart recorder selections
may includ e any of the tape recorder selections plus others, not to exceed four
overall. The chart recorder normally plots angle output but selection “A” provides
a one degree calibration signal and selection ”B” produces a plot of the flags for
the function selected on the next lower numbered channel (as 1/2° of f set when
flag is present). Channel one monitors out-of-coverage signals in the “B”
position.

The panel display is restricted to the functions and processors already
selected for tape or chart recording . Identity, fl ags , and track/acquisition
are indicated by LED ’s. Angle , frame count or confidence count appear on a
numeric display .

3.2 Processing Programs

A control program and a display program provide the interface between
the manual processor selection and the output signal recording. The display

program is called up at the end of each function processing. Then the computer

returns to the control program to determine whether changes in input selection

have occurred. As these programs are peripheral to the signal processing task

they will not be described further.

In the descriptions that follow, certain numeric parameters are

indicated. These have been judiciously chosen but not all have been subjected

to experimental confirmation. They are all variable parameters and may be

changed if the results of tests so indicate.

3-3
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The dwell gate processor (DGP) is central to the operation of the
system as it controls the position and width of the tracking gates. The single
edge processor (SEP) also needs the DGP angle to compute an angle bias
correction. Neither the SEP nor the dual edge processor (DEP) can operate at
very low signal/ noise ratios so the DGP is necessary to provide weak signal
t racking . The split gate tracker (SPGT) could carry out all of the DGP
functions but it was not set up to do so in order to simplif y the program.
This is an adequate implementation for the purpose of investigating the char-
acteristics of the SPGT.

The output of each of these processors is passed by an a ,8 fi l ter to
the selected recorder and display . The cz,8 fi l ter parameters are the same as
those used previously in the phase 3 receiver. A one degree/second rate limiter
is available on the a,8 filter output .

Acquisition

In the acquisition mode , the t racking gates are widened and preset
to specific positions (0° for azimuth , +3° for elevation) . The scan period
outside the gates is examined for symmetrical peaks that exceed a threshold.
This uses the same program that looks for out-of-beam multi path peaks that

exceed the peak in track . Here , however , the threshold is varied to provide
ten noise peak indications in each frame.

Withi n the tracking gates , the peak v ideo amplitudes are examined
for amplitude (they must exceed the average noise peak) and symmetry (within
96 mic roseconds). If peaks are found , either within or outside the tracking
gates , a track is initiated with wide tracking gates centered on the position of
the detect ed peaks . Control of the tracking gates then is carried out by the
DGP. Wh en symmetrical peaks are not found within the tracking gates , the peak
values are assumed to be noise and are averaged to provide an average noise peak
level.

After a track has been started , the acquisition program continues to

examine the scan period outside the tracking gates for symmetrical peaks that
exceed the amplitude of the signal in track. The appearance of such peaks will

3-4



cause a confidence count to be decremented while a scan without such peaks causes
the confidence count to be incremented. If the confidence count falls to zero
the existing track is dropped and a new track started at the position of the
external peaks (see Section 3.2.5).

3.2.1 Dwell Gate Processor (DGP)

The DGP sets a threshold at 3 dB below the peak value of the stored
video signal as indicated in Figure 3.2a. It then searches for an amplitude

rise and fall through the threshold level that includes the peak. The rise and

fall times must be separated by at least 20 microseconds to be accepted. The

times of occurrence of these passages are linearly interpolated to 1/4 micro-

second within the eight microsecond sampling interval. This process is carried

out for both the TO and FRO scans and the raw angle is computed from the time

difference.

F The output angle is provided by a digital u,8 filter using the raw

angle input. This filtered angle is also used to set the position of the track-
ing gates on the next scan. The raw dwell gate width, the time between the

signal rise and fall, is averaged by a low pass filter (u = 0.05 radians/second).

The average dwell gate width is used to set the tracking gate width.

At very low signal levels, the -3 dB threshold would fall below the

noise amplitude of the receiver. Therefore, a fixed threshold of twice the

average noise peak is used when the -3 dB threshold falls below this value.

If the peak signal falls below this level the frame is skipped.

A frame count is incremented whenever a successful angle computation

is made and decremented otherwise. The DGP angle output is flagged at any time

the frame count is below a threshold value (see Section 3.2.5).

3.2.2 Single Edge Processor (SEP)

The single edge processor looks for a change in slope on the one edge

of the beam in order to avoid multipath perturbations of the beam peak and its

other edge. Since multipath typically distorts the inside edges of the elevation

beam, the SEP uses the leading beam edge on the TO scan and the trailing edge on

the PRO scan.

3-5
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_ _ _ _2a Dwell Gate Processor
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Figure 3.2 ILLUSTRATION OF PROCESSING PROCEDURES
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The stored beam shape is examined and the slope is compared to 9 dB

in 16 microseconds (two sampling intervals) as indicated in Figure 3-2b. The

slope first exceeds this value and then drops below it. A linear interpolation

estimates the exact time to 1/4 microsecond. The angle determined by the beam

outside edge times is greater than that indicated by the beam centers so a bias

correction is necessary to produce the true angle. This correction is taken as

the difference between the SEP and DGP angles, averaged over about 20 seconds.

A count is kept of the number of SEP corrections averaged. If multi-

path occurs, as indicated by a deviation of the raw SEP correction from the

average correction (>2 microseconds), the correction is not averaged and the

count is decremented. Should the count fall to zero, approximately 30 seconds

for a full count, the average correction is discarded and a new average correction

started.

The SEP may fail if the beam amplitude falls too low or the beam is

greatly distorted. A frame count is incremented on successful measurements

and decremented on failures. The angle data is flagged if this count falls to

zero (see Section 3.2.5).

3.2.3 Dual Edge Processor (DEP)

The dual edge processor makes single edge measurements on the insides

of the scanning beam using the same subroutines as the SEP uses on the outside

edges. It then computes the angle by averaging the inside and outside measure-

ments. In this way it cancels out receiving system non-linearities that can

affect the SEP.

A DEP equivalent beamwidth is computed from the difference between

the outside and inside angles and low pass filtered Cu = 0.05 radians/second).

If a high level in-beam multipath occurs, one of these measurements will be
shifted so that the raw beamwidth is lengthened . When the raw beainwidth exceeds
the average beaawidth by one microsecond the presence of multipath is indicated.

The angle computation is then bypassed for several scans while a count is made

to determine whether the inside or outside angle is the most perturbed. The

least deviated angle is then corrected by the average beamwidth and used for

the output. Any time that the raw beaawidth returns to within one microsecond
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of the average beamwidth, the count is cleared and both inside and outside

angles used for the measurement.

As with the other processors, a frame count is maintained to control

the flag on the DEP angle data (see Section 3.2.5).

3.2.4 Split Gate Processor (SPGP)

The split gate tracker finds the centroid of each beam by taking the
difference of sums of four amplitudes (eight microsecond , apart) on each side of
the peak amplitude, Figure 3-2c. The computation is repeated about a sampling
point shifted in the direction toward maki ng the difference zero. When the

sign of the difference of the sums changes (i.e., sum on inside goes from greater
to less than sum on outside) , an int erpolation finds the mean point to 1/4
microsecond . No beainwidth measurement is needed with this technique as a fixed
number of samples (±4 samples at 8 microseconds) is adequate for the normal
range of beams encountered (1/2 ° to 4°).

3.2.5 Flags

The output angles from these processors are flagged when any doubt

exists concerning their reliability. In each case, a good measurement increments

a count and a failure decrements it. The counters are most succintly described

by the diagrams in Figure 3-3.

The SEP, DEP, and SPGP angle outputs remain flagged until the respective
counts reach their maximum. This requires two seconds of continuous good data.

If half the scans are missed there is no net increase in count. However, once

the flag has been removed, it is not again set until the count falls to zero so

the output can coast for short periods. If zero count is reached, the track is

dropped and a new track is attempted. These processors are dependent on the

DGP for the tracking gates. They will not operate if the DGP actually drops track.

In that case, all processors lose signal and will quickly drop track.

The DGP angle is flagged if either the confidence or frame flags are

set. The confidence count is incremented on each scan when no out-of-beam (OOB)

signal is found that has both syimnetry about the TO-FRO reversal time and an
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amplitude greater than the signal in track. If an OOB signal is found, the

confidence count is decremented If the confidence count is less than on e

second, the confidence flag is set if it reaches zero , the track is dropped
and a new track started at the position of the OOB signal .

The frame count is incremented on each successful ang le measurement
and decremented on each measurement failure. Failures may be caused by insufficient
signal amplitude or too narrow a dwell gate. The frame count is also decremented
by a missed scan count (failure to decode an identity within a specified period)
or if the measured angle departs from the previous average by more than 1.28°
(0.64 ° outlier limit in flare). An outlier of 1.28 ° was selected to prevent an
overflow in the ~~ filter computations . The frame flag is set if the count
drops to two seconds and the track is dropped if the count falls to zero. The
processor then reverts to acquisition mode.

Out-of-coverage (sidelobe suppression) pulses are counted separately

when their amplitude reaches that of the signal in track. If the out-of-coverage

count reaches three seconds, the frame is skipped ~nd the frame count is

decremented. This action is repeated each frame until the out-of-coverage

count falls below three seconds or the track is dropped.

3.3 Program Operating Times

The software operating times in the LSI-ll microprocessor for the four

processing modes are listed in Table 3.1.

Table 3.1 LSI-ll OPERATING TIME S
Proc. to Tape
Output, DGP to

All Proc. to 4 Chart Rec.
Processor Only Tape Output Channels
(Milliseconds) (Milliseconds) (Milliseconds)

DGP 5.5 6.5 7
DGP + SEP 8 10 11

DGP + SEP/DGP 10.5 13.5 14
DGP + SEP/DEP + SPGP 12.5 16 17

DGP + SPGP 7~5 9.5 10

(Times from start of processing to end of display)

Notes: Elevation only, no multipath
3-10
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3.4 The Need for a Dual Edge Processor

Simulation test results with the Single Edge Processor (SEP) show that

the effect of multipath can be greatly reduced by making time measurements from

that side of the beam opposite to the multipath. In elevation, inultipath almost
always perturbs the beam when it is pointing below the aircraft. Since the scan

is down and then up, the SEP can be restr icted to the outside beam edges with small

chance that they will be perturbed, and with a significant error reduction .

The Dual Edge Processor (DEP) uses an SEP technique on each side of the
beam and averages the two angles . If one beam edge is perturbed by multipath ,
the DEP switches to an SEP mode on the opposite edge until the multipath dis-

appears. There are several disadvantages of the DEP, listed as follows:

1) The DEP program is over twice as large as the SEP program.

2) The DEP operating time is nearly twice as long as that for the

SEP.

3) The multipath detection and edge selection algorithm is difficult
to design for all significant multipath levels and separation
angles . A fool-proof algorithm has not yet been devised.

4) If the selection algorithm is fooled , errors can be greater than
those of a simple dwel l gate or split gate processor.

The advantages of the DEP must out-weigh these disadvantages if it is
to be utilized. The principal advantages over the SEP are as follows:

1) The DEP measurement is unbiased since it makes a symmetrical
measurement on each side of the beam. The SEP requires a second,

unbiased processor (dwell gate or split gate, for example) from
which to derive a bean~ idth or bias correction. Thus the DEP

can operate alone. Unfortunately, the DEP, like the SEP, requires
a is to 20 dB greater signal for acquisition than do the dwell

gate or split gate processors. Therefore, the alternate processor

is always needed for acquisition. It can be dispensed with when

the DEP is in use at higher signal levels whereas it is needed with

the SEP to accommodate possible beamwidth variations. This may be

important when computer operating time is marginal.
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2) The DEP, when properly implemented , can greatly reduce multipath
errors regardless of which side of the beam they fall  on. Azimuth
curved approaches can result in multi path on either beam edge so
the DEP would be useful . In elevation , there is a possibility of
multipath on the lower side of the beam from hangar roofs . The
DEP would reduce the errors in this case , so long as the other
beam edge is clear.

3) The DEP is insensitive to receiver non-linearities . As the signal
level changes , the logarithmic amplifier will distort the beam to
a degree depending on the linearity of its gain curve. Since both

beam edges are distorted symmetrically, the DEP angle is not affected
by signal level. The SEP , in contrast , is perturbed a few hundredths
of a degree by signal level changes with a logarithmic amplifier of
good (±1 dB) linearity.

4) The effect of shadowing by obstacles in the path of the beam is
different than that of multipath. Often one edge of the beam will
be shadowed before or after the other so that one edge may be
relatively free from distortion. With the proper algorithm, the

DEP should be capable of using the best information available to

produce a low error signal. This capability remains to be

demonstrated.

Consideration of these points indicates that the DEP is marginally

better than the SEP at its present stage of development. Unless a case can be

made for serious multipath of the type that requires the DEP, operation with

the SEP should be adequate. However, the DEP advantages in being unbiased and

not affected by receiver non-linearities are great enough to make further
development effort desirable. This effort is required to: 1) Improve the
multipath detection/ edge selection algorithm , 2) Reduce the program size and

running time, and 3) Lower the required acquisition signal amplitude. A new
approach to the whole DEP/SEP concept may be necessary to achieve the desired
obj  ectives .
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Section 4.0
SIMU LATION RESULTS

A series of tests were carried out on the znulti mode digital processor
to measure the low signal level performance and multipath error characteristics
of the four operating modes . The processor tests were performed with a Calspan
breadboard log video receiver.

During a test the receiver video data is digitized in the processor
and stored in computer memory for subsequent processing by the four algorithms
or operating modes. In the LSI-ll the processor stores the digitized data on

the two beam scans and can process as many as four different modes if only

azimuth or elevation data are being recorded.

The algorithms were developed with the PDP -ll/ lO computer so that
most of the simulation tests were done with the PDP-ll.  The software was then
modified to fit  into the LSI-l1 microprocessor that could be packaged conveniently
for field and f l ight tests. Onl y a limited number of simulation tests were
conducted on the LSI-ll processor to verify the software operation and to show
that performance of the two proces sors is similar. All the data presented in
this report were taken with the PDP-ll processor unless labeled LSI-ll processor.

4.1 Description of Tests

Multipath error characteristics are measured over a 10 second test
period with a multipath signal at a constant amplitude and 0.8 Hz scalloping
frequency (frequency near 0 dB gain of elevation cz, B filter) . These tests are
referred to as baseline tests in this and previous reports. Tests are run at
different multipath separation angles. RmS and mean errors are computed near
the 10 second test period and plotted versus separation angle. Peak-to-peak

errors are typically three times the rms error.

A limited number of tests have been run with a 1/16 Hz scalloping
frequency to measure the peak errors at multipath phases of 0° and 180°. Peak
errors are plotted as a function of separation angle.
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A few tests have been run with a multi path scenario that represents
an approaching aircraft flying through the interference region resulting from
hangar multipath reflections. Tests were run with the scenario from J.F. Kennedy
Airport that was used by the AWOP assessment group .

In addition to multipath effects the low signal level performance was
evaluated. Ten second test periods were used for the error statistics but no
multipath signals were present. These tests evaluate the acquisition character-
istics of the algorithm . Tests run at different signal levels show the noise
in the processor algorithms.

4.2 Processor Characteristics

Frequency response curves were run with the LSI-ll processor. The

amplitude and phase responses were found to be similar to those measured for the
phase 3 receivers as reported in Reference 1. Response curves of the elevation
channel are shown in Figure 4-1.

Figure 4-2 shows time history recordings of the noise in the four
processing modes at a high signal level. The noise levels are extremely low.
A simi lar recording is shown for the phase 3 receiver in Figure 4-3. The data
quantization used in the phase 3 processor is larger than the 0.0025 ° used in
the digital processor. Additional recordings are shown in Figure 4-4 for the
dwell gate , single edge and dual edge processors at a lower signal level . The
SEP as would be expected has the largest processing noise. Figure 4-5 shows the
lower processing noise in the split gate mode compared to the dwell gate processor .
Five data points (N = 5) on each side of the “peak” amplitude were used in
computing the beam centroid and resulted in reduced processing noise relative
to the dwell gat e technique.

4.2 .1 Split G.~te Parameters

The effect of using a different number of points in the split gate

processor for computing the beam c ~ntroid is illustrated in Figure 4-6. Rms

errors are plotted versus peak signal levels for N = 1 and N-S. A similar curve

is included for the dwell gate processor for comparison. These curves were run

4-2
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with a filter cutoff frequency of 300 kHz used on the log IF video data.

Figures 4-7 and 4-8 illustrate the reduction in the rms error for filter cutoff

frequencies of 50 kHz and 26 kHz.

The effect of the number of points (N) used in the split gate processor

when high level multipath is present is shown in Figures 4-9 and 4-10. The
mean error , rms and peak errors are plotted versus N for a -l dB multipath
baseline test. From the curves in Figures 4-9 and 4-10 it is seen that for
N = 4 the increase in the multipath rms errors is relatively small compared to
N = 1 which minimizes the mean multipath error .

Four data points (N = 4) were used in the LSI-ll processing algorithms .
This number represents a good compromise between minimizing the rms processing
error, multipath errors and for operation with a wide range of beainwidths.

4 . 2 . 2  Video Filter Bandwidth Effects

The bandwidth effects of the video filter are illustrated in Figure

4-li in which rms noise error versus signal level is plotted for the dwell gate
processor for 300 kHz, 50 kHz, and 26 k}(z filter cutoff frequencies. Multipath

errors versus video filter bandwidth are shown in Figure 4-12. From the data

shown in these two figures it is apparent that filter bandwidth selection is a

compromise between minimizing the noise error and multipath errors. A 50 kHz

video cutoff represents a good compromise for this R-C filter characteristic.
Two noise error curves are presented in Figures 4-13 and 4-14 for elevation

and azimuth data with a 50 kHz cutoff. These data were taken with the LSI-ll

processor for the dual mode split gate and dwell gate algorithms. For the

parameters selected, 50 kHz video filter cutoff and N = 4, there is very little

difference between the noise errors with these two algorithms.

4.2.3 Quantization Effects

The implementation of the digital processor used a 12-bit analog-to-

digital converter (ADC) for digitizing the log video signal from the receiver.

*One section of a Krohn-Hite model 3202 variable filter was used in the R-C mode.
The attenuation at the cutoff frequency in this mode is 13 dB and the 3 dB
attenuation point is 0.4 times the cutoff frequency. The attenuation at high
frequencies falls off at 24 dE/octave.
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This high resolution was selected so that quantization noise would be insignif-

icant and processing noise as a result of the algorithms could be compared for

the four operating modes. Tests were run by setting some of the least significant
bits to zero to determine the quantization effects for 12, 10, 8 and 6-bits

resolution in the .4.DC. Figures 4-15, 4-16 and 4-17 show recordings for the dwell

gate, split gate and single edge processing modes. An examination of these

data shows that 8-bits results in a small increase in quantization noise. The

noise is large when the resolution is reduced to 6-bits. For operational

processors an 8-bit ADC should be acceptable.

Some low signal level and acquisition tests were run to measure any
performance differences between an 8 or 12-bit ADC. Test results plotted in

Figure 4-18 show that the minimum signal level required for acquisition is

about 2 dE higher for 8-bit resolution with the dwell gate and split gate

modes. No significant differences in acquisition levels were detected for

the single or dual edge modes.

4.2.4 Autocorrelation Measurements

The U.K. Delegation on a TRSB data collection mission in the U.S.

requested data on the autocorrelation function for the phase 3 receiver azimuth

and elevation channels. The results of these measurements are shown in Figure
4-19. These measurements were repeated on the LSI-ll processor with similar
results, Figure 4-20. These tests were conducted on the MLS simulator at a
low signal level (-90 to -100 dBm ) so that a significant amount of white noise
was available at the receiver input . The constant correlation from the TRSB
signal was eliminated by subtracting the squared mean value with no delay.

In Figure 4-19 the computed value for the autocorrelation function
is plotted for the azimuth channel. The autocorrelation function can be
computed from the transform of the a,B filter. Close agreement was obtained

between the computed and measured values so that the experimental techniques

used with the TRSB simulator were verified.

If the ci,8 filter amplitude response were approximated by a low pass

rectangular filter cutting off at 0.89 Hz, the autocorrelation coefficient would

4-18
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reach zero in 15 delays rather than 10 delays if the 1/bandwidth (Hz) approxi-
mation is used. The autocorrelation function is directly related to the filter

characteristics.

The autocorrelation coefficient has not previously been used in the
MLS receiver evaluations as it is difficult to measure and compute. The

significance of autocorrelation measurements are not easy to evaluate compared
to frequency response measurements resulting in amplitud e and phase response
curves .

4.3 Characteristics of Multipath Effects

Most of the data presented in this section are from baseline tests
on the elevation channel. The baseline tests consisted of a ten second period
of multipath at a constant amplitude and constant scalloping frequency of 0.8 Hz.
Curves are plotted of the mean and m s  errors versus multipath separation angle.

4.3. 1 Dwell Gate and Split Gate Processors

As reported in Reference 1 the phase 3 dwell gate processor had large

errors when multipath separation angles were between 1.0 and 1.5 degrees .
Several techniques were tried with the algorithms in the digital processor to

alleviate this characteristic. Figure 4-21 shows that if the tracking gate is

offset 40 Msec the errors in this region, both mean and rms, are significantly

reduced.

In most of the tests presented in this section the 1 deg/sec rate limiter

included in the phase 3 receiver was not used. The limiter was included in the

software and can be selected or deleted by a software change. It was easier to

coaI...~e the performance of the processing algorithms without the limiter. The

effects of the limiter are shown in Figure 4-22 for the dwell gate processor.

A comparison of the error characteristics between the dwell gate and
• split gate processors is shown in Figures 4-23 and 4-24 using the LSI-1l

processor. The split gate processor significantly reduces both the mean and

rins errors. Similar curves are presented for azimuth data in Figures 4-25 and

4-26. The amplitude of the azimuth rms error is reduced by the cs,8 filter that
has a -2 dB gain at the 0.8 Hz scalloping frequency.
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Baseline tests were run at various scalloping frequencies up to 1000 Hz.

The errors were very similar to those measured for the phase 3 receiver and
reported in Reference 1.

4.3.2 Single Edge and Adaptive Processors

The digital implementation for the SEP has smaller multipath errors
than the analog versions previously tested . Figure 4-27 compares the error

characteristics out to a + 0.5 0 separation angle for these two processors. A

positive multipath separation angle denotes that multipath occurs on the beam
edge used for thresholding. The error characteristics for the digital SEP are

shown for -l dB and -3 dB multipath in Figure 4-28.

Peak errors are compared in Figure 4-29 for the SEP, dwell gate and
spl it gate processing algorithms. The peak errors are measured when the multipath

phase is 0° and 180°. The effectiveness of single edge processing in reducing

multipath errors is quite apparent from these curves.

An adapti ve SEP or dual edge processor (DEP) was developed to extend
the multi path error reduction features to all multi path situations. This techni que
processes both sides of each beam and detects which edge is being perturbed by
multipath. The less perturbed edge is used in computing the angle. Section 3

describes the logic used in selecting the bean edge for thresholding. With a

dual edge processor SEP multipath error reduction can be extended to all single
multi path situations in both elevation and azimuth channels. An adaptive SEP
could greatly reduce elevation multi path errors for curved approaches where
some hangar roofs can cause positive multipath. In azimuth the DEP may reduce
the shadowing effects of aircraft turning off the end of the runway.

Figures 4-30, 4-31 and 4-32 show the symmetrical error characteristics

of the DEP. In Figure 4-33 the DEP errors are shown for a test in which the
multipath signal is swept from +0.48° to ~0.48

0 separation angle. This illustrates
the adaptive performance of the DEP to -1 dB , -3 dB , and -6 dB multi path .

4.4 P4iltipath Scenario Tests

Typical multipath situations that an aircraft approaching a runway
might experience can be evaluated on the MLS simulation facility. Multipath
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signal amplitude, phase and scalloping frequency are controlled by the PDP-ll

computer for each beam scan so that the signal received by an approaching air-
craft can be simulated for various scenarios. Hangar reflections in elevation
and flare data have been evaluated in several different scenarios. Ground

reflections in the flare data have been simulated for typical flare scenarios.

The results of these simulation tests on the phase 3 receiver and analog SEP

have been reported in Reference 1.

4.4.1 Hangar Reflections and the Multimode Processor

The AWOP scenario 1 using building B2 at J.F. Kennedy Airport was

selected to evaluate the multimode processor. Figure 4-34 shows the scenario

geometry (Reference 2) with multipath parameters for an aircraft approaching

at 130 knots. In the computer simulations of this scenario the multipath region
was extended to occur from 3300 feet to 1350 feet to approximate the passage
of the first Fresnel zone over the edge of the hangar.

Figure 4-35 shows error time histories of an aircraft flying through
this multipath interference region for the dwell gate, split gate, single edge

and dual edge processing modes . For this scenario the errors are very similar
for the dwell gate and split gate processors. A significant reduction in the

error results if the SEP mode is used.

The dual edge processor should have errors similar to the SEP. However,

a discontinuity is apparent and occurs as a result of the processing algorithms
selecting the wrong beam edge . The DEP selection thresholds were set for operation
with high multipath levels of -l dB. In this scenario the peak multipath level
only reaches -7 dE. Thus, some modifications are required in the threshold

logic used in the DEP software. If there is an operational need for the DEP

the software should be modified to eliminate this thresholding problem. Flight

tests are required to establish the effectiveness of DEP to reduce aircraft

shadowing effects and multipath errors from hangar roofs for some curved path
approaches.
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4.4.2 Flare Scenarios

The SEP is the only processing technique proposed for flare data.
Extensive flare scenarios have been simulated using the analog breadboard SEP

and are reported in Reference 1. These simulations were not repeated for the

digital SEP since its performance can be estimated from the error curves in
Figure 4-27 . These curves compare the analog and digital SEP error character-
istics. The digital SEP main lobe and first sidelobe errors are about 0.7 as
large of the analog processor. The peak errors for the flare scenarios in

Reference 1 will be about 70% of those shown for the analog SEP.

From the flare simulations reported in Reference 1 it appears that the
magnitude of error in the elevation angle is too large to permit using altitude

rate computed directly from the elevation data in a flare coupler of the flight

control system. Some type of complementary filtering will be required to augment

altitude rate computed by differentiating the measured height with barometric
altitude rate or accelerometer derived rate information. Thus, a closed loop

simulation of the flare maneuver requires the optimization of several variables

and requires a significant effort to evaluate a range of parameters. The
extensive simulation analysis required to demonstrate the actual performance

of the SEP was beyond the scope of the current program.

Closed loop simulations have been run (Reference 1) with the MLS
simulator using actual processors. A closed loop flare simulation could be

run with minor software changes in the PDP-].1 control computer and with the

addition of a simulated flare coupler. This type of simulation is eventually

required to demonstrate the performance of the SEP over the complete range of

multipath situations likely to occur in the real environment.
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Section 5.0

FIELD AND FLI GHT TEST OBJECTIVES

The performance of the multimode digital processor has been evaluated

in the MLS simulator with the results summari zed in this report. However, a
limited number of field tests are required to verify performance of the

processing techniques in the field environment. Some performance characteristics

are not easily evaluated in a simulator such as the sensitivity of azimuth

processing algorithms to aircraft shadowing and the effectiveness of beamwidth
measurements for the single edge processor. Flight test evaluations are essential

to provide validation of the performance characteristics required for develop-

ment of the airborne processor specifications.

5.1 Special Processor Features

The multimode processing capabilities of the LSI-l1 software will

permit simultaneous outputs of up to four processing modes on one function.

Relative performance of the processing techniques can be easily evaluated with

only a limited amount of flight test data.

The LSI-ll computer used for the digital processor was configured with
a 4K core memory. Changes in the processing algorithms are readily made with a

core memory, even in the field. Also, new processing algorithms can be added
with a minimal effort.

5.2 Test Scenarios

Flight tests should be run to determine the relative sensitivity of

the dwell gate, split gate and adaptive single edge processors to aircraft
shadowing effects in the azimuth data. Two aircraft are required for these
tests. While one aircraft is approaching the second should be turning off the

runway in front of the azimuth antenna. Another test should be conducted with

the large aircraft taking off. The adaptive features in the dual edge processor

may reduce the rather large errors typical of aircraft shadowing.
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Tests using the Australian flare unit should be conducted at NAFEC.
The flare site is located so that during the flare tests data can also be

collected on the effects of hangar mul tipath on elevation data. Both flight

and pole tests are required. The pole tests would measure the M/D ratio and

multipath separation angles for the hangar reflections. The pole test data

in the flare region can be used with simulator data to estimate the magnitude -

of the M/D ratio for the flare antenna. The flight and pole tests will provide
comparative performance data on the dwell gate, split gate and single edge 

-

processing techniques for both flare and hangar multipath. I

Several approaches should be made to elevation units having different

beamwjdths. These data will determine the effectiveness of the beamwidth

correction algorithms used for the single edge processor.

The adaptive single edge processor should be flown against elevation

sites where positive and negative multipath can occur from hangar reflections.

This type of environment has been reported from curved hangar roofs at I
J .F.  Kennedy Airport . 

-
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Appendix A

FI LTER APPROXIMATI ON ‘ID AIRCRAFT PATh FOLLOWING

In previous tests with the MLS receivers in a closed loop elevation
landing simulation , the model of the aircraft path following filter presented
in the ICAO test plan (Reference 5) was compared to an analog/digital hybrid

simulation of a medium weight transport aircraft. A large discrepancy was

noted between the output time histories of the two models. A new filter model
was developed that provided a closer approximation to the path following

characteristics of an actual aircraft .

Brief Description of Simulation and Filter Models

The analog/hybrid simulation uses an analog computer to model the

longitudinal three degree of freedom linear aircraft equations, an analog-to-
digital and digital-to-analog interface, and a digital computer to control
the MLS simulation parameters that includes an actual MLS receiver in the
closed loop. The coupler and autopilot are modeled on the analog computer

with error and command limiters. The aircraft equations are a small angle

linear model but the coupler and autopilot can limit both the MLS receiver
angle amplitude and commanded elevator angle. A more complete discussion of

the simulation can be found in Reference 6. Figures A-i and A-2 are taken
from this reference and show the simulation parameters.

The ICAO elevation path following filter is modeled by a second

order critically damped system with a corner frequency of 2.34 radians/second.

~~~~~~~~~~ 
1)2

The response of the filter model and analog simulation to a unit step function
appears in Figure A-3.

The large difference in time histories shows the need for a better
model. A new filter model was developed which closely matched the step

A- 1 
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response output of the hybrid simulation. The resultant transfer function:

HEL2(S) 
= 

~ O.~69
2 
+ 
2(0.55) 

+ ‘ (
~~j~ 

+ i)

is a third order system with one pole at 3.14 radians per second and a pair of

poles at 0.1411 radians per second with a dampling ratio of 0.55. The step

response output of this model is compared with the analog systems response in

Figure A-4. The model represents a tradeoff between initial response time and

amplitude overshoot. -

Conclus ions

When simulating a medium weight transport aircraft , a third order
elevation path following filter model better describes the longitudinal closed

loop aircraft response during a coupled approach than the ICAO test plan filter

model. The lateral path following filter model used in the test evaluations

could probably be modified to more closely approximate an actual aircraft

response.
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