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I. INTRODUCTION �~ND SUMMARY

This report documents the results of work performed under Modification 16 of
Contract FA69WA—2066 , ent itled “ Prototype Model Glide—Slope Gradient Clearance
Mon itor ” .

A. Philosophy of the Far-Field Monitor. The performance of a glide slope must
be assured in the far f ield , for it is in this region that the user critically depends on the
integrity of the vertical guidance information. Contemporary monitoring which involves
taking samp les in the near field is not always representative , and additional methods have
been suggested for providing more accurate indications of the path width the user experi-
ences in flight.

There has been a move to imp lement integral-type monitoring which can give
a very accurate picture of path conditions provided no degrading influence exists beyond
the antenna elements . Unfortunate ly, espec iall y w ith an image-type system , there may
exist disturbing influences in the environment of the antenna system. For examp le, the
groun d plane itse lf , which is reall y a part of the transmitting system may have its charac-
ter changed by the addition of a cover of snow , the existence of a layer of high, wet
grass, trenching or other terrain modification .

In an attempt to predict effects of environmental changes and to provide a too l
to facilitate installation of new g lide-slope systems , a far-field monitor s being developed.
This monitor wi l l  be located at a distance greater than the 2D2/X measure generally
accepted as a for—field criterion , and at a hei ght not to exceed FAA obstruction clearance
regulat ions. From an anal ys is of the commonality of the first Fresnel zones for the monitor
and a point in the far field, it has been determined that a desirable and practical location
for the far—field monitor would be in the vicinity of the middle marker.

B. Increased Scope of the Gradient Monitor. T e gradient monitor was originally
conce ived as a means for measuring the value of CDI (course deviation indicator) current of
a g lide path clearance structure and from this information the CDI value at 0.7 degree
e levation below the nominal path ang le wou ld be predicted . This concept was imp lemented
by deve loping a system of differential equations which describe the dynamics of the CDI
values as a function of elevation ang le above the horizontal. This system of equations is
solve d by a process ca lled quas ilinearization which utilizes known boundary conditions to
provide the necessary parameter values for the system of equations. The equations can then
be used to solve for the CDI value at the path-width ang le. Appendix B gives detai ls of
this method of solution .

Given the system equations ar.d the solution for their parameters , it becomes
a stra ightforward matter to compute the value of CDI for any ang le w ithin the range over
which the system equations are valid. During the course of this work FAA engineers sug-
gested that the process be extended to provide also prediction of the CDI value at the
nom ina l path ang le to indicate if any changes in path ang le had occurred. The 
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derived from such a monitor could thus be used in setting up a glide path and minimizing
initial flight check requ irements . According ly, the scope of the gradient monitor was
expanded to include prediction of both the on-path and path—width CDI. It was appro-
pr iate, therefore , to change the title of this work effort to indicate the development of
a far—field g lide-slope monitor (FFGSM).

C. Summary of Resu lts. Results obtained using the data collected with the proto-
type far—field g lide—slope monitor at the O’~i’, Universi ty Glide—Slope Test Site at Ravenna,
Michigan , can be summarized as follows:

1. The change in path-width CDI can be close ly predicted for
side band power amp litude faults.

2. ~~ia litative changes in the path structure during a period
w hen there was snow—cover on the reflecting ground p lane
was sensed by the monitor.

3. The monitor could predict path—width values of CDI for
s ideband phasing faults of less than 30 degrees. For phase
faults greater than 30 degrees , the predictions were not
accurate.

During the analysis of the induced fault data from the Michi gan Test Site , it was noted
that a CDI gradient across the monitor antenna array of less than 25 microamperes would
give inaccurate resu l ts . Since the hei ght of the top antenna of the array is constrained
by obstruction clearance requirements , it is not possible to sam p le the CDI at the greater
ang le required to obtain the necessary gradient for accurate predictions for sideband phase
fau lts . However , a combination of integral— type monitoring to detect transmitting
system faults , and a far—field monitor to detect changes in path structure due to environ-
menta l anomalies is believed feasible.

-2—
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II. PROTOTYPE FAR—FIELD GLIDE—SLO PE MONITOR

A. Description of Location. A prototype gradient clearance monitor (GCM) was

installed at the Ohio University Avionics ’ snov~ -data-collection site located at approxi-

matel y 20 miles ENE of Muskegon, and 40 miles NNW of Grand Rapids, Michigan. This
s ite was set up especiall y for testing of var ious g l ide-slope and related monitoring systems.
The system can produce null reference , capture effect , and s ideb’ind reference g lide slopes

of good qua lity . Far—field conditions are monitored through the use of a 900—foot televi-
sion tower on which probes were mounted at elevation ang les of 3.0 and 2.3 degrees . The
terrain at this site is relativel y flat with gent ly rolling low hills surrounding the area. The
soil in the reflecting zone consists of a fine textured black loam.

B. Descri ption of Far—Field Glide— Slope Monitor. The FFGSM site was located
approx imate ly 4,600 feet from the Ohio University g lide-s ope transmittinr array directly
in line with the far—field telev ision tower monitors. Initially, two dipo le a~-itenna probes
were mounted on the FFGSM tower at hei ghts of 72 and 48 feet. As the r,~~nitor evolved
from a clearance monitor into a comp lete far—fie ld g lide—path monitor , additional probes
were added. Monitoring was obtained by success ive readings of CDI from the iwo probes
w hich were sequentiall y connected to the receiver input by a coax ial switching relay .
The samp led CDI values were recorded on separate channels of a Honeywell Electronik 17

str ip chart recorder operat ing at six inches per hour.

The basic electronic equipment used for the FFGSM consists of a g lide—slope

receiver , meter pane l, a summ ing amplifier , and regu lated voltage supp lies as described
in Gradient Clearance Monitor Final Report , October , 1972 . A block diagram of the

equipment used is shown in Figure 1.

A portable aluminum shelter w ith dimensions 9’ x 6’ x 6’ was constructed to

house the FFGSM’ s electron ic hardware (see Figure 2). The shelte r was insulated and
equipped w ith a thermostaticall y contro lled electri c heater to maintain a relativel y
constant temperature .

One hundred and twenty vo lt, 60 Hz electrical power to the site was provided

by the local utility company. The estimated line loss at normal load was approximate ly
seven volts , and voltage regulation was emp loyed for vc 1 tage cr itical equipment.

The g lide—slope tronsmitting system at this site was continually cyc led through

six different modes by a sequencing switch. The modes were: three glide—path transmitting

modes, (null reference , capture effect , and sideband reference) and three calibrating

modes, (equality , quadrature , and 150 microamperes fl y-up).

Glide—slope receiver calibration at the prototype FFGSM site was according

to FAA procedure which required reference signals of 0 microamperes and 78 microamperes.

Since the CDI values measured by the monitor at low elevation ang les were i~ the range

-3—



- ---~~~~~~~~~~~ - ~~~~~~. - ,

-o 
—

-
~~

I-

E rlII o
E .1. ‘-..-~~~~~‘

—
Lf) - O �~

+ I 
+

U 
_ _ _  E

0
I-

______ 0)

_ _  

- :
0

2 q >
21 cci

u-I c L__J LI_ C’J 0)

C’-4 CN

— 0)
a
C .-

0) 0) Co
v-i 0)

0~U- C
0) o

— >-. >-_
0)

1 L ~Li 0
0 

____________________ ____________C
C >.~
C Q)

-4-

- 
--._i _j~._



_______________ - .-. . .- .-- —

a ~~~~~~~ 
. -

~~~~~ ~~~~~~~ ~~~~~~ ~~~~~~~~~~~~ __ —

_ _  

.
~~~~~~~~~

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

-
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of 300 microamperes to 400 microamperes , it was necessary to use a Scanwel l Labora—
tories’ 90/1 50 s~j ndard ratio generator externall y to modulate a Boonton signa l generator
in order to produce the high values of CDI for calibration of the receiver in this range.

The ARN— 18/ R322 g lide—slope receiver , No. 206, was ca librated using the
equipment described in the preceding paragrap h. The calibration curve is shown in
Figure 3.

C. Plot of 0DM versus a. Upon samp ling the CD) at elevation angles below
path cit the Michi gan Test Site, it was found that the va Iues were less than those theoret-
ically predicted. In order to obtain an accurate curve of CDI or DDM versus elevation
angle (a) at this site , samp les were taken at discrete intervals along the length of the
vertica l FFGSM tower. These data are given in Table 1, and the corresponding curves
appear in Figures 4a through 4e.

f t  w i l l  be noted thcit the measured values for 0DM (a) differ from the theoret-
ica l values by an increasing ly greater amount for the lower ang les of elevation . The
shape of the DDM (ci ) curve corresponds to those given in the Glide Slope Manua IF2 1 for
DDM curves with a Fresnel zone reflection coefficient less than unity.

D. Installation of Additiona l Pt ~bes and Fault Testing of Februc~ry 3, 1973. With
the proposed evolution from gradient cleard~ ce monitor (GCM) to FFGSM, three additional
probes were mounted on the GCM tower at the Michi gan Site. The five probes were spaced
uniformly between elevation ang les of 0.56° and 0.87° which satisf y the 50:1 maximum
obstruction height criter ion . A s ixth probe .vas also mounted at 0.94° in order to gain
knowledge of conditions at higher elevation ang les than are a llowable under the obstruction
height criter ion . To investi gate FFGSM credibility, an extens ive series of controlled
fault experiments was conducted on February 3, 1973 . The measured data is presented in
Table 2. The faults introduced included both phase and amp litude variations for both the
nul l reference and sideband reference g lide—slope systems . This data was ana lyzed using
regress ion techni ques in con junction with a quasilinearization al gor ithm. The predicted
va lues of path and width CDI , and the far—f ield values measured at the television tower
are presented in Table 2 for comparison .

The large discrepancies between predir fed CDI and measured CDI for the
faults were believed to be due, at least in part , to the fact that there was very little
gradient in CDI across the FFGSM receiving antenna array . Predictions at the path and
width points based on monitor samp les on the low-gradient portion of the CDI versus
elevat ion ang le curve , are very sensit ive to small variations in the samp led values.

E. Relaxation of Obstruction Height Constraint. The far—field g lide—slope
mon itor data of Table 1 indicates that the probe measuremen ts were occurring on the rela-
t ivel y flat portion of the DDM versus elevation ang le curve shown in Figure ki. The
50:1 maximum obstruction criterion is specified for a 2.5 degree g lide path . Since the

-6-
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Corresponding pv ’s
GCM Probe Height Receiver AGC of Receiver CDI Flag
above ground in feet ~ri vo lts Terminal voltage in pa’s in pa’s

8.1 3.35 325 317 318

13.0 3. 66 550 320 320

17.9 3.90 1000 320 320

22.7 4 .(jO 1250 327 320

27.6 4.05 1350 324 320

32.5 4 .11 1600 325 322

37.4 4.05 1350 326 321

42.3 4.18 1 900 324 321

47.2 4.20 2000 324 321

52.0 
— 

4.25 2100 322 321

56.9 4.25 2100 320 320

61.7 4.21 2000 318 320

66.6 4.22 2000 314 320

71.5 4.31 2700 311 321

76.4 4.31 2700 306 320

81.3 4.31 2700 301 320

Table 1. Values Taken from Glide Slope Receiver as a Function of Antenna
Probe Hei ght.

-8-
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g lide path at the Michigan Test Site was 3.0 degrees , thi s was an unnecessari ly restrictiv e
constra int. For a 3.0 degree path, the max imum obstruction ratio is 34:1~~ . It was con-
jectured that raising the probes to satisf y this more libera l constraint , the probe measure-
ments wou ld be on the down-slope portion of the DDM (

~ curve , thus providing a capabil-
it y to predict more accuratel y.

According ly, the five probes of the FFGSM located at the Michigan Snow
Site were raised so that the hi ghest probe did not exceed the 34:1 maximum obstruction
ratio. The ang les subtended with the reflecting ground p lane were now increased to
0.943°, 1 .019°, 1.095°, 1.171 0, and 1.247°. At these new probe elevation ang les,
a second series of controlled fault experiments was conducted on February 14 , 1 973. The
data collected in these experiments is presented in Table 3. Faults introduced included
both phase and amp litude variations for both the null reference and sideband reference
glide-slope systems.

Results of the February 14 controlled fault experiments were anal yzed using
the regression predictive al gorithms develope d For the FFGSM. The predictions for g lid e—
path and width CDI in microam peres and measured CDI in microamperes at the far—field
probes located on the WZZM television tower are given in Table 4. The results show
discrepancies between predicted values and measured values of as much as 40 microamperes .

In summary , while the accuracy of the predictions is not satisfact ory, the
predicti ons with the probe measurements at the hi gher ang les are more consisten t with the
measured values than the prediction s utilizing probes at the lower ang les . It is to be
noted , also , that severa l of the controlled fault perturbations are drastic enoug h to destroy
the form of DDM (c~ relationshi p in the far field so that prediction with this techni que is
not feasible . As a result of these observations , it was decided to perform another set of
controlled fault experiments at the Ohio Universit y Michi gan Test Site . In thi s set of
experiments it was especiall y stressed t hat all fault pertur bations be small enough to insure
that the DDM (c~ theoretical far—field relati onshi p is not disrupted. In addition , receiver
ca libration was to be checked frequentl y to prevent abnormalities in receiver character-
ist ics from influencing the data .

The proposed set of experiments was performed for the null reference g lide—
s lope system only on Apri l 3, 1973 , and the data is presented in Table 5. The data were
processe d with the FFGSM computer algorit hm. The predicted CDI values at the path and
w dth points along w ith the values measured at the far—field television tower are given in
Table 6. It wi l l  be noted that the predictions for sideband amp litude faults are reasonab ly
consistent with the far—field values . This is a lso true for sideband phase faults of up to
about 30 degrees . However , for sideband phase fau lts in excess of 30 degrees , the pre-
dictions are not consistent with the values measured in the far field .
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Algorithm

— 
Predictions

Ang les of Elevotion 0.60° 0.66 ° 0.72° 0.78 ° 0.84° 2.3° 3.0°

Nominal data for 3°
path, 0.7° width 386pa 382pa 377i-’o 372i.Ja 367}.ia 143 4/90Hz

1st data set 386 387 372 377 367 145 1/90Hz

2nd data set 381 387 372 377 362 143 3/90hz

3rd data set 396 372 397 362 377 145 4/90hz

4th data set 386 402 377 372 367 68 1 12/90Hz

5th data set 386 382 377 352 367 59 119/90Hz

Table 4. Monitor Data and Predicted Values , February 14, 1973.
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Fault Types Measured (Far Field) Predicted- Path Width Path Width

Nominal Path +1 149 +2.7 146.5

Sideband Amp litude:

1 ~1 140 +2.6 138.9

2 0 130 +1.2 130.0
3 0 120 +0.5 119.3

4 0 160 +4.7 157.9

5 +1 170 +5.6 167.2
6 +2 180 +7.6 174.4

Sideband Ph~~e:

_5° +1 150 -0.2 144.2

-10° -1-2 150 -1.3 141.3

-15° +3 150 -3.9 138.2

-30° +6 143 -6.0 125.9

+7 135 -12.2 1 10.8

-50° +9 124 -14.0 95.3

-60° +10 109 -18 .7  74.4

+5° 0 150 +3.8 149.6

+10° 0 148 +1.7 148.4

+15° -1 146 +6.5 150.9

+30° -4 135 + 11.5  149.6

+40° -6 124 +14.1 143.9

+50° -7 110 +18 .0 135.5

+600 ...9 90 +19.8 121.5

Table 6. Pred cfed c u d  Measured CDI Valu .~s for Fault Tes ts of Apri l 3, 1973.
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F. Scale Mode l Measurements. Scale model measurements of DDM gradient response
and far-field DDM response to coverages of pol ystyrene die lect ric on a near-perfect l y conduct-
in9 ground were considered desirable because of the greater f lexibility that could be obt’ained
using models. Fortunatel y, the Air Navi gation Group at the University of Sydney, Australia ,
were invo lved in scale measurements of g lide-slope systems. They responded favorably to a
request for measurements of the gradient and these are presented in Table 7.

The perturbation of the environment was accomp lished by p lacing 1/10 inch thick
sheets of polystyrene for effectivel y 3000 feet on the f lat conducting ground plane. At a
30: 1 scale facto r, this amounted to an equivalen t 3-inch *ickness of, say , ice w hich could
have a similar relative dielectr ic constant of 2.56 .

Unfortunatel y, t L  resu lting data is in many respects inconsistent with data obtained
from full scale work . No reason can be given for these inconsistencies; however, there is suf-
ficient confidence in the numbers to encourage further investi gat ion of the model and its
representativeness of the rea l Norld.

A samp le of data analysis assuming a cosine law is shown in Figure 5. This best
descr ibes the relationshi p between the gradient observation and the far field.
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Ill . CONCLUSIONS AND RECOMMENDATIONS

An examination of the foregoing data and predictions based on extrapolation
indicate that a more carefu l study of the basic phenomena and of the instrumentation
involved is in order. Factors not taken into account in the calculations but which may
be responsible for the apparent anomalous behavior of the CDI at very iow ang les include
(a) the antenna patterns of the probes used in making the measurements , (b) interaction
between adjacent probes, (c) the nonlinearity of the AGC action for weaker si gnals ,
(d) the variation of the reflection coefficient with ang le of incidence, and (e) the effects
of noise on the difference measurements.

A. Artificial Ground Plane Faulting 
— 

Conductive Comb Experiments. In order
to imp lement a more basic evaluation of the problem of below-path measurements , a method
of produc ing strictl y environmenta l distur bances in the path has been devised. This consists
of placing triangular metallic screens in the first Fresnel zone to change the reflected si gna l
(image portion of the space distribution) without chang ing the direct si gna l.

Preliminary test runs at the Ohio University Tamiami test site with three equi-
latera l triangular screens 8 feet on a side placed across the first Fresnel zone show vary ing
degrees of effect on the position of the g lide slope depending on whether they are placed
ahead of, at, or beyond the specular point. Further experimentation with more screens is
indicated in order to obtain def in i tive resu lt s .

Further scale model measurements are recommended to obtain more conclusive
information on g lide-slope effects due to dielectr ic ground—p lane cover ings.

B. Precision Space MDdu lation Quotient Measurement. To obviate problems
ar ising from the use of g lide—slope receivers beyond their desi gn CDI range , an adaptation
has been made of an Ohio University desi gned precis ion localizer audio to DC converter.
T hs  device accepts the audio from a standard localizer receiver such as the Narco NAy-h ,
fi lters it through speciall y desi gned narrow band active fi l ters, converts it to two DC voltages
proport ional to the 90 and 150 Hz audio respectivel y and then divides the difference of these
voltages by their sum. This quotient wil l  be proportional to CDI, the proportionality constant
depending upon the modulation index of the transmitter , m, and the ratio of ~~ to E~5, A.
Since any change in these factors wi l l  be detected by the integra l monitor , the quotient ,
wh ich wi l l  be referred to as the Space Modulation Quotient (SMQ), w ill serve to study the
env ironmental effects .

A standard ILS receiver wi l l  produce a CDI which is proportional to DDM,
only if the automatic gain control (AGC) is capable of maintaining a constan t IF si gnal
level at the second detector over the dynamic operating range of interest. Since the RF
si gnal levels are low at the low angles encountered in below-path monitoring, the AGC
may not be adequate, which wi l l  cause the CDI to become a function of RF si gna l strength .
The audio processor developed at Ohio util izes an analog divider to divide the voltage
proport ional to the difference in depth modulation (DDM) by a voltage proportiona l to the
sum of depths of modu lation (SDM). In this way, if a change is app lied, RF si gna l allows
the sum of the 90/150 Hz composite of the second detector to change, the analog divider
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cance ls out this change in the output. Any change in the composite due to a change in
m is also canceled. The output of this processor then is proportional to SMQ which w l l
be shown in the fol lowing derivation to equa l DDM,- m.

Using the nntat on of FAA Manual FV-106- 1 of February , 1971 (4 !
, and FAA

Manual FV—301 , the relationshi ps among DDM, CD!, and SMQ are easil y derived. Starting
w ith:

DDM = M150 - M
90 

( 1)

(since the interest here is in below—path monitoring, M150 w ill always be greater than
M90) w here:

E - 
-
~- E  E - ECs I c0 ss l 50 . cs ’?O ss9O

M150 
— 

E M
93 

— 
E

c c

and: E E mE (3)
csl50 cs9O

E E ~~ sE mAE (4)ss l50 ss9O c c

substituting (2), (3), and ( 4) into (1 )  ~j ives :

mE + mAE mE - mAE
DDM C C 

- ~~~~ 
E 

C 
= 2mA = 2s (5)

SMQ is , by definition:

SMQ = 

E
dc l5O (6)
dch5O dc9O

but:
E
d lSO 

= K
r
E
aci50 

(7)

E K E  (8)
dc9O r ac9O

E 150 Kd
(E

J5O 
+ E

150
) (9)

K
d

(E
9O 

— E 90
) (10)

where Edc is the rectified output of the magnitude circuit.

E is the detected audio output.
~~~

C
ofl d K

d 
are the proportionality constants of the rectifier and demodulator respectivel y.
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A9ain using (3) and (4) and substituting (9) and (10) into (7) and (8) and
thence into (6) results in:

K K (mE + mAE ) - K K (m E - mAE
SMQ 

r d c c r d  c 
= 2

K K (mE + mAE ) + K K (mE - mAE )
r d  c c r d  c c

from which it is seen that:

m(SMQ) = (DDM)

In ordinary glide—slope and localizer receivers the CDI is made proportional
to DDM by the use of AGC which (theoretically) holds the response independent of signal
strength and therefore obviates the necessity of dividing the audio difference by the
carr ier strength , when the meter has been calibrated to respond with the proper CDI for
a known M150 

- M90. For greater precision the use of SMQ frees the measurement from

the effects of variation of the AGC action at its extreme ranges as encountered at very low
monitoring ang les .

The SMQ Monitor supp lied under this contract is described in detail in the
instruction manual included here as Appendix A.

Further investi gat ion of the low ang le far-field monitoring problem suggests
that st ill another quantity , the Audio Frequency Clearan ce (AFC) may be useful. This
rat io can eas ily be determ ined by making a sli ght modificati on of the SMQ Meter . It is
the rat io of the DC recovered from the 150 Hz audio to that from the 90 Hz modulation.
Ideally this is proportional to the radio frequency clearance (RFC) described in FAA Manual
FV—301 , where :t is shown that:

— R F C — 1
DDM — 2m RFC+ 1 

(11)

from which

R F C — 1SMQ — 2 RFC +1  
(12)

Solving (11) for RFC y ields:

— 
2m + DDM 13RFC

~~~~2 DDM (

from which

d(RFC) 
= 

(2m - DDM) + (2m + DDM)

(2m - DDM)
and since DDM 2s = 2mA

d(RFC) 
= 

4m 
= 

1

(2m - 2Am) m ( 1- A )  
C

I -
~~~~~~~~~~~~~~~~~~~
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Substi tution of m 0.4 and A = 0.3 into (15) gives a value of 5.1 for the derivative.
Thus , for these typica l values the RFC (and therefore the AFC) is changing over five times
as rapidly as the DDM. It is concluded that further studies mi ght benefit by us ing th is
more rapidly chang ing measure for extrapolation.

C. Low Ang le Capture Monitor.

1. Introduction . In an attempt to develop a far—field g lide-slope monitor
t hat could samp le the below-path si gna l and predict from changes in the signa l what was
ha ppening on path , a monitor ing scheme was proposed by H. H. Butts , an FAA
engineer, t hat was based on the princi p le that the stronger of two RF si gnals within the
band pass o f the rece iv e r  has the abil it y to capture the receiver .151 Figure 6 is a simp lif ied
diagram of the system. The predominantl y 150 Hz modulated received si gnal is comb ined

High Gain
Antenna

Combining
ri ge

Received 500 
—

Signa l —

(Predominantl y
Glid e Slopeconsisting of

150 Hz Modulation) Generator

Reference Generator
Modulated with 90 Hz

Glid e Slope
Rece iver I CDI

Fi gure 6. Block Diagram of Capture Monitor System .

w ith a reference si gna l that is modulated by 90 Hz audio. The frequency of the reference
si gna l is offset from that of the received si gnal by approx imatel y 10 KHz . The two
si gna ls are combined and fed to a typica l g lide-slope receiver. If the si gna l level of the
rece ived si gna l is much greater than that from the reference generator , the CDI output
wi ll read a high posit ive leve l indicating a predomi nance of 150 Hz audio information .
(A positive CDI reading corresponds to a fl y—up, or 150 Hz si gna l, wh ile a negative CDI
reading corresponds t o o  fl y-dow n, or 90 Hz si gnal.) As the si gna l leve l of the received
si gna l decreases , the CDI output wi l l  go toward zero until the received si gnal level drops
below that from the reference generator , with the CDI output now increasing in the
negative sense . The rationale behind using this capture princi p le is t hat changes in the
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reflecting ground plane height , as caused by the accumulat ion of snow , will change the
lobe structure of the glide—path signals . At low ang les , this wil l show up as a change in
i-he amplitude of the received signa l which , when comb ined with a stable reference Signal ,
w ill show up as a change in the receiver ’s CDI output. It is hoped that this monitor scheme
w ill help to el imi nate to a great degree all of the problem areas encountered with the far-
field gradient clearance moni tor . By properl y sett ing the reference generator level , the
rece iver audio ci rcuitry w il l  be operating around the zero CDI level , w here the most linear
rece iver response is obtained.

2. Theory and Preliminary Des gn. As stated in the introduction , the
idea behind the below—path far—fie ld glide-slope capture monitor (GSCM) is to monitor
signa l strength to detect environmental changes , specificall y changing ground—p lane
levels due to snow cover. The received si gnal is combined with a reference si gna l, and
the reference generator signal leve l is set to give a CDI reading near zero . A change in
the rece ived si gna l strength wi ll then show up as a change in the CDI output.

If the ground is considered as a flat , perfect ly-conducting p lane of infinite
extent and snow cover is considered simp ly as on ly a rise in the hei ght of the ground plane,
then for a null reference glide—slope system , thi s rise in the ground plane w ill result in a
decrease in signal leve l at the moni tor . Table 8 gives some ideal , calculated parameter
values as rece ived at the midd le marker by a monitor probe mounted 30 feet above ground
i n the field of a 3° nomina l glide—slope signal.

Change in E E CDIGround Plane ss cs DDMDegrees . pa(Feet) 
__________ 

(Normalized) 
__________ _________

0 .382 .3887 .1983 .470 403

1 .369 .3638 .1784 .489 419

2 .357 .3394 .1594 .51 1 439

3 .344 .3157 .1411 .537 460

4 .331 .2927 .1237 .568 486

5 .318 .2705 .1073 .605 518

Table 8. Calculated Field Strength DDM and CDI Va lues for Changes in
Ground-Plane Height.
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As can be seen , a sh ift in ground p lane height of 5 feet decreases the value of
E to .7 t imes its norma l value , and decreases t he value of E to .54 times its norma l
v~ lue . It is hoped that this decrease in the combined receive~? si gna l strength wi l l  show
up in a magnified form at the CDI output of the receiver .

To util ize the capture effect , t he reference generator must be offset from the
frequency of the received si gnal by a sma ll amount that s s t i l l  within the passband of the
rece iver. Using two , 20—channel , crysta l-contro lled Boonton T ype 232—A g lide—slope
test generators , one simulating t he receivua si gnal , and the other as the reference generator ,
the frequency di fference was measured for the 20 channels. The frequency difference for
the 20 channels ranged from 300 to 23 ,000 Hert z , w hich was within the advertised limits
of the crystal accuracy . It was also found that , with 150 Hz onl y modulation on one
generator and 90 Hz only modu lation on the second generator , t he output of the receiver
indicated a zero CDI value when the si gna l levels of the two generators were approxi matel y
equa l, provi ded the frequency difference of the two generators was greater than 2 ,000 Hz.
For values less than 2 ,000 Hz , the CDI output became very erratic.

A protot ype of t he GSCM as assembled and bench tested is shown in Figure 7.
For bench testing , a second signa l generator rep laces the Yagi antenna. The output of
the re ference generator is fed to a HP 10514 Balanced Mixer . The RF output of the mixer
is then measured by a vector vo ltmeter and the output of the VVM is used with appropriate
c ircuitry to provide AGC action to el iminate unwanted amp litude variati ons in the RF out-
put from the reference generator . Fi gure 8 i l lustrates this AGC arrangement .

A circuit to monitor the difference frequency is s how n in Figure 9. The output
from t he reference generator is combined with an amp lified received si gna l in a second
bridge , then detected to get the difference frequency (see Figure 7), and the detected
IF fed to the frequency counter circuit. The output of the counter circuit present ly is
recor ded on a chart recorder , but can be used to provide frequency . contro l if necessary
to insure a proper frequency difference between the two si gna ls. This automatic frequency
control is hel pful both during initial moni tor setup and also during monitor operations if a
transm itter change occurs.

One problem that arose was that of phase variation of the 90 Hertz component
of the received si gnal and the 90 Hertz modulation of the reference si gnal. From the
equation :

M150 
+ M

93 
-- 2m = .8

and
M150 

- M
90 ~ DDM

and the fact that for a 3° g lide slope , at an a ltitude of 30 feet at the middle marker , the
DDM = .470 , one gets:
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M~~ = .6351DO
and

M90 
= .165

With these values on the input line simulating the received si gna l, dif fe rent
CDI values were obtained when the modulator motor of the reference generator was
quickl y switc hed off and on. Two solutions to this phase problem are the use of phase
loc king the reference generator audio to that of the transmitt ed si gna l or the use of an
unmodulated reference si gna l - While phase locking circ uits were being desi gne d, the
secon d method was used so th0t field tests could be started . With the use of the unmodu—
lated reference source , the CDI output now indicates a hi gher (150 Hz) positive micro—
ampere rea ding than obtained with the modulated source. However , t he CDI output of
the receiver st i l l  varies si gnifi cant ly as t he re lative level of the unmodulated reference
si gna l is varied in relat ion to the level of the received si gna l .

3. Field Stabi l i t y Tests — Port Columbus Airport. The system as shown
in Figures 7, 8, and 9 was insta lled at the middle marker location for Runway 1OL at
Port Columbus Airport for approximatel y two wee ks in November , 1 974 . Because of the
c lose proximit y of the monitor receiving antenna and the marker beacon transmi tting
antenna , 75 MHz traps had to be instal led to elimin ate interference from the marker
faci liiy (t he traps consiste d of shorted 50 ohm sections , a half wavelen gth long at 75 MHz) .
The receiving antenna was located 4600 feet from the g lide-slope transmi tting array and
w~ s approximatel y on the extended runway center line. The receiving antenna , a Yag i
with 10dB gain , was at an ang le of 0.46 ° (36 feet , 7 inches above ground) whi le the
nomina l g lide—path ang le was 2 .64 ° . The ground elevati on of both the monitor and trans-
mitting sites was 8 12 feet MSL .

Over the two week period , t he CDI output of the monitor receiver drif ted
slow ly wi t h the maximum shift being 20 mi croamperes. The chart recordinqs showed the
CDI out put wou ld drift slow l y from t he in i t ia l  val ue and then would slow ly return . Sim ilarl y
t he chart recordings of the d ifferencc- frequency showed a change of approximatel y 4000
Hertz about the init ial setting . This drift was c l ear l y temperature dependent as the record-
ings s howed a variation wi t h minimum frequency separation in the earl y morn ing hours and

L 

maximum frequ ency separation in late afternoon , repeating eac h day. However , while the
dif ference frequenc y varie d between 11 ,000 and 15 ,000 Hertz , the variati ons in the CDI

— were not attri buted to this difference frequency change . The CDI variations were rn~~~~t

probabl y due ta weat her (temperature , rain , e tc . )  conditions , and a y  c hanges in t l C e
transmitt e d si gna l . In the absence of speci f ic  data on the stabi l i t y of t he transmitted
si gna l power or on t he weather conditions , no specif ic conc lusions can be :Irav. n from
these tests . However , from t he results of th es e st abi l i t y tests it wou ld appear th -~ tbH
capture monitor w i ll be able to detect si gna l level changes due to chang ing ground le’--
under snow cover .
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4. Field Test — Tamiami , Florida. Following the stability tests at Port
Columbus A rport , the GSCM was reworked to remove excess connectors and cab les to
improve reliability . The system was then taken to i-he Tamiam i iAirport, Miami, Florida
for further field testing . A null reference glide slope was used for these tests with antenna
heights of 35.25  feet and 17.625 feet for the si deband and carrier antennas respectively.
At 333.2 MHz this gives a 2.4 degree g lide path . This with a 0.1 degree upslope of the
ground would give a 2.5 degree path measured in the air.

The GSCM was located 2000 feet from the transmitting antennas and on the
runway centerl ine. The initial height of the 05CM receiving antenna was 14 feet. To
simulate a changing ground plane height, due to snow accumulation, the two transmitting
antennas and one monitor antenna (see Figure 10) were lowered in one foot increments until
a total change of six feet was achieved (data at i-he 5—foot point was not token). Data as
taken by the GSCM, the porn ang le and lower width ang le as measured by Ohio University
flight check aircraft and theodolite reference are reported. For analysis , the measured
ang le values are compared w ith calculated values of the path and width angles for the
respect ive antenna hei ghts, w hile the GSCM data are compared w ith data obtained from
a contro lled laboratory simulation using the GSCM setup and a second si gna l generator to
simulate the received si gna ls for the respective antenna heights ,

Table 9 lists the g lide—slope path ang le , the lower Nidth ang le (l5Opa; 150Hz),
and the lower path width as calculated and as measured by the flight check aircra ft for
the transmitting and receiving antenna height changes listed (antennas were lowered). The
flight checks were performed on two consecutive days. The theoretical values listed were
ca lculated assuming that the initial transmitting antennas were set for a 2.4 degree path
angle wit h sideband power set for a 1.4 degree path w idth (± 150 microamperes). A 0.)
degree angle, corresponding to the upslope of the ground plane, was then added to the
theoret ical ang les so that they agree with the ang les as measured by fli ght checks .

iAn examination of the data in Table 9 shows that the measured values from the
first f l i ght checks agree close ly w it h the theoretical values except the lower width ang le
for the 6-foot antenna change . For antenna changes of 0 to 4 feet , both the path angle
and lower width ang le rose , and the lower path width narrowed (sharpened). But in lower-
ing the antennas an additional 2 feet, for a tota l change of 6 feet , the path ang le rose but
the lower w idth ang le dropped producing a very broad lower path width whic h is anomalous
and unexplained.

The second fli ght check data, wh ich included data only for antenna height
changes of from 0 to 3 feet , agrees w ith the theoretical values within .05 degree or
better. While the path ang le taken on different days agrees within .01 degree (except at
the 2—foot antenna height change), i-he lower width ang le and, consequent ly, the lower
path width show differences of as much as .08 degree when antenna height changes are
made.

Table 10 and Figure 11 present the field measured, and laboratory simulated,
values of the GSCM CDI output for antenna height changes of from 0 to 6 feet. The field
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Theoretical Fflght Checks

__________ 

First 
_________ 

Second 
-__________Antenna Lower Lower Lower Lower Lower

Height Path Width Path Width Path Path Width Path
Change Ang le Ang le Ang le Ang le W dth Angle Angle Width
(Feet) (Degrees) (Degrees) (Degrees) (Degrees) (Degrees) (Degrees) (Degrees) (Degrees)

0 2.50 1.80 2.52 1.76 .76 2.52 1.75 .77

1 2.57 1.86 2.61 1.87 .74 2.60 1.90 .70
2 2.64 1.93 2.69 1.97 .72 2.64 1.90 .74

3 2.72 2.00 2.73 2.03 .70 2.73 1.95 .78

4 2.81 2.08 2.81 2 .12  .69 ----
6 2.99 2.26 2.98 2.05 .93 ----

Table 9. Comparison of Theoretical and Measured
Path and Width Ang le Information .

Antenna 
GSCM CDI OUTPUTHeight 

_______________________ __________________

Change
(Feet) Simu lated Field

0 0 0

1 45 36

2 101 97

3 153 165

4 195 213

Table 10. Comparison of Simulation and Field Test
GSCM CDI Values.
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_______ _________ - _ _ _ _ _ _ _ _

(150 Hz) 0 Lab Simulation

Field Test

-0 i
I I Antenna Height

20 - 
1 2 3 4 5 6 Change (Ft.)

40~~~~~~~~\
60 -

80 - —

- 1 0 0 _ _  0

120 - —

140 - -

1 6 0.-  0

180 -

- 2 0 0 - —  0

220 —

2 4 0 - -  X

260 - -
0

280 -

-300 - —

(90 Hz)

Fi gure 11. GSCM Response Comparing Field Measurements
to Simulation Measurements .
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data, as we ll as the flight check data above, was obtained using a Wilcox solid state
glide-slope transmitter producing a carrier power of three watts . The transmitter frequency
was 333. 198715 MHz, while the reference generator frequency was 333. 188378 MHz,
giving a difference frequency of 10.337 KHz. An examination of the data in Table 10
and Figure 11 shows very good agreement between the field and laboratory data.

The RF signal strength was also measured during the field tests using a Cardion
field detector connected to the +10 dB Yogi receiving antenna. The field strength values
were obtained using a TU-4 g lide-slope transmitter producing a carrier power of 4.5 watts
at 331.1 MHz . The TU-4 transmitte r was used as crystcls were not available to use the
Cordion on the W ilcox frequency . Table 11 lists the measured RF signa l strength and the
ca lculated signa l strength (as equated to the initial measured value), and i-he two sets of
data agree very close ly.

Antenna Measured Calculated
Height Signal Signal
Change Strength Strength
(Feet) (Microvolts ) (Microvolts)

0 3200 3200

1 2700 2816

2 2400 2432

4 1800 1792

6 1200 1216

Table 11. Signal Strengths for Various Antenna Heights.

5. Laboratory Simulation. In order to have a basis upon which to compare
the data taken during the Tamiorn i tests , a laboratory simulation of the field tests was run
on the GSCM. Figures l2ond 13 show the setup for the simulations. For each simulated
antenna height, a signal strength and DDM was calculated and set up on the Boonton 232—A
signal generator w hich simulated the received si gnal. A computer program provided the
s ignal strength , 0DM and CDI va t ues which should be present for the var ious antenna height
settings . iAlso included in the simulation were the cases where the sideband power from the
transmitter is changed by t 20°, and where the phase of the 90 Hz reference audio is changed
w ith respect to the phase of the 90 Hz audio from the simulated received s gnal. The various
parameter va lues used in the laboratory simulation are listed in Table 12. As can be seen,
high values of DDM ore encountered in this simulation , values wh ich the Boonton 232—A
wil l  not readily produce . This necessitated the use of the high DDM circuit shown in
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Change in
Height “A” Ratio DDM CDI Field Strength

0 .247 .380 326. 1 .00

.22 1 .340 292 .

.271 .4 17 358 .

1 .247 .395 33 9 . .8 7

.22 1 .354 303 .

.271 .434 372 . __________________ —
2 .247 .410 352 . .76

.22 1 .367 315 .

.271 .450 386.

3 .247 .429 368 . .65

.221 .384 329.

.271 .471 403 .

4 .247 .445 382 . .55

.22 1 .399 342.

.271 .488 419 .

5 .247 .466 400. .46

.22 1 .417 358 .

.271 .511 438 .

6 .24 7 .486 417 . .38

.22 1 .436 373 .

.271 .533 457.

Table 12. Calculated DDM, CDI , and Field Streng th for Each
Antenna Height and for Three “A” Ratios .
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Figure 13. The 90 and 150 Hz audio signa ls needed are obtained from the 90 and 150 Hz
filter outputs of a Scanwell Ratio Generator.

The values of RF signal level were measured using an HP 8405 Vector Voltmeter
with a digital voltmeter connected to the recorder output of the vector voltmeter . The
var ious attenuator pods in the circuit (See Figure 12) were needed to provide isolation
between the two generators.

A comparison of field-.rneasured data with laboratory-simulated data, which was
discussed previously in connection with the values shown in Figure 11 and Table 10, indicated
good agreement between the two sets of data.

Figure 14 shows the CDI output from the GSCM with the sideband power (the
“A” rat io in Table 12) setup for a norma l course width ~‘A” = .247) and for an increase
(“ A” = .271) and decrease (“A” = .221) of sideband power by 20%. The CDI values
for the antenna height changes of 5 and 6 feet , w ith “A” = .271 could not be obtoined as the
required DDM values were beyond the range of the high DDM cirCuit. However, the
resu lts shown in Figure 14 indicate that the GSCM CDI output is sensitive to changes in
the s ideband power, espec ially when the rece ived and reference si gnal levels are approxi-
mate ly equa l, which gives a CDI output value near zero. With the reference si gnal level
set so that the CDI output was zero, increasing, then decreasing, the s ideband power
produced a CDI output reading of +16 and -18 microcmlperes respectively.

The sensitivity of the CDI output to a change in phase of the 90 Hz audio
modulating the reference generator is shown in Figure 15. The test was initially set up
w ith the 90 Hz reference generator modulation in phase with the 90 Hz (simulated) glide—
s lope si gna l modulation . The RF level of the reference generator was set to give initially
a zero CDI output. The phase of the reference generator audio was then changed with
respect to the glide—slope 90 Hz audio phase and the corresponding CDI recorded. The
phase angles were measured by disp lay ing the Iwo audio signals on a dual channel
osc illoscope. From the results shown in Figure 15, it appears that a phase error of about
16 degrees may be tolerated with only a one microampere CDI error. The amount of CDI
error incurred depends upon how much 90 Hz audio is present in the glide—slope signal ,
that is, if there were no 90 Hz audio in the g lide—slope signal, the phase of the 90 Hz audio
in the reference generator would not matter. This test was performed with a glide—slope
signal (simulated) of 0.3 DDM, wh ich has a higher level of 90 Hz audio than would be
found at typical monitor points in actual field use. Table 12 lists the DDM as being
0.38 under normal conditions for a glide slope set for a 2.5 degree path ang le and 1.4
degree path width. Thus the values shown in Figure 15 are slightly conservat ive. However,
it appears that the 90 Hz audio of the reference generator wil l have to be phase—locked
to that from the glide-slope signal to insure proper GSCM operation.

6. Statement of Future Work. The above sections presented the results
of a study to develop a far-field glide-slope monitor that operated on capture effect
principles. Preliminary results of laboratory and field tests have been presented . This con-
cluded the work on the GSCM that was performed under the contract DOT-FA69WA-2066,
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CAPTURE MO NITOR
CDl (i~iA)

A ntenna Height
(150 Hz) I Change (Ft.)

1 2 3 4 5 6

a ~ a = .271 , 20% increase
sideband power

\ x a .247, for 1.40 width

\ A a = .221 , 20% decrease
\ sideband power
\c i

-100 — -

A

0

-200 — — A

A

A

-300 — -

(90 Hz)

Figure 14. GSCM Response for Three Values
of the S debond Power Ratio.
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Modification 16. The GSCM will undergo further development under Contract FA75WA-
3581, the firs t step of which was the installation of the GSCM at Houghton County Airport,
Houghton, Michigan for testin g under snow conditions.
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APPENDIX A . OPERATION AND MAINTENANCE INST RUCTIONS FOR OHIO
UNIVERSITY SPACE MODULATION QUOTIENT MONITOR

1. GENERAL DESCRIPTION

a. The Space Modulation Quotient Monitor. The Space Modulation Quotient
(SMQ) Monitor extracts the desired path information from the composite audio. With one
notable exception, the SMO is a precision version of the audio section of a standard
local izer or glide—slope receiver. The 90 and 150 Hz audio are separated with bandpass
filters (BPF), and the individual audio voltages are rectified. The rectified audio is low—
pass filtered, and the DC components are subtracted to y ield the audio difference signal.
The unique part of the SMO is the analog divider at t he output. At this point the sum of
the DC components is divided into the difference of the DC components . This operation
makes the output independent of the amp litude of the composite and sensitive only to the
re lative amp litudes of the 90 and 150 Hz DC components . This means any drift in gain of
any c ircuit before the 5MG wi l l  not change the SMQ output. It should be noted that this
a lso makes the SMO insensitive to a change in percent modulation of the transmitter. Percent
modu lation , however, is monitored by the integra l monitor and this parameter may be taken
into account in that subsystem . See Figures A- i and A—2 for photographs.

The first stage is a buffer amp lifier to provide a high input impedance to the audio
source . See Fi gure A— 3a for converter schematic and Fi gure A- 3b for calibrator schematic.
The next stage provides gain which can be adjusted so that i-he circuits which follow are
operat ing in the best dynamic range for the components. The next stage is a phase shifter
to compensate for t he difference in phase sh ift throug h the f i l ters . This merel y allows visual
compar ison of the sum of the outpu ts of the fi lters .vith the inpu t on an oscilloscope trace.
The filters are speciall y ordered active fi lters from Burr Brown Research Corporation . They
are four pole stagger tuned f i l ters wi th a 0 = 10 and maximall y f lat in the passband. The
90 and 150 Hz si gna ls now separated can be rectif ied and low—pass fi ltered. The rectification
is done wit h an absolute value circu it .  This is shown in Fi gure A— 4.

The circuit used combines the absolute value operation and low—pass filtering
into one operation . Without the capacitor the circuit would be an absolute value circuit.
The absolute value function results in a full wave rectified sine wav e and the LPF provides
the DC level of this wave with the AC components attenuated. The —3dB corner frequency
for the LPF is approximate ly 1 Hz. The time constant is approximate ly 0. 2 second. The
DC levels proportional to the 90 and 150 Hz signals are now subtracted in a differential
amp lifier . The sum is divided into the difference in an analog divider and the output from
the divider is scaled such that the digita l pane l meter reading is equivalent to SMQ current
in microamperes in a standard 1000 QCDI. The output is presented on an Analog Devices
di gital pane l meter. The SMQ monitor can be switched to read the values of CDI current
from either a localizer receiver or a g lide-slope receiver. The calibrate mode provides
e ither a 0, —90 , or +90 indication on the digita l panel meter. The SMQ si gna l also goes to
output jacks for chart recorders and comparators.

b. Adjustment and Calibration. The SMQ Meter has adjustment procedures for
localizer , glide slope , and calibrator. These adjustments are best done in the order stated
and should be done carefull y to ac hieve accurate results with the SMQ. The SMQ should
warm up for two hours before adjustment. Refer to Figure A- i for external adjustments and
Figure A—5 for internal adjustments and key to test point functions.
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c. Processor Adjustments.

1. MODE: NAV 11, S1:LOC, S2:1, Locolizer Receiver : OFF.

2. Short TP-4 to TP-10 (ground).

3. Connect VTV M to Pin 3 of 150 Hz filter.

4. Adjust Pot No. 1 for zero volts at Pin 3 of the 150 Hz fi lter.

5. Adjust Pot No. 3 for zero volts at TP-7.

6. Adjust Pot No. 2 for zero volts at TP—8.

7. Remove short from TP—4 to TP—1 O .

8. Turn Localizer Receiver - ON, connect proper ly adjusted localizer
generator to NAV 11 input (on back of chassis).

9. Connect a dual trace oscilloscope with one channel at TP-5 and the
other channel at TP—6 .

10. Adjust Pot No. 5 so that the peak-to-peak amplitude at the 90 Hz
fi lter output is identical to that at the 150 Hz filter output.

11. Connect resistor network between TP—5 , TP-6 , and TP— 10 (see Figure
A-6).

12. Connect one channel of the oscilloscope to TP-4 and the other
channe l to the junction of the resistor network .

13. Set the localizer generator TONE RATIO to “0 dB” and obtain a
modulation pattern on the oscilloscope.

14. Adjust PHASE LOC such that the peaks of the pattern from the resistor
network junction are in the same relation as the peaks of the pattern
from TP-4 (see Figure A-8).

15. Adjust ZERO to converge the pattern (see Figure A—8).

16. Connect a properly adjusted glide-slope generator to the UGR—2
input (on UGR—2 receiver) .

17. Set the glide-slope generator TONE RATIO to “0 dB” .

18. Set MODE:UGR—2, S1:G S, S2:1.
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Fi gure A— 6. Test Resistor Network .
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Figure A-7. Processor Circuit Board - IC Locations.
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Modulation Pattern from TP—4 .

= -Use Phase Contro l to Match
These Peaks to Thos e fr om
t he Pattern Obtained from
TP-4 .

— Use Zero Contro l to Con-
verge Thes e Points of the
Pattern .

Modu lotion Pattern from Junction of Resistor Network .

Figure A-8 . Oscilloscope Patterns for Prope r Adjustment of the Phose and Zero
Contro ls .
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19. Repeat step 14 for the PHASE G S control.

20. With the VTV M, measure the voltage at TP— 7 and TP—8. Adjust Pot
No. 4 so that the voltage at Pin 10 of IC No. 5 (see Figure A-7) is
the negat ive of the sum of the voltages at TP-7 and TP—8 . That is,
V = -(V ±V  ).tp-9 tp-7 tp-8

21. Recheck the PHASE G S and ZERO controls to get a reading of zero
on the Digital Panel Meter (DPM) .

22. Set the glide-slope generator TONE RATIO to 3.3 dB (150 Hz).
Adjust the GAIN to get a reading of 127 on the DPM.

23. Set the TONE RATIO to 3.3 dB (90 Hz). The DPM should read —127.

24. Set MODE: LOC, Si: LOC, S2:1.

25. The DPM should read approximate ly 0. If not, sl ightly readjust
PHASE LOC to get a reading of 0.

26. Set the loca lizer generator TONE RATIO to 4 dB (150 Hz). Adjust
Pot No. 6 (inside front panel-see Figure A— 5) to get a reading of +90
on the DPM.

27. Set the TONE RATIO to 4 dB (90 Hz). The DPM should read -90.

d. Calibrator Adjustments.

1. Set MODE:LOC , Si :LOC , S2: 1 , localizer generator TONE RATIO:OdB.

2. Note the peak-to—peak amp litude at the resistor network junction
on the osc illoscope.

3. Set MODE:CAL-0.

4. Adjust SIGNAL AMP — 0 (2K Pot - see Figure A-5) to get approximatel y
the same peak—to—peak amp litude on the oscilloscope as recorded in
Step 2.

5. Adjust RATIO 90 to 150 - 0 (10K Pot) to get a reading of zero on DPM.

6. Set MODE: CAL -90.

7. Adjust SIGNAL AMP : -90 to get peak-to-peak amp litude as in
2 above.
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8. Adjust RATIO 90 to 150 : -90 to get a reading of -90 on DPM.

9. Set MODE:CAL ±90.

10. Adjust SIGNAL AMP: +90 to get peak-to-peak amp litude as in
2 above.

II. Adjust RATIO 90 to 150 : +90 to get a reading of +90 on DPM.

e. Field Use of Localizer Glide-Slope Monitor.

1. Connect monitor to +12 volt supp ly or battery.

2. Turn power on and allow monitor to warm up for 15 minut es .

3. Connect a localizer or g lide—slope antenna to the proper input.

4. If desired, connect a chart recorder to REC-OUT jack on back of
the chassis.

5. Set MODE:CAL—0, S1 :LOC, S2: 1.

6. Adj ust recorder pen position to get desired zero point on recorder.

7. Set MODE:CAL -90.

8. Adjust recorder gain to get desired -90 position.

9. Set MODE:CAL ±90.

10. Check for proper +90 position on recorder .

ii. Set MODE:NAV ii for use with localizer signal, or MODE: UGR—2
for use with g lide4lope si gnal.

12. Note that the range of the DPM is +199.9. To read higher values
set S2:2.5. In this setting, the received SMQ (CDI)=2.5xDPM reading .

i3. For localizer use, select desired channe l with NAV 11 frequency
selector.

14. For glide-slope use, se lect the desired channel by setting the G S
CHANNELING switches located on the top of the monitor box in
accordance w ith the key located on the side of the UGR-2 receiver.
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f. Maintenance .

1. Figure A— 9 illustrates the general interrelationshi p of the various
sections of the SMQ.

2. Figure A- b illustrates the wiring of the mode switch .

3. Figures A- l I  and A-12 illustrate the component layout on the 90/150
converter board and the calibrator board respectivel y.

4. Figure A—1 3 is the schemati c of the SMQ power supp ly.

g. Parts List 90/150 Converter

Resistors

*R1 — lOOK *R 1 7 - 3 . 3 K  R33 - 10K
*R2 - 200K R18 - 10K R34 - 10K
*R3 - 200K R 19 - 10K R35 - 10K

R4 - 10K * R20 - 3 .3K  R36 - 10K
R5 - 10K * R21 - 47K R37 - 10K
R6 - 680K R22 - 10K R38 - 10K

*R7 - 10.2K R23 - 10K R39 - 10K
R 8 - 1 K  R 2 4 - 1 O K  R40- iO K
R9 - 100K R25 - 10K * R4i - 3.3K
R i O  - lOOK R26 - 10K R42 - 15K
Rh - 2.2K R27 - 10K R43 - 10K
R 12 - 10K *~~ 8 - 3 .3K  R44 - 10K
R13 - 1.5 K  R29 - 10K R45 - 10K
R14 - 10K R30 - 10K R46 - 10K
R 15 - 10K * R31 - 47K R47 - 10K
R16 - 10K * R32 - 3.3K

Capac itors

CI - 10i~f , iSv C3 - 101-if , 30v C5 - i0pf , iSv
C2 — .22pf , 25v C4 - iopf , 30v C6 - l000pf , 3v

Diodes

Dl - lN914 D3 - 1N914
D2 - IN914 D4 - lN914

Pots

# 1 - 10K #3 - 10K #5 - 10K
#2 - 10K #4 - 10K #6 - 10K
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Op Amps

IC1A - SN747 IC3A - SN747 IC5A - SN747
ICIB - SN747 IC3B - 5N747 lC5B — SN747
IC2A - SN747 IC4A - 5N747
IC2B - SN747 IC4B - SN747

Miscellaneous

Filters DC DC Inverters Controls
90 Hz 1 GS Phase 1 Meg.
150 Hz 2 LOC Phase 1 Meg.

ZERO, 5K
Divide Module Regulated 5V Supply GAIN, 5K
D2 10

Switches
Disp lay Si
2003 S2

h. Parts List Transfer Standard Calibrator

Resistcrs

RI - 430 RiO - 1K R19 - 10K
R 2 - 30  R i l - i K  *R20 56K

R3 - 10K R12 - 10K R21 - 47K
R4 - 10K R13 - lOOK R22 - 68K
R5 - 1K R14 - lOOK *~~3 - 51K
R 6 - 1 K  R 1 5 - 1O K  R24 - 75K
R7 - 2K R16 - 10K R25 - 47K
R8 - 47K R 17 - 100K
R9 - 4.7K R18 - lOOK

Capacitors

Cl - 3-22p f C3 — - 05l~if , 30v C5 - .051if , 30v
C2 - .01~if , 35v C4 - .05F-’f, 30v C6 - .O5l

~
f , 30v

D odes

D1-914  D3 - 914
D2- 9 14  D4 - 914

Pots

# 1 - 10K #3 - 10K # 5 - 2KM2 1OK #4 2 K  #6 2 K
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Op Amps

lCh - 741 IC4A - ~74lO7 IC6A - ~741O7IC2A - ~741O7 IC4B - ,‘741O7 IC6B - ~74i07
IC2B - ~74107 IC5A - 74107
IC3 - 7490 IC5B - ,~74107

Transistors

QI - 2NM01 Q3 - 2N4401 Q5 - 2N4403
02 - 2N4403 Q4 - 2N44Ol

A l l  resistors are watt except as noted by * and these are ~watt.

All  potent iometers and controls are watt .
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F gure A- i l .  90/1 50 Converter Board.
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* R I , R2 , RT ARE UNDER IC I .
** R 2:  30n. IS MADE UP OF T W O

$5 ,n, R E S I S T O R S , ONE UNDER ICI
AND THE O T H E R  ON THE B A C K
OF THE B O A R D ,

*** R24  ON B A C K  OF B O A R D .
**** C7.  P O W E R  L I N E  BYPASS CAP.
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I I I 5 tO $5 18
— 
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g i_ i . i _ i ~ i
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L BACK 0 

D-2 C-4 C-3 C-2 TP I A-4 8-2 B-3 A -3 B-4 A-2 NC NC

F B O A R D  C O N N E C T I O N S
— FRONT B O A R D  C O N N E C T I O N S

Figure A-I2. Calibrator Board.
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APPEN DIX B. EXTRAPO LATION ALGORI THMS

1. DEVELOPMENT OF COMPUTER MODELS FOR THE FA R—FIELD GLID E—SLOPE
MONITOR

a. Computer Model for Predictor Al gor ithm. For the null reference system , with
a height rat io fo 2:1 for sideband antenna to canI~~~critenna, the DDM is gi ven by

DOM (ci ) K
1 
cos (K

2 
sin cx) (1)

where K
1 4mA

K
2 

= carr ier antenna height

a = e levation ang le.

Due to the nonlinearity of the DDM equation , a general solut ion for K
1 and K2 as a function

of GCM probe ang les and CDI measurements is not trivial.

In the technical report (Gradient Clearance Monitor Final Report , Contract
DOT—FA69WA-2066 - Mod 7, October, 1972) the quasilinearizat-ion method was employed
for the solution of the above problem. For reference, the method is briefly described here.

Let t = sin a

Then equation (1) becomes

DDM (t) K 1 cos (K 2t) (2)

satisfying the variational (differential) equation

+ K
2
2

x (t) 0 (3)

where
x(t) = DDM(t)

by defining state variab les

x 1 
= x = DDM

. - d (DDM)x 2 ‘C —

2x 3 
= K

2
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Equotion (3) con be written in the state equation form

~ = x = f

X
2 

= X
3

X
I 

= f
2 (4)

x = 0  = f

w Ith x 1 (O) = K 1 and x2(0) = 0 and x3(0) =

In vector notation, equation (4) can ~e wr itten as

A
x — f (x) (5)

The boundary conditions b (ti) required for solution ore measured micro om peres of CDI at
two known GCM probe elevations. Mathematically it means

(ti)

[1 0 01 x 2 (H) = b (H) i = 1,2. (6)

x 3 (t i)

To begin we make an initial guess of the app roximat e solution 
~~ 

(t); then (N + 1)t h approxi-
mation is obtaine d from the N th through the relation

~N + I ~(AN) + 

~~~~ 
~(N) AN + ‘(t) - 

AN~~~1 (7) *

N = 0,1,2....

w ith boundary conditions given by

N± l .
X
l 

(ii )

[ 1 00 1 ~~
N + 1(ti) = b ( t i )  i = 1 ,2 (8)
N± 1 .(tu)

* A indicates a vector and — indicates a matrix .
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The i j th element of the Jacobian matrix 
~
3 N f(

/~%N)

6 f i ( x ~ A A N (9)5x . x = x (t)

The general solution of equation (7) is

AN + 1
(t) ø(t) N + lA N  + 1(0) +~~~~ + 1

(t) (10)

w here ~P(t) is the fundamental solution matrix of

~~~~~~ 
1

(t) 
1
~ AN 

~~~N + 1
(t) (1 1 )

+ 1
(Q) = I = identify matr ix.

A
and P (t), the particular solution vecto r, obeys the differential equation

÷ 1
(t) 1

~~AN ’ 
-~N + 1

(t) + frN) - 1
~~~~N~~

1 
AN 

(12)

A N ÷ 1  A
P ( 0 ) - O

N I l
(0)

N~~~lThe initial condition vector x
2 (0) is determined from the boundary condition

LX 3
N 1(Q)

- 

~~ 1~~~~~~
’C 1 

Nf l (0) + ~ 1~~~~
1 (ti )x 2~~~

1
(O) + ~ N+l (t i) N+l

(0) + 
N+l (~i)

11 001 ~ 2l
N+1

(t i )X N+l
(o) I- ~ 

Nhi
( t i )X

N+1
(O) + ~, 

N+l (ti) 
N4 1

(0) +

~D
NfI

(t i)X Nf l (o) + ~~ 
N4 1 (t ;)X NH(o) + ~, 

N+l(fi)X N+l (o) + p N+l (tI)

= b(ti) I = 1 ,2 .  (13)
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which from (14) is

A N± 1  A — A A N + 1  — A N + 1  2J Lx (0), 
~~~~~ 

I — 
~~~~~~~~ 

y - i p x  (0)

~N + 1

A N + 1  - — N + l .with respect to x (0) . In these equatuons, R us a non-
negative—definite, symmetric matrix indicating the relative
importance of each measurement. The estimate of the initial
condition vector is determined if the gradient of J with respect

A N + l  . A N+ 1to x (0) us equated to zero and solved for x (0). The
resu lt is:

A N + l  _T - N ± l _ -l --T - N± 1  ,. .x ( O ) = [ q s R ~p1 i p R  [
~~~~~~

- v  1 .

This problem was programmed for solution on the Ohio University IBM Model 360-44
computer , and the predicted values for on—path and width CDI were thus obtained.

c. Use of a Priori Knowledge of On—Path Value of CDI. The controlled faul t
exper iments performed at the Ohio University test site in Michigan were of such a nature that
the theoretical value of on- path CDI should remain at zero while the path width would broaden.
Use was made of this fact by a ltering the formulation for determining the initial—value vector
from the predictive algor ithm. The initial-value vector is found from:

A N + l  —T -N + l— -l — T  — N + 1  ~ ,x (0) = I qi R ~p 1 qs R 
~~~ 

— y I

where R is a non—negative definite, symmetric mafrix whose
diagonal elements specify the relative weights given to elements of
the vector .

The problem was retormuloted to accommodate an additional data point in the vector of
probe measurement values . The sixth value in this vector was given a value of zero to cor-
respond with the expected CDI value at the 3-degree elevation angle value. All diagonal

elements of ~N + 1 
were g ive n values of one with the exception of RN + 1 

(6 ,6) w hich was
given a fractional value to lessen the effect of the a priori on—path CDI value on the resultant

predicted values . It was found , that a value for RN + 1 
(6,6) of 0.05 would si gni ficantl y

improv e the correspondence between the predicted values of on-path and width CDI and the
values measured at the far—fi eld television tower probes. The problem inherent with the
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wei ghted on—path value occurs when the on—path value may change with chang ing environ-
mental conditions. In such a case , the wei ghted zero value for on—pat h CDI tends to hold
this value lower than the realized value.

d. Conversion of Al gorit hm to Double—Precision Arithmetic. Since the prediction
algor ithm used for the FFGSM is iterative in nature , and experience has shown that even
very small errors in such al gorit hms can produce si gn ificant error after several iterations ,
the predictor al gorithm was converted so that all computations were executed in double—
prec ision arithmetic. The results obtained by using the double—precision arithmetic were
identical with those obtained with sing le—precis ion version . This computer program ,
therefore , should be used for computation because of its faster execution time and smaller
core storage requ irements.

2. EFFECTS OF IMPERFECTLY REFLECTING GROUND PLANE ON
MODEL P R E D I C T I O N S

In using the equation DDM (a) K
1 cos ( K 2 sin a) in deriving the differ-

entia l equations describing DDM versus e levation ang le , it is assumed that the reflection
sur face for the g lide—slope electromagnetic radiation field has an ideal reflection coef-
ficient. At a given insta llation this assumption may not be valid due to differing types of
soil, ground cover , moisture conten t , etc .

At the Ohio University Experimental Snow Site in Ravenna Townshi p,
Michigan, a samp ling prob e was used to determine the CDI values at different elevation
angles at the far—field g lide-slope monitor antenna in order to construct the actual curve
of DDM versus elevation ang le. The curve constructed from this data is shown in
Figure B—i along with the curve given by the theoretical model. It can be seen from the
figure that the values of CDI detected by the monitor antennas wi l l  be somewhat less than
the corresponding values given by the mode l equation .

In order to predict the ~vidth ang le and on—path values of CDI accuratel y
from the mode l equations, a nominal field which produced a CDI of 150 microamperes at
the w idth ang le and zero microamperes at the on-path ang le at the telev ision tower in
the far field , was transm itted and the corresponding values of CDI w e e  measured at the
FFGSM probes. A correction factor was then determined which , w hen multip lied by the
measured CDI value at a given elevation ang le, wou ld give the theoretical CDI value
for that ang le. Correction factors were determined for each of the five ang les at which
sampling antenna probes were positioned on the antenna mast. The raw data obtained
during the extensive fault tests of February 14 and A pr il 3-4 were multi p lied by the cor-
rect ion factors before the quasilinearization algorit hm was used on the digital computer
to predict width and path CDI values.

The method used for the predictions gave good results for amp litu de fau lts and
for phase faults up to 30 degrees . For phase fau lts in excess of 30 degrees the predictions
were not accurate enough to reliab ly indicate the path structure. Further work Nas initiated
for the purpose of improving these predictions , eit her by imp lementing a different model
formulation , or by improving upon the present model.
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I
Nf l  N r l  N~~~I N + 1Once x

1 (0), x2 (0) ond x3 (0) are found, then unknowns K
1 

= x 1 (0)

and = ~~~
N + 

~(0) are determined. Wi th these constants known, DDM can be readi ly
determ ined at the clearance angle. (A similar formulation can be made for the problem with
no specific height ratio for sideband antenna to carrier antenna. For details , please refer to
Gradient Clearance Monitor, October , 1972 report.)

In the above method two measurements need not unique ly determ ine the exact
solution . To alleviate the uni queness difficulties , and also difficulties which arise from noisy
measurements and poor modeling, an additional number of measurements, hence boundary
conditions, are added.

b. Linear Regression Techni que Added to Model. According to Sage h h l  it is sometimes
expedient in the presence of measurement noise, to provide a number of measurements in excess
of the number required for a unique so lution, and to app ly a regression ana lysis on these measure-
ments in order to “smoot h” the data . In accordance with this theory, three probes in excess of
the two required were c’dded to the FFGSM receiving antenna array; and a linear regression
technique was used to provide a realistic estimate of the true solution . For noisy data, linear
regression provides an unbiased estimate for solution , and for noise-free data, linear regression
solves the problems posed by uniqueness diffi culties .

In order to emp loy linear regression , the following formulation is defined:
I” . - . -Let be the five-dimensional set of measured points corresponding

- . A N + 1to the five probe elevation angles b(ti). Let q be the correspond—
. . n N + Jing set of points obtained from x (t)

Then:

,\N 4 1 —~~N + 1  ‘~-N~~ Iq — i px  (0) + y (14)

wher e the matrix ill and the vector ore composed of elemen ts from
the fun~amenta I solution matrix ct~(t) and the particular solution
vector P(t) evaluated at the appropriate elevation angles. An
estimate of the initial-condition vector is to be determined wh ich
minimizes the differences between and q in a least—
squares sense.

Mathematically, minimize:

~N f 1  ~ ,~ A N 1 1  2J i x  O) lq ~~l -

~
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3. CUBIC EQUATION MODEL FOR DDM versus ELEVATION ANGLE CUI~v’E

In an attempt to deve lop a mathematical model which wou ld provide more
accurate predict ions of width angle and on-path CDI , a cubic equation was used whose

form is K
1
o
3 

+ K
2
a2 ~ K3cr ~ K~ = DDM. The curve represented by this equation can

be made to match close ly the DDM versus elevation angle curve over the range of
interest as shown in Figure B-2 if the values of K 1, K2, K3, and K 4 are chosen properly.

The determination of the proper K values is the lob of the quasilinearization algor ithm in
the computer modeling procedure . The set of differential equations representing this
cubic formulation were programmed into the algor ithm and run on the computer with the
data collected at the Michigan Snow Site . The results showed that there was no signifi-
cant improvement in the predictions over the previous ly descri bed model. Therefore, it
was reasoned that regardless of the formulation for the DDM versus elevation angle curve ,
the difficulty encountered in try ing to accurate ly predict on—pat h and width values is a
resu lt of using values on the curve in a low gradient reg ion to speci fy boundary conditions.
Variations of small magnitude in such a reg ion wi l l  result in large variations in the
prediction of values on the steep portion of the curve.

4. INVESTIGATION OF EFFECTS OF RANDOM PERTURBATIONS

In order to analyze the computer mode l of the far-field glide-slope monitor for
sensit ivity to noisy measurements at the samp ling pr obes , two met hods were used to per-
turb the experimental values of CDI obtained from the April 3 Michigan Snow Site data.

The ffrs t method used uniform ly random numbers whose magnitude ranged from
zero to two. The si gns of the numbers were also chosen random ly. Thus, the perturba-
tions of the experimental data varied from -2 microamperes to +2 microamperes . These
random va lues were added to the experimental data points to simulate random noise in
the measuring system . The resu lts of the computer anal ys is showed that the predicted
va lues of width CDI varied in magnitude by as much as 9 microamperes , while the pre-
dicted path CDI varied in magnitude by as much as 14 microamperes.

The second method used a pseudo—random number generator with a Gaussian
distribution wi th zero mean and a standard deviation of 0.4. The maximum magnitude of
the random changes introduced by this method was 3.2 microamperes. The computer
analysis showed that the predicted width CDI had a maximum variation in magnitude of
14 microamperes and the predicted path CDI had a maximum variation of 22 microamperes.

The foregoing perturbation analysis indicates that for measurement noise whose
magnitudes are no greater than two or three microamperes , we may ex pect prcd~ct ion vari-
ations of as much as 14 microamperes in width CDI predictions , and 22 mft oamperes in
path CDI predictions. The magnification of the measurement variations in the CDI pre—
dictions are believed to be a result of attempting to predict the values on a trajectory in
a high gradient reg ion by setting the boundary cor,ditions on a reg ion of the trajectory
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w here the gradient is low . The low gradient of the measurable portion of the CDI versus
e levation ang le curve is due in large part to a ground surface whose reflection coefficient
is less than per fect. This results in a flattening of the curve at elevation ang les of 1.25
degrees or less . The necessity of using boundary point measurements in the low gradient
region of the curve is due to the obstruction height constraint.

5. PROXIMITY PHASE ERROR AT FAR—FIELD GLIDE-SLOPE MONITOR

To determine the possible effect of phase differences in the si gna l received
by different antennas of the receiving array, the proximity phase error was calculated for
the top and bottom antennas of the array . The equation for determining proximity phase
error is given by

- H
2 - h 2 

360
p 2

where

B proximity phase error , in degrees

H height of sideband antenna , in feet

h height of carrier antenna , in feet

S distance from base of transm itting antenna
to receiving antenna, in feet

and wave length of si gna l, in feet.

The geometry of the antennas is shown in Figure B— 3. The proximity phase error with res-
pect to the top antenna is -7.91°; wit h respect to the bottom antenna , —8 .52°. The
difference in phase between the si gna l received by the top antenna and that received by
the bottom antenna is — 7 .91° — (— 8.52° ) 0.61° . For the two signa ls to be exactl y in
phase, the upper antenna would need to be moved 0.06 inch nearer the transmitting array .
Thus , the effect of prox imity phase error across the receiving antenna array is consi dered
to be insignificant.
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