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T}Ir MFAsURr’~’ENT OF T CP C~~T~VE F IU LTIPAT H
IN 7\N MPPOPT ENV IF O~~ :T NT

P.~~. HubbarJ
L.F. Pratt

~~~~~ Hartman~

t~ultipath in an operatina airport , and it.s
ir’ioact on the performance of a ~icro~ave LandingSystem (~ LS) is an important aspect of thedevelopment of these systems . Test programs on
the candidate ~LS systems developed in the U.S.
were conducted in areas that do not emulate
large commercial airnort~ . In order to better
evaluate multipath in a realistic environment ,
measurements of reflected signals at the ML~
ooeratinq frecuency were performed , and the
results used to develoo or modify a computer
simulation program . Poth a cw system and a
pseudo-random noise (PN) channel probe were used
in the measurement program .

This report presents the results of multipath
measurements made on a) airport terminal buildings ,
2) large maintenance hangars , and 3) aircraft on the
surface of the airport . Results indicate that
significant reflection levels are prevalent from
these sources , and could Produce a multipath
reception problem at the receiver of an aircraft
approaching the runway .

Yey ~ords:  “u l t i p a t h , rr~ic ro’~’ave l a n d i n g sy stem ,
pseudo-random noise , impulse response , time-
dela ’~, and channel  probe .

1. INTRODUCTION

The U.S. Department of Transportation (DoT) , under  the
direction of the Federal Aviation I½dmirtistration (FAA) , has
been conducting a development program for a ?‘icrowave Landing

*The authors are with the Institute for Telecommunication
Sciences , Office of ‘~‘elecommunic at ions , U .S. Department of
Commerce , Boul der ,  Colorado 80302.



System (t ~L S ) .  The s,~ ;t cru is to eventual~~ t~~p 1 aco t ’ te
I n s t r um e n t  ~andi . riq Fvst~ •~m (If ,S ) t’~~t is in ~ enera 1 use in both
the U . S .  and arour d t h~’ wor ld . As ~ p ar t  of ‘:he n~’ ~ enal planfor dev e l q m~~n t , the  t’icrowajr Land ing  S~~~tcr i  h a ~~ II T~~st
Program was sp c i f i~~-1 and conduc t- i- cl to t e st -  scve r~~l c a n d i d a t e
MLS sy st em s .  As a p a r t  of t h e  S m- n c r  ting a ct i~’i . tv to the  test
program , the assach u~ €-tts In s t i t u t e  o~ T~c inolog Linco’n
Laboratorie’~ ( r” TTLL ’P ~•~is unJer contract tn th~ FAA to develop
certain computer mo-h is to evaluate NT .U per~~~-m~v~ce under
sir.’cilated cond i t ions .  This m o de l i n g  e f f o r t  ~nc !udc~d
consideration of the potenti il multip ath environment at a major
airport that could seriously impare the accuracy and general
performance of the ~‘LF . Little quantitative information was
available on either the magnitude or character (specular ,
dispersive) of this multipath at microwave frequencies. The
effects of assumed multipath had been studic~d earlier in a
discrete mode (r,uarino, 1975) and in a dynamic mode (Wi ghtman ,
et al., 1973). Roth of these studies were based r,ri .imulation
processes. ~ultipath consideration also formed a part of the
MLS Phase II Test Program (DoT/FAA , l 9 7 3 a ) ,  iii which specific
screen reflectors were used in various orientations during
actual test procedures.

In support of the modeling work of MITLL, the Office of
Telecommunications, Institute for Telecommunication Sciences
(OT/ITS) was asked to perform some actua l measurements in an
airport environment tc determine the characteristics of the
multipath at the NLS operating frequency . A cooperative
experiment was p lanned by OT/ITS and YTTLL , and conducted with
support of the FAA . This report describes the experiment , the
instrumentation used , and the basic results of the
measurements. The final results have been used by the MITLL
investigators to confirm or revise the estimates and
characterizations used in their computer modeling work
(Shnidman , 1975) . It is beyond the scope of this report to
discuss in any detail the modeling application of the
experiment results. ‘~he reader is referred to the above
reference for these details.

Preliminary measurements were performed at the FAA National
Aviation Facilities Fvalua ’ion Center (NAFEC) near Atlantic
City , New Jersey . Tests there were primaril y for the purpose
of installing and checking out test equipment and operational2



equipment and operational facilities , and to perform a few
specific measurements on the ref lect ive screens used in the MLS
Phase II Test Program conducted at NAFEC . Later , the
experiment equipment was moved to Logan International Airport
in Po~ton, Massachusetts where measurements were made in an
operational airport environment . Logan International Airport
is operated by the Massport Author ity, and al l  of the necessary
coordination for the experiment was conducted with officials of
Massport by personnel from MITLL. The actual measurements were
arranged for in cooperation with the Massport officials and the
FAA traffic controllers. The availability of areas within the
airport for the experiment were dictated from normal operating
procedures, and were conducted to satisfy the requirements
developed by the MITLL staff.

3



2. ~-‘FAFUREME’;T ~y rrq~
2 .1 Microwave Equi pment

The experiment eQui pment consisted of two microwave systems ;
the f i r s t  was a cw t r a n s m i t t e r  and receiver operat ing at
~~~~~ cr :z , and the second a channel  probe system operating at
5.10 GIIz. The cw system was used as a continuous monitor  of
the received signal level (RSL) in all measurements, and thus
to describe the combined signal character of any multipath
situation and to dictate specific measurements to be performed
with the channel  probe . The cw system is shown in block
diagram form in figure 1. All components in the system are
solid state , including the final power amplifier stage of the
transmitter. A log-linear amplifier is used in the receiver to
provide a logarithmic PSL calibration and consequently a wide
dynamic range (~ 60dB) . The RSL was recorded on both a strip
chart and magnetic tape . Calibrations were performe~ pr imari ly
in a relative manner , using the received signal as a source for
the receiver in any given , fixed position (see the details in
sections 3 and 4). A calibrated precision attenuator was used
in the receiver antenna line to calibrate the operating range.

The channel probe system used to evaluate the mul t ipa th
components was designed at OT/ITS to perform impulse response
measurements in radio transmission channels . It is based on
the convolution model as (L in f i e ld , e t a l . ,  1976) :

y ( t )  = h(t) ~ x ( t )  C l )

where y ( t )  is the output s iqnal , x ( t )  is the input signal , h (t )
is the impulse  response of the channel , and fi denotes the
convolution in t eg ra l .

In (1) , if the i n p u t  signal  is a sharp impulse function then
the convolution wi th  h ( t )  y ie lds  a y ( t )  tha t  is equal to h ( t ) .
This is a property of convolution with an impulse; the result
is the convolved func t ion  f u n c t i on  located at the position of
the impulse (Lee, 1960). 1\pply ing this technique directly
requires that the test signal be a delta-like impulse at an
appropriate carrier frequency , with an associated wide
bandwidth required in both transmitter and receiver. Also , the
peak power require ments would be hi gh in order to obtain a good

4
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Fi gure 1. Block diagram of the 4.835 GHz cw System .
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FigUre 2. I l lustration of the autocorrelation funct ion
for a PN binary sequence of maximal length .

channel response and a multipath component is one bit time, or
6.67 ns. However, it is possible to resolve multipath
components with delay time less than this value, down to the
order of 1 ns. This feature will be discussed later in the
report.

The block diagram of the PN probe transmitter is shown in
figure 3. Note that all operating frequencies, including the
PN clock rate , the 600 MHz IF, and the microwave carrier are
derived from a common stable reference oscillator at 5 MHz.
Translation of the PN code to the microwave carrier is
accomplished as a bi-phase modulation of the 600 MHz IF . The
latter signal is then mixed with 4.5 GHZ, yielding two
sidebands at 3.9 GHz and 5.1 GHz. The lower sideband is
removed by the bandpass filter in the transmitter , and only the
upper sideband is passed for transmission . The final power
amplifier is a traveling wave tube (TWT) capable of up to
20 watts output.

The cw and PM probe signals were multiplexed to a common
antenna at the transmitter terminal for all measurements. A
waveguide tee and ferrile isolators were used for this purpose
a~ shown in figure 4.

The PN probe receiver system is shown in block diagram form in
figure 5. As in the transmitter, all frequencies of operation

7
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Figure 4. Coupling arrangement for the two test signals into
common transmitter antenna.
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are generated from the stable 5 MHz (reference) clock in the
receiver. A locally generated PN code is ui.€1 to modulate the
600 t”Hz IF in the receiver in the same manner as the
transmitter modulation is accomplished . Two IF signals are
developed in a quadrature-phase relationship in the receiver to
provide a relative phase reference for the received signal.
The two modulated IF reference signals are correlated with the
received IF signal in identical mixer , amplifier , and
integrator chains as indicated in figure 5. The two output
signals represent the co- and quadrature-phase (or real and
imaginary) components of the channel impulse response . These
signals are designated hr(T) and hiLT ) respectively . Fach of
these functions is squared and summed in the receiver to yield
the magnitude-squared function , or the power enve lope of the
impulse response h(t)J2 . All of these signals were recorded
on magnetic tape during measurement runs, and the power
envelope function was continuously monitored on an
oscilloscope.

The power envelope function was the primary data signal in the
multipath measurements. As noted previously , delayed
components can be distinguished down to a delay on the order of
1 ns. The typical response where a multipath component is
delayed less than one bit time of the PN code (6.67 xis) is
illustrated in figure 6. The theoretical response for both the
direct and the multipath components has been drawn on this
figure. Note that the delay time can be measured as the
separation of the two peak responses , or as a measure of the
increased pulse width at the base. Components delayed by more

- than one bit time will register in the function as a distinct
pulse at the appropriate delay along the abscissa.

A complete calibration system is contained within the R.F
section of the receiver as seen in figure 5. A replica of the
transmitter signal is generated , and can be selected by coaxial
relay as an input signal to the receiver. A programmed
attenuator is also used to provide a range of calibrated
levels , or to attenuate a received signal to any desired level.
The receiver is designed as a dual unit so that the rf, IF , and
signal processing sections are duplicated . The calibration and
reference frequency chains are common to both receivers, as is
the PH generator used as the local correlation reference.

11
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Figure 6. Illustratio n of an impulse response function where
the multipath signal is delayed less than the
resolution time of the PN system.
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The correlation process is accomplished in the receiver in a
dynamic mode , by clocking the local PN qen er at o r  at s l igh t l y
slower rate than the corresponding q’~-nerat-: r in the
transmitter. This has the effect of allowing the local PN
signal to slowly “drift by ” the receivc-~ ~iQna l , thus pro ( ucing
a dynamic time lag between the two signals. For example , a
normal setting for the MLS mul t ipa th  measurements  was a
receiver clock rate slowed by approximately 1 k~Iz. This
results in a shift of about 0.023 ns per sequence in the
correlators, for a code of leng th L=5l1 bits. At this rate ,
approximately 150 , 000 sequences (or code words)  are mu l t ip l i ed
and averaged in the correlators for a complete correlation
“window ” (approximately 3.4 ns). Thus the total process t ime
required to produce a correlation function at the output is
0.5 s in real time, but is equivalent to a window of 3.4 u s.
This is an example of the time/bandwidth trade—off made in the
correlation model. The slow PM clock rate for the receiver is
variable, and is controlled by the frequency selected in the
synthesizer shown in figure 5. The window length can also be
changed in the system by selecting d i f f e r e n t  sequence lengths L.
More details of th is process may be found in Linfield , et al.,
(1976). This example defines the parameters selected for the

MLS experiments, and shows how the measured impulse functions
were updated every 0.5 s.

In addition to the three impulse functions already mentioned , a
power level measurement was made on the IF signal and recorded
through a logarithmic amplifier for the received signal level
(RSL) in the PN probe. A standard TRIG “E” time code signal
was also generated and recorded for use in data processing and
analysis. All of the data signals and the time-code were
recorded on a 1/2” magnetic tape recorder , and the RSL data
were continuously monitored for both the cw and PN receivers on
a paper strip chart recorder. One minute timing marks
developed from the time-code generator were also recorded on
the strip chart record .

2.2 General Facilities

2.2.1 Transmitters

The microwave test equipment described in section 2.1 was
housed in mobile units for the multipath measurements. The

13
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transmitters were mounted in a ‘-r-all t r a i l e r  equ ipped w i t h
workbench -and equi pment racks. The trailer was pulled by a
pi ck-up . This t r a n s m i tt e r  t r a i ler  is ~;hown in fiqure 7. Two
t ra n s m i t t e r  antonnas ‘- -‘ore u~;e¼ ~ alterrately j r~ t 11, exper iments .
The f i r s t  was a s tandard  gain  ( 10 dB) microwave horn , which was
mounted on a mast affixed to the rear of the t r a n s mi t t e r
trailer. The second antenna was a 6 ft* parabolic reflector
with a center feed horn tuned for 5.1 GHz. Thin antenna was
mounted on the rear of a semi-trailer tractor vehicle . The
parabolic antenna is shown , being assembled , in the  photograph
of f i gure 8, which also illustrates the mounting arrangement.
The “f i f t h  wheel”  of the tractor was removed , and replaced with
a two-plane gimbal-type mount ing  surface for  the antenna mast.
The gimbal mounting permitted an accurate and speedy method to
plumb the antenna mast  ve r t i ca l ly  for any parked position of
the tractor. A precision , hand-cranked azimuth control uni t
was mounted on the top gimbal plate. This unit formed the base
for the mounting mast (5” steel p i p e ) * , and provided precision
control and measurement of the azimuth ang le of the parabolic
antenna . The elevation control for the antenna consisted of a
lag-screw adjustment in the mounting bracket. In addition to
this, a telescopic siqht was mounted to the dish and aligned to
point at the center of the pattern at a distance of 200 ft.

Primary power for the transmi tter equipmen t was furnished from
a diesel powered generator that was an integral part of the
semi—tractor. This unit can be seen directly behind the cab in
the photograph of figure 8. It was capable of several hours of
continuous operation before refuelling was necessary . A line-
voltage regula tor was used to stabilize the power for all
operating equipment.

A typical con f i gura tion for the transmi tter terminal is shown
-in the photograph of figure 9. Here both transmitting antennas
can be seen , and the low-loss foam flex cable used to couple
the signals to either antenna is shown extending through a port
in the side of the trai ler to the standard gain horn . Both
antenna s were moun ted so as to main tain the feed horn of the
dish and center of the horn at approximately 10 ft above the
surface . The azimu th for the horn an tenna was changed by
rotating the aluminum mast as required .

*1 f t  = .3048 m

*1 in 2 .54  cm
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Figure 9. Photograp h of t yp ical transmitter c o f i g u ra t io n.
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Figure 10. Photograph of FAA MLS mobile van used for receiver
t e rmina l .
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2.2.2 Receivers

The mobile van shown in the photograph of f i g ure 10 was
furnished by th~ FAA to house a l l  of the receiving test
eauipment. The van was designed specifically for use in the
MLS Phase II test program , and was made ava i l ab le  fc r use in
the multipath experiments. The interior was well-equipped with
rack space for mounting of equipment , workbench and desk space ,
and all necessary communica t ion eq u ipment so that  the dr iver
was in constant Contact with the FAA ground controller  at the
airpor t .  The vehicle was equi pped w i th an in teg r al power
generator and regulator system capable of handling the
requirements for all test equipment. A telescoping riast seen
in f i gu re 10 was used to mount al l  an tennas  for  the receivers .
This mast had a f ixed height section 25 f t f i rm ly a t t ached  to
the vehicle and a movable section that  could be raised and
lowered with a motor driven control unit. The to ta l  he igh t  of
the extended mast was approximately 50 ft. A four digit
counter cal ibrated in feet was part  of the control mechanism ,
and gave a visual read-out of the mast height  to the nea rest
hundreth of a foot .  In addition to the telescoping m a s t , a 25 f t
fiberglass extension mast in length was used fo r many of the
measurements. The extension permitted a total height for a
receiving antenna of 75 ft above the ground . Whenever the
extension was used , three light tether lines , attached to the
top and a supportinq star guide near the center , were used to
minimize any sway or twist in the mast. The tether lines were
either held by hand , or anchored to concrete blocks when the
van was parked in the desired locations. The extension mast
and the tether arrangement can be seen in both figures 10 and
11; f igure  11 shows the van in an operational position on a
runway .

Signal l ines to all antennas  on the mast of the van were type
RG -2/4/U coaxial cable.  A total of three cables were used ,
each about 50 ft in length . The cables were bundled together ,
and laced with  a nylon l ine which supported the f ree-hanging
weight of the cables in order to relieve any strain on
connectors. The cable assembly can be seen in figure 10 ,
loope . r ’ orig the raised mas t .  The extension mast  was
cons L~~~-~ted with  a coaxial cable permanent ly  embedded throug h
the center  of the tubing . Connections were made at the base of
the extension mast to th i s  cable for the top-most antenna .

18
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Figure 11. Photograph of the mobi le r ece ive r  van in an opera t ing

position on a runway at Logan Airport.
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All receiver antennas were standard gain horns wi th a nominal
gain of 10 dB above isotropic and a half-power beamwidth of
approximately 45 0~~ The receiver an tenna con figur ations varied
during specific measurements. However , an antenna mountino
system, outlined in figure 12, was used in all instances. The
individual horns were selected for the specific geometry of
each test. The bracket shown in figure 12 was designed to
moun t three horns , one oriented toward the rear of the van and
one oriented 30° to each side of this line toward the rear. A
single horn was mounted at the top of the extension mast (when
used) oriented on a line directly behind the van . Actual
positions and heights of the antennas are noted in the
following sections on measurement.

2.3 Antenna Patterns

The antennas used in the experiment were measured for their
radiation gain patterns. These data were later used in
evaluating the experimental results. The parabolic antenna was
elevated 1.6° above the horizontal in order to minimize ground
reflections from the main lobe. The pattern measurements were
made at selected locations on the perimeter of the airport that
provided as level a location as possible , and free of adjacent
buildings or other objects that could affect the results. The
receiver van was located 200 ft from the parabolic antenna , and
a receiver horn was raised in height  on the van mast to
maximize the received signal. The horizontal pattern was then
measured by rotating the dish in known increments of azimuth
angle. The 4.835 GHz cw system was used for these tests, and
the receiver was calibrated with use of a precision attenuator
to establish relative signal levels. The vertical pattern for
the dish was measured using two configureation . For elevations
above the main lobe, the dish was oriented as above and the
receiver horn antenna was lowered from a height of 50 ft down
to 5 ft above the surface . Signal level recordings were made
every 5 ft over this span , and the data provided a measure to
an angle of approximate ly 1.6° below the main lobe center. The
lower half of the vertical pattern was measured by positioning
the receiver horn at 45 ft above the surface , using optics to
orient the dish elevation angle (approximately 9•9 30)  toward
the receiver horn , and again lowering the receiver mast in 5 ft
increments. The two halves of the measured pattern were then
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Figure 12. Antenna mounting arrangement on the receiver van.
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combined (equalized in level) ~‘tt the cente r  of the main lobe .
The measured patterns are shown in figures 13 and 14. The
theoretical pattern is shown in figure 15.

The a z imu t h  pat tern  of the horr .  a n t - nnas was ~nc -isu rer~ f o r  o-i e
uni t  temporari ly mounted to the pedestal used fo r  the parabolic
dish . A receiver horn was raised to 50 ft above the sur face  on
the van mast , and the van placed 102 ft from the transmitter
~..Lenna . Both horns wer~ oriented on a plane parallel to the
surface, with the transmitter horn at 9 ft above the surface.
This geometry was chosen to minimize possible ground
ref lection s, by causing the reflection point for angles less
than about 26° to be beyond the baseline separation of the
antennas . Ang les larger tha n this value would produce
reflections with lower magnitude and arriving above the
receiver an tenna hei ght. No measurements were attempted for
the vertical plane patterns of the horn antennas.

Both the manufac turers ’ patterns and measured patterns for the
horn receiving antenn as ar e given in figure 16. For ‘—ost of
the configurations used in the experiments , the theoretical
patterns could be used to adjust signal level~ with little
error . For example , over the ma in lobe of the horn an tennas
for +30° in azimuth the measured pattern deviates from the
theoretical on the order of 2 dB or less.
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3. PRELIMINARY MEASUR~:MFNTS

ITS representatives of the FAA/MLS program aESiStt~~ - - t e a i~i
in preparing the rect~~vor van for operation , and hriefii~q the team
in its operation . An experienced driver w~~s assigne l to J~-~
van by the FAA ; one who was completely familiar with cp- ound
control requirements and procedures at the NAFEC ~~~ :- -

~~~~~~~ .
driver had the responsibility of maintain -ni ra:’io -‘ - ~~~~

-
~~~~-

the ground controller in the operations tower. Vehicle and
personnel passes were issued by the FAA .

The receiving equipment and all data recording facilities were
mounted and secured in the van . The transmitters were
assembled in the ITS trailer and tested for proper operation.
The ITS furnished a licensed set of communication transceivers ,
which were used for communication between test team members at
the transmitter and those at the receiver . Preliminary tests
and calibrations were performed prior to the site measurements .
One preliminary test consisted of placing the transmi tters at
one end of an inactive runway, STOL 17/35 , with signals radiated
from the wide-angle horn antenna . The receiver van was driven
slowly down the center of the runway . Both test signals were
monitored and recorded during the run to observe any mul tipath
signals that mi ght reflect off  bui ldings or other structur es on
the edge of the runway . For this run, the cw receiver was
connected to the center horn (b) of figure 12. The two
channels of the PN receiver were connected to the two side—
looking horns (a) and (c) of this figure. The mast was raised
to 50 ft and held at that height. The cw signal indicated the
norma l loss versus distance, and no significant off-path
reflections were observed on either of the PN channels.
However , ground reflections could not be avoided in the
confi gurations , so the cw signal displayed a scalloped pattern
as a resul t of ground reflection interference. The buildings
consisted mainly of low (one story) structures used by the Air
Defense Command on the west side of the runway , and the former
terminal building for the Atlantic City munic ipal airport on
the opposite side nearest the transmitter location . The
receiver van was then positioned along the runway at several
points to observe possible reflections from the Air Defense
Command buildings . The transmitters were switched to the
parabolic dish , and this antenna was slowly changed in azimuth
to illuminate the buildings. Several fixed receiver locations
were chosen , but no signi f ican t reflections were observed for
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any position . Thus , we E - - n r l -(ldod that th is part~~- :u i - Ir clustI ’-
of sti:uctures presented no seriour r-j1tip~ t~ [-rc-h1~~’-. A
diagram of t he  !‘FC/At lantic City a’:~-nrt ~s chc w n in
f igure 17 . Th e pat~ of the  i- - -c~- iv e r  van i o~ Lhc-se tests  began
on the end of t~~o runw -y near t ax i -~ -~y IT -v’ - “~e~ ~0 the
north near taxit~-:ty C. Van positions were 

~ 
-J a t~~~e to

par t i cu la r  runway and taxiway center lines , cstablished test
points for ~~~~ and othet fixed landmarks.

The second measurements perfori~ed at NAF 1~~ made use of the
reflecting ~creen that had been used in the MLS Phase II test
progral-n. The screen was positioned off the runw iy in a grassy
area near the ~TOL F-/35 runway . The transmitter was located
on a roadway that was on an extension of the runway center line
to the south . These positions are sketched in fi gure 17. The
reflecting scr#—’en was mo’~ -~ted on the side of a semi-trailer ,
and had the approximate dimens ions of 45 ft long by 25 ft high.
The screen was positioned 250 ft west of the runway center
line , and angled with respect to this line by approximately
15°. The north end of the screen was further toward the west.
The distance from the transmitter to the centeL ot the screen
measured 500 ft at a 30 ° angle from the center line; thus
placing the center line of the screen perpendicular to the
runway, approximately 433 ft from the transmitter. This
configuration was used to simulate the azimuth multipath tests
performed in the MLS Phase TI program with the transmitter
positioned d i rec t ly  on the center l ine of the runway . In order
to simulate  the e levat ion test geometry , the screen was lef t  in
its or iginal  position and the t ransmi t te r  was moved to a point
200 f t  to the west of the runway center line , and 200 f t  from
the center of the screen on a l ine  para l le l  to the runway .
Both of these configurations are sketched in f igure 18.

For both tests , the r’ceiver van was driven down the STOL 17/35
runway to the intersection of runway 4/22, starting from a
point near the in~ ersection with runway 8/26. In each case,
the cw receiver u~ ed the rear — ~1ooki ng horn (b )  in f igure 12 and
the PN receivers  were connected to  the side-looking horn s (a )
and (c) . The mast was ma in t a i n e d  at  a height of 50 ft. For
the azimuth cor ’guration , the van was driven along the center
line of the rur~ -’ay. For the elevation configura tion , the van
was driven along the east  edge of the runway to simulate the
of f se t  locat ion of t h a t  portion of the MLS . The results of
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these t .~sts she~;-J ~~~~ t~~’ r e f 1 -~c~ oti s ~~~; cm th ~~~~ ~ rr ~~ re
qu i t e  ~r -a l 1  , and t - -u ~; tte d ~ w - -  ‘ not  c~~’~ I e~ cly p ro c e rs e d .
In a d d i t ion , i t  shr~ dC he t i ( ’  1-C L~t r r ,u r i — 0 f1 Oct  i on~ w- re
not e l im i n a t e d  in ~ cse t i~sts. Jor exarnj)io is riot
possihie t e l e v a t e -  t i i t -’ t r d n s m i t t E  i int .~~n-~’i ‘~ his r’i r~ o:.~due to t ~ l im i te d  ~vi~~~t of the r~ f lL - c t in-~ - ‘~ i -an . F o r  t h e
t r a n s m i t t i n g  ~iSh , an elev a~ ion anqi e  of 0 . 6 w  was u sed , p lac ing
~~~ ce r-~ter of the Lo im a p p r o xi rr a te y 15.2 ft above the surface
d L  the  r e fl e c t in c~ scre~~n .  The 2° h e a ,r w i dt h  at the scrr - n
dista~.ce is on t h e  order of 17 ft in diameter; this combination
provided good illumination of t ht’ screen , hut also permitted
ground r~- fle c t io n ~~.

Th e f i n a l  measur ermot  made at  NAFEC w~~~ of the re f l ec t ion  from a
large concrete hangar  hu ildin~ ( 30 1) 1ocatr ~1 in the SF corner
of the airport  (see f~ qu re 17) . ~ he t - ’- a n s rn itt er  was located
directly in f ron t  of the f ir e  house to the west  of the hangar ,
on a line 45 0 from the ~

- ; - .~~ corner of the hangar , and at  a
distance of 1000 ft. A sketch o ’ U is  g 1 o m e try  is shown in
figure 18. The receiver van was dr i ’.’~-c along a 1inr~ :arallel
to the SW side of the building, appro;< i m rt e ly 7u 0 f t  f rom
that side . The path for the van wa~— at  th~ e-~~~c of a
parking lot, and along the top of a retaining wall. This
pa th placed the van approximately 10 ft lower in elevation than
the base of the hangar. Several runs were made ; some using a
horn antenna at the transmitter , and others using the 6 ft dish
at the t ran’~r!ii t te r.  In each case y the transmitter  antenna was
oriented 45 0 off  the receiver van path toward the SW corner of
the hangar .

The side of this hangar  is concrete , with  a single metal
doorway near the f ron t  of the buildinq as the only item to
break the surface . Two reflection points were observed within
50 to 60 ft of one another when the recei’7er van was about
1420 f t  from the t r ansmi t t e r .  This p lac i d the van at
approximatel y 35 ° f rom the ~~ corner of the building . The
relative levels of the eirect and peak reflected signals
observed at th i s  poin t  and the mu lt i p d t h /d i r e c t  si gnal ra tios
noted as M/D , are given in table 1.
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TRANSMITTER 0
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FIgure 18. Geometry for the measurements on the NAFEC
hangar (building 301).

Table 1
Reflection data from NAFEC hangar (b u i l d i n g  3 0 1 ) .

Tx Direct ** Ref lec tj o n **Run No . Antenna Signal Si gn al M/D
________  

(dB) (dB ) (dB)
* 1 6’ dish + 13.5 +7 .6  — 5 . 9

1 6’ dish +13.5 +8.6  — 4 . 9
* 2 Horn — 4 . 0  — 8 . 0  — 4 . 0

2 Horn + 1.5 — 3 . 2  — 4 . 7

* Denotes a time—average response.
** Values relative to cal ibrat ion levels only .
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When the measur ei~’ ~nt~ ar’~ used t- .~ estima ti~ the r~ fl* ction
coefficient of the building , the path length differ ’-’nce between
the di r ct and m u l t i p a t h  s io n a l  mu st  he accounted for
(20 log dm/d o) . For the ~d ove data t- fe distance factor is
2 .9 7 d}3 . Thus  i n  t h i s  case , the  r f l e ct e d  n i gn a l  would be
approxima t-ely 1.9 or 2 dB less that. the dii ~~ct ~ignal over thesame d ist ance .

It i~ ~~~tu~d that the ?‘/D is hiqher than would  be expected for
a conc:etc wa l l  i f  a reflecti n ç a ef fj cj i r ,t  of 0 . 4  is assumed .
The fact  tha t  two r e f l e c t io n s - we re observed i nd i c a t e s  tha t  a
more complex surface was ac~ ua1 1y involved in the reflection
data. Schnioman (1975) modeled this exper iment  to include the
metal door in the hangar wall. ~c con cluded t h a t  the door was
with in  the first Fresne l zone , and could conceivably produce the
measured resul ts .  The model of the wall  based on the  cw data is
included in the reference .

Measurements were also performed using the NW face of the
hangar building as a reflection surface . This side of the
building has several sliding-door sections of st-cl framework
and a corrugated surface . The sections are staggered so that
the face presents a ra ther  comp l ica ted  surface . It was not
possible to e l imina te  ground re f lec t ions  from the measurements ,
and during runs  the sliding doors were opened at various times.
These data were thus not processed s u f f i c i e n t l y  to characterize
the resulting multipath .
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4.  MEASUREMENTS AT LC(AN TNTERNA91IO~ AL AI l<POPT

Following the prelimin ary measurr monts ihovo , test t e ~ ri and
all equipment were moved t o  Logan Int~~rnatiozui Airport in
Boston , Massach use t t s .  A general p lan of t h e  aircort i~
shown in figure 19.

Arrangements for the exper iments  were made by ~ ITLL ~ersoriaelwith the ~iassport Author i ty  as noted previousl y. The
experiments were conducted during one period in October i974
and a second period in December 1974.

The specific tests performed were selected to satisf y the nreds
of M ITLL , in support of the i r  mul tipa th  modeling work . 1 h t se tes ts
included measurement of multipath data from han gar b u i l d i ng s ,
terminal buil dings , and large jet aircraft. Figure 20 is a
sketch of the major  runways and building positions at Logan
Ai rport that were sign i f i can t  to the experiments  ( Shnidm an ,
1975) . Positions of the test transmitters and the receiver van
are indicated in this f igure  for  the m a j o r i ty  of the tests
made. Each position is noted with a subscript (used in later
text) so that the general test configurations may be seen at a
glance . More detailed geometries for  specif ic  tests are
indicated in the discusssion of each test presented below .
Test results  have been grouped according to the ref lect ing
object as noted above .

4. 1 Mult i pa th from Delta Air l ines  Han9ar

The maintenance hangar of Delta Airlines (building 21 in
figure 20) was selected as a typical structure found at many
major airports , and in a location convenient  for  the
measurements. Distances from the s t ruc tu re  wer e  l ir ~i ted by
other bu i l d ings , etc., in the area , but were considered
adequate . The hangar is constructed in two sections as
seen in f i gu re  21. The smal le r  section is a meta l -c lad
structure wi th  g lass windows , an d the larger  section is of
cinder-block w i t h  f i h e rv i a s s  m a t e r i a l  in the large hangar
doors. For these tests , the transmitter was located
ne ar the Pan American Ai.rfreioht J3uilding , and is
designated T6 in all  figures. The recei ver was f i xed i n
three positions noted as R 6, P~~, arid Rg in f igures  20 and 21.
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Figu re 2 1 shows the geomet ry f o r  each receiver p o s i t i o n .
The f i r s t  receiver p o s i t i o n  P~~ was used for  ca l ib ra t ion
of the receivers , with the ~ransmitt ’ dish o r ient e d
directly toward the van .  The t r a n s m i t t e r  d i s h  w.~s the n
swung in az imuth  away from the van d i r e c t i n g  the  r ad i o
beam toward the hanga r .  )~ peak r e f l e c t i o n  l e v ’I  ~ as obse rved
wi th the dish at an angle of 37~~~~50 f rom the cal ibra ted azimuth .
A reference level was recorded , and the Va n was then moved
backward (dashed line in figure 21) until the oeak reflection
level was observed at position R~~. A hei ght p ro f i l e  was run at
this position , and the M/D results for  both the lowe r and uppe r
antennas are shown in f igure  2 2 .  Data from the lowe r antenna
indicate the presence of a ground re fl ection . Since the
transmit antenna was elevated by 1.6° to minimize reflections
from the path between the transmitter and the building , the
reflection is probably from the path between the building and
the receiver van.

DELTA
IIAN C.AR

52° ,‘R~ ~~

rP
52°

- -  J__ 
R~j  -

31. 5

scALr ‘ I t )

TI ~~~~~~~.0 100 200 500 4~~0 !.~0

Figure 21. Geometry for the measurement s on the Delta Airline s
hangar .
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These resul ts  ind ica te  ‘h .~t the oL-erved reti ’- -~~t ion I ron the
hangar can be ve ry near the dir~~’t s i qr a l level. The pa th  loss
di f fe rence  between d i rec t  and ref ~~c c t e r t  sici n ’ l s  ~-zouLd l i e  about
— 4 . 0  dR , compared w i t h  th 1~ neacured ~~~~ of 1 .~ dE ~ at  a r er r .i v i n a
antenna height of 70 ft. The beam cont er or th e tranomitted
signal would s t r ike  the ~~ii 1dinq a~ t ~~~x i r t o ] y  38 .6  f t ,
placing the spec~p l ar  r e f l e c t ion po in t  on th~ m t -~ 1— cl~i~ sui f ac e
of the smaller portion of the huildin-,. The i~ -f 1 t .utien
coefficient would be exnected to he hi~ h , --- .si~. ten~ w i t 1~ the
r~~ u 1ts.

4.2 Multipath from Terminal Bui1din~

Measurements were made usino two piers of the 1oaan ter m inal
building as potential reflectini structures. The most complete
set of data was obta ined f rc w-  huildinq 33 in fjqure 20 (Pier
C). Cine measurement path was a]ong -~unwav 4 L / 2 2 R  ~urinqperiods when this runway was ira cti v~~. The transmitter and
receiver positions are noted in ~isure 21) with the subscript 3.
The transmitter was posi t ioned in the center  of the runway
approximately 400 ft northwest of the intersec i-4-.jr. with
taxiway F.  The receiver van was also posi t ioned in the center
of the runway at two pos i t i ons  sou theas t  of t ax iway  C.
These locations are shown on the map of the reg ion in
figure 23. At receiver position P3 a calibration run was made,
followed by an azimuth swing of the transmit antenna (6 f t
dish). Reflections were observed at ang les of 58°, 59°, and
60 ° from the reference path to the receiver van . Mul t ip le
reflections from the bu i ld ing  (and other  objec ts)  were seen at
59 ° and 60 ° , they are tabula ted  in table 2 , where the antenna
heights for the two receivers are g iven . Antenna patterns have
been accounted for in the tabula ted  va lues .

Table 2

Reflections from build ing 33 at receiver position R3.

Tx M/D (d B )  M / D ( d R )
Ant. Reclec tions Chan . ~1o.1 Ref lec t ions  Chan .  No . 2
Azi- Ant. ht .  = 42 f t  A n t .  h t .  65 f t  ______muth

r2 r3 r1 r2 r3

60 ° —15. 9 — 18.6  — 2 2 . 6  — 1 4 . 0  — 1 9 . 0  — 2 0 . 4  — 2 4 . 0

59 ° — 1 9 . 4  — 1 7 . 0  — 1 8 . 2  — 1 5 . 8

58° —16 .0 —13.2
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showing geomet ry  for t~ -.ts involvi ng Pier C (building 33) .
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The face of this pier  s t ru c tur (  is a comp lex  cembi i. at ion  of
concrete and glass , ‘ith j t’~.’av s nr ~o t r u u i~~~ f rom the bu i ld ing
and a control tower risioo ahe\~e it. In ~ddi t icn , a i r c r a f t  and
service veheiles  clutt e r t h r -~~~r ea i. f ron t c~ ~~~ pier. This
complexity make s  i t  imnc~ ihie to define th~ ~
reflection points fo r  nr~ ’ of the thove rr a~~ui~~i ent .’. For the
geometry , the beam cent r i~-; at a heiqhh of approximately
39 ft with a first Fresnel zone radius of 11 f~

A short height-run on the receiving antenna was a l so m ade at
this location (position R 3 ) ; these data are pre~sen ted be low
with results from a second receiver p o si t i o n  P . The latter
(Ri)  is a point on the runway apprcx~ n a t t l y  l2~~0 f t  south
of point R 3. An az imuth  swing of the t r ansmi t t e r  antenna
at this location produced reflections from building 33 at
angles between 51 0 and 53 0 with M/D values of approximately
— 19 dB and —16 dB for  antenna heiqhts of 42 f t  and 65 f t
respectively. These levels are cons i s ten t  wi th  those given in
table 2 , since the p a t h — i i f f e r e n t i a l  loss for  the reflection
is approximate ly 2 dB. A hei ght run was made at  posit ion
R~ wth the transmitter antenna oriented at an .~zimu th angle of
53°. The results of this run and the height run made at
position P3 are given in table 3. Multiple reflections were
seen at some an tenna heights at position P3. The table lists
only the values for the same (single) reflection observed at
the tower antenna heights. The time delays between the
multiple reflections were between 20 and 40 ns , corresponding
to path length differences of approximately 20 to 40 ft.

It is noted from table 3 that the peak reflections were
observed at receiver antenna heights of 30 ft and 45 ft
for positions R 3 and R~ respectively. Thus, the reflection at

is observed at about 15 f t  above tha t  at  R 3. Thi s is
consistent with the geomecry, as the transmitter elevation
angle of 1.6 ° would , t heo re t i ca l ly,  r e su l t  in a peak ref lect ion
at R at 16.8 f t  above that  at k 3 (as suming  a ver t ica l  -

reflecting surface at the bu i ld ing  face) .

Another series of measurements was performed using very
similar  geometry to tha t  above hut  wi th  the t r ansmi t t e r s  and
receivers located on runway 4 f l/ 22L .  ~n i n i t i a l  run was made
with the t ransmi t te r  located at the threshold point of the
runway (T 1 in f i g u r e  2 0 ) .  A horn an tenna  was used at the
transmit ter  oriented d i rec t ly  down the runway . The receivers
were configured using the two side-lookinq horns (a) and (c) in
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f igure 12. C a l ihr at i on s  were m ade ~ i t h  th : -  v~~n nevt.•r a l  hundr~-
feet from the t r a n sm i t t e r , a nd the v n  was then  d r i - ’en the f u l l
length of the r u n w a y .  Rece iver  c a i n  a ij u s t m e n t ~; were made
along the route to account for distan~ io ’ ses. t-;o significan t
reflections were observed durinq th~ run . The result i~
consistent with simple oeornetric consider i t e f l -  , as t h ~ la t t ~
would predict the main reflection (if any) to come tro
building 33, and to be received at a point off the south end of
the runway.

Following the above run, the transmitter was moved to position
in figure 20. This point is midway between the

intersections of 4R/22L with runways 15R/33L and l5L/33R. The
receiver van was f ir~ t located at position R~ in figure 20,
which is near the irtersection with the STOL 18/36 runway. An

Table 3

Height run s for receiver positions R3 and R~ .

(Transmi tter at location T2; Reflections from building 33)

Receiver Ant. Maximum M/D(dB)
Height (ft) Receiver Position R3 Receiver Position R~

Multiple Multiple
than. 1 Chari. 2 Chan . 1 Chan . 2 Reflect. Chan . 1 Chan. 2 Reflect.

22 47 —14.7 —11.0 No

26 51 —16.6 —11.0 No

30 55 —13.2 —10.6 No

36 61 —16.7 —13.0 Yes

40 65 —15.6 —13.8 Yes —23.1 —19.5 No

45 70 —19.4 —18.3 Yes —17.7 —18.7 No

47 72 —20.7 —20.3 No
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az in ~~th scan of the t r an~~r ’i tt cr  an~ ’-nna over Th° t o’:~ rd the
terininal buildings did not produce any measurable reflections
at this location with th-~ recei ver an t en nas dt 40 ft in height.
The geometry for this and stibseduent tests jn sketched in
figure 24. It ca:1 be seE n that position P 2 i~- not ~n ideal
location for reflections from the terminal hx ild±r q area.
Angles are not proper fo r  Pi er C, and other building surfaces
~~~~~ be marked by the pier structures. No reflections were
observed at this location . The transmitting antenna was then
pointed (optically) toward Pier C at an angle of 60°, and the
receiver van driven along runway 4R/22L to a point near the
threshold for 4P. Reflections were observed at this point , and
the geometry indicated in figure 24 shows them to be coming
from the Pier C area (huiiding 33). An azimuth swing of the
6 ft dish at the transmitter produced reflections at angles of
58° through 63°, with a maximum at an angle of 6 10 . The
measured impulse function displayed multiple reflections at all
angles, with four distinct paths seen for the response at 61°.
A sketch of the response at both 60° and 61 ° is shown in
fi gure 25 (Shnidman , 1975), and the time delay for the
reflected signal relative to the vestige of th~ direct signal
is seen from the figure . The smdll reflection seen ~n the
upper trace of figure 25 at a delay of about 1200 ns was
attributed to an aircraft on taxiway F near the intersection
with runway 4L/22P . (Shnidrnan , 1975). The peak M/D for each
angle is given in table 4, as measured with a receiver antenna
height of 42 ft.

Table 4

Reflections from building 33 at receiver position R2.

M/D(dB)
Tx Antenna Aircraft Building 33
Azimuth Reflection Reflection (max.)

58° —27.5 —27.5
59 0 — 2 6 . 5  — 2 5 . 5
60 ° —32.0 —20.0
61 ° — —1 8 . 5
62 ° — —21.5
63 ° — — 3 0 . 0
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Figure 24. Map of the terminal  building area and runway 4 R/22 L ,
showing geo ri e t ry  for tes ts  involving Pier C (building 33)
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Fi gure 25. Sketch of the m u l t i ple  r e f l e c t i o ns observed f rom
Pier C (b ui ldin q 33) at the indicated azimuth angles .

The distance factor between the direct and reflected signals for
this case is —3.2 dB. Thus , the peak value at 61° for the reflec-
tion coefficient is about -15.3 dB , which is 4.3 dB lower than
that observed for the measurement on runway 4L/22R (position R3).
The distance factor between these measurements would predict a
difference of -8.8 dB; then we must assume that the reflections
are actually developed from different portions of the structure
with different reflection coefficients. We also note a similar
difference between the M/D levels measured at P3 and R~ in
table 3.

The final measurements for terminal building reflections were
made from the face of the International Terminal building ,
number 29 in f i gure 20 .  Two sets of measurement s were
performed; the f i rs t  in October 1974 when the receiver mast
height  was limited to 50 f t  and the second in December 1974
with receiver antenna heights up to 70 f t .  The second set of
measurements was interrupted for  a short  period to take
advantage of a Boeing 747 a i r c r a f t  that  was s t ra teg ica l ly
located at the te rmina l .  Ref lec t ion  data  from t h i s  a i r c ra f t
are reported in section 4 . 2 .

For the measurements on the I n t e r n a t i o n a l  Terrni aal , the
receiver positions are indicated by the le t t eL  I , with
appropriate subscript numbers , in f i gure 20.  This designation
is used to al leviate  possible confus ion  wi th  other
conf igura t ions .  The t r a n s m i t t e r  locat ion was f ixed  in all
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cases at a posi t ion T 5, wh i ch leC 1
~Cc l - h ~ r~ the (~1i de ~lop e

Indicator ((51) for runway 15R . This pc~-~ItiL ’r I is ~• jci c nt to
the intersection of the runway with ~hu ~‘cutn t~ xi~~ay, a.~J i~,
shown in the area rap of f i gure 26 .  eeeei~’cr 1oca~ i cus r 1r.~;e -

~~

f rom pos i t ions  d i r e c t l y  in f r o n t  of the er r- in al hul dinq n
the parking apron , to several p int~ a]ony r! OU~~ t~~ ~~A~~~a~’
front of the bui ld ing,  and along an u> :tu is~ of this l i r e  J -~~~~~

the access taxiway (used by Alleg heny 1~ir h n o s ) .

The geometries for the initial series of tes ts a~ e ske~ c hed in
f i gure 27 (Shnidrnan , 1975). As notrd in t h s  tiq ure , ti- u
terminal building has four large jetw~ y~ pr otr uhi x ig frcr~ uh~building that can assume d i f f e r e n t  an e l e s  -..ith respeet  t the
building face . In addition , the building his a lar~ e l ie:
section on the top with a much less ci ttered surLi I: than ~i.elower part of the building . These f a c t o r s  make i t  ~mp ossib 1e
to describe the actual specular reflection points on the
building . However , at each measurement point the telescope
mounted to the transmitter antenna was used to optically locate
the possible ref lect ing region . These points  ran~~ f r om sides
of the jetway s to the building face itself.

The transmitter  antenna was f ixed  at an elevation ang le  of
1.6° for each run. Thus , for the distances seen in fi gure 27,
the transmitter beam center should be between 48 f t  ai~J 59 f t
high at the building s~ r face .  The corresponding f i r s t  Fresnel
zone radius would be on the order of 12 to 15 ft. Some of the
reflections seen from the building were multi ple reflections
due to the comp lex s t ruc ture . Only the l a rges t  of the
secondary reflections were analyzed . The results of the
in i t ia l  tests are tabulated in table 5.

Since the transmi t te r was positioned close to the presen~Glide Slope Indicator for  runway 15P , the test geometry
was very real is t ic  for a MLS ins ta l l a t ion  o~ th is  r unway . The
measurements made from the outer taxiway (para l le l  to 15R/33L)
at the mast heights  avai lable  for  the receiver locations could
reasonably be ext rapola ted  to the runway , and cioser to
decision heights pertinent to approach situations for this
runway . These extrapolations were made by Shnidman ( 1 9 7 5 ) ,  and
the calculated error for approach ang le and doppler effects
were determined to be “large enough to be of concern but
sufficiently small that they should not cause serious
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Fi gure 27. Approximate  geomet ry  for  m e a s u r e t i a e n t s  on the Volpe
Interna t iona l Te rmina l .

problems ” . Detai ls  of these calcula t ions  may be found in the
reference , and are not repeated here . The maximum M/D found
from these measurements was the -17 dB value noted in table 5,
for position 13 at an antenna height  of 40 f t .  However ,
Shnidznan speculated that this value could be as high as —6 dB
for his calculations. The latter value is verified in a
subsequent measurement reported below .

During the December 1974 period , the receiver mast extension
permitted antenna hei ghts  of sl igh t l y over 70 f t  as noted
previously.  Measurements from the  I n t e r n a t i o n a l  Te rminal  were
repeated for receiver pos i t ions  at 12 , 13, and 141 and
additional measurements were made at positions 15, 161 and 17.
These locations are shown more precisely in figure 28. At
position 12, a single reflection was seen on both the upper and
lower probe antennas at a transmitter angle of 38 toward the
terminal. The lower antenna , at a height of 45 ft measured the
M/D at -11 dB which is comparable to the previous
observation in table 5. The upper antenna (70 f t )  measured the
M/D = -27 dB at this ang le. flowever , the peak value at this
antenna hei ght was observed at a t r an smi t t e r  ang le of 4 0 °  and
at -13 dE .  Since the r e f l e c t i o n s  were not f rom the same point
on the building, no further measurements were made in this
location .
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Th e receiver van was moved to posi t ion 13, and r~eak r e f l ections
were observed with  the t r a n s m i t t e r  .-tn t enna  o r i en ted  at an angle
of 38°. A receiver antenna height run was made , and the
results are shown in figure 29. The pattern in these measure-
ments indicates qround reflections at the lower heiehts which
diminish  in the resul ts  from the upper antenna . The Y/I) values
at antenna hei ghts  of 2 7 and 47 ft compare favorably with values
that were measured previously. The significant result is the
-7 to -9 dB values of M/D observed with the higher antenna .

A double reflection was observed with the lower antenna for
heights  to 30 f t  for  data . The second ( sma l l e r)  r e f lec t ion  is
plotted as the dashed line curve in figure 29. It can be seen
that the ground reflection variations are well correlated
between the two sets of building reflection readings. A
plausible curve for the building reflection data (without
ground reflections) has been drafted on this figure .

Table 5

Summary of data for the international terminal.
(October, 1974)

Receiver Transmitter Receiver
Van Antenna Antenna

Location Ang le Height M/D
(degrees) ( f t )  (dB )

12 40 22 — 18

13 40 40 — 17

14 38 40 —18

Transmitter was rocated in position T5.
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While  in position 13? a special run s;~~ m~~ e :~s ~ check on the
later applications of the antenna patterns in the d~ ta
analysis.  The receiving antenna for channel two of the  p t t I U e
was switched to the rear—looking horn at t h e  same i~eight ~~~ t h~
side-look ing horn used on channel ne. The pattern loss L
channel two in the qeometry should be 3.1 dB w i th  res~ e:t to
channel one (30° angle difference) . In aci -~ition , t~~ cr ai~~~the relative height wi th  respect to the t r a n s m i t t e r  anten ~ia
main beam would cause a loss in the direct (reference) siqn0l
level on channel two of approximately 1 dB. Thus , the
reflection data on the two channels should he very cornpara}’1e ,
with channel one measuring M/D values 2 dB higher than
channel 2. The reflection responses were identical in shape in
each instance, and an average of six readings at d i f fe ~~2ntheights results in a ratio of 1.97 dB with a standard
deviation of 0.6 dB. These results indicate the rclative
accuracy of applying the antenna pattern corrections to the
n~ asured data.

The f ina l  measurement point along the access taxiway was
position 14, at the end of the taxiway on the apron in f ront  of
the Massport maintenance building No. 3. The receiver an tenna
heights were near the maximum values of 45 ft (channel one) and
70 ft (channel two ) at this  position . An az imuth  swing of the
transmitter antenna was made in 1° steps from 40° to 3 20  toward
the International Terminal. Multiple reflections dominated
and the level of the two most significant are given in
table 6. We note that the maximum result on the
lower (channel one) antenna at —36 ° azimuth from the
t ransmitter  is very comparable to that  measured at posi t ion 13
(see f igure  2 9 ) .  The optical view from the transnitter antenna
indicated that the first reflection surface was the j e twa y ra mp
~o. S jutting to the f r o n t  of the b u i l d i n g . This suggests
that  the second re f lec t ion  was from the b u i l d i n g  proper .  - The
path difference (as measured by the probe in time delay ) was on
the order of 88 .6  f t .
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Table 6

Data from international terminal with receiver van at position I4~

(Azimuth swing of transmitter antenna)

Transmitter M/D
Antenna (dB )
Angle Lower Upper

(degrees) Antenna Antenna
r r r r
1 2 1 2

—40 —35.5 —35.9

—39 —31.4 —33.0

—38 —17.3

—37 — 8.7 —10.9 —25.4 —23.4

—36 — 7.9  —13.9 —21 .6  —21.6

—35 — 8.1 —19.4  — 2 7 . 4

—34 —16.1 —17.5 —18. 6 —26.4

—3 3 —13.9 —18.0

—32 —18.1 —21.2
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Receiver positions I~ and 16 shown t~~ f i ~ I - ~ re 28 were u~~ d tj
find a location along the reflection raniu~ Iic m Lhe bu.i!ding
to position 13, in order to make an ~t ’id i t iona l  he igh t  r~ i~
closer to the terminal building . Spot rnc-asurements were made
at each location , and then the van was moved hackv~- i rc. fiom 16
until a peak’ reflection reading was obt-iined at p~~sit ion Tp.
The transmitter antenna was oriented at 38° towar d the terminal
building ; the same azimuth orientation use’I with ‘e.~ ‘~ct te
position 13. The results of the antenn~ height run  are p lo t.t c~
in figure 30. Ground reflection lohing is noted , however thE
reflection data above 60 ft in height are seen to be fairly
smooth with relatively hi gh M/D of -7 to -8 dB. These va lu~ n
are comparable to those measured at position 13. They
also confirm the values used in the MLS error calculat ions  made
by Shnidman ( 1975) .

4 . 3  Mul t ipath from Airc ra f t

A number of test configurations were used at Logan
International Airport to measure reflection data from aircraft ,
particularly those in the “large—body ” class such as the Boeing
747 and the Doug las DC— 10. The f i r s t  measurement was made
during the October tests using a DC-l0 a i r c ra f t  throuqh the
courtesy of Eastern Air l ines.  The measurements were made at
ni ght during a period when runway l5R/33L was inact ive . The
aircraft was towed to a center line position on the outer
taxiway, with the nose heading west and the tail section
about 200 ft from the end of the median strip between
the outer and inner taxiways (see f igure  2 6 ) .  The t ransmit ter
was located on the edge of the ramp in f ron t  of the
International Terminal , on a center line for the end of
building No. 23. The receiver van was driven along the inner
taxiway from a calibration point opposite the threshold mark
for l5R to a point about 200 ft beyond the NE corner of
terminal building No. 31 (Pier B ) .  The t r ansmi t t e r  an tenna
pointed (optically) toward both the t a i l  section and
fuselage of the a i r c r a f t .  The receiver antenna height was 50 f t
for the runs.  The maximum ref lec t ion from the a i r c r a f t  was
observed from the tai l  section at a van position about 700 f t
from the west end of the median strip. Positions were
recorded with reference to mark ing  li ghts at the edge of the
taxiway . However , due to the shape of the aircraft and the
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lack of accurate distance m easure rnen ~~s , i t  i ijot 1iO~~ S1~~ 
1 e to

construct the precise geometry . Thi’. rvaximurn rt ’t1 ~ ction ~~sobserved to be M%D — 2 9 . 2  d13, f a  a coi.~ ifuu ition in w~~ich
the t r a n s m i t t e r  an tenna  was o p t i c a l l y  oriori~ ed to~•~t id the
ta i l  section . It  is not known wh”ther t b ~~~~ ~:a l u t ’  ‘.~.‘ould 1’ -~ve
been greater if the rece iv ing  a n t e n na  had ~~~~ h i  Il ’er . ‘Th e
dominant fea ture  of the DC-b tail sc’etion ~~ ~1~e ia ’ce
cylindrically shaped engine pod , and thus the rv ’lec~ ion r~ Y
not be very specular , or could he reflected to a much hig hev
plane.

The a i r c r a f t  measurements performed la ter  in flecen b. ’ were iiore
significant , as the receiver antenna could then be raised to
70 ft. The first measurement during this time took adv~~ntage
of a B747 aircraft parked at a ramp at terminal building Nc. 31
(Pier B). The parking line was at an angle of approximately
450 with respect to the face of the building with the tail
section toward the east. The transmitter was located at the
GSI installation for runway l5R (same position as used for the
Volpe International Terminal , T5 in f igure 26). The geometry
for the test is sketched in figure 31a. The receiver van was
driven toward the west along the edge of the inner taxiway .
With the transmitter antenna optically pointed toward the tail
section of the aircraft (31°), a receiver point was selected
that registered the maximum reflection . A mast height run was
made at this point, and the results are given in table 7. These
data were obtained on the lower of the two receiving antennas;
no significant reflections were observed on the higher antenna .
One possible explanation is that the transmitter was located on
much lower terrain than that at the aircraft, at a considerable
distance (approximately 1350 ft), from the aircraft. Later
measurements were made in a more level area at shorter distances ,
and larger reflections were observed at the higher antenna
positions.

The location for these later measurements was in front of the
TWA hangar building (No. 22) where a 13747 was parked for
servicing . The transmitter was located in front of the TWA
airfreight building (No. 23) in a position such that
reflections from the aircraft were observed with the
transmitter antenna oriented at ang les between 6° and 12° from
the calibration reference . The receiver van was on the
north taxiway approximately 550 ft from the front of the hangar
and on the center line of the building . The aircraft was
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Table 7

Reflection data form tai l  section of B747  a i rc r a f t .

Receiver
Antenna Heig ht MID

(ft) 1dB)

47 —24
44 —19.6
42 — 2 2 . 6
40 — 18.6
38 — 2 2 . 8
36 — 1 6 . 8
34 —2 2.6
32 —16
30 —16.8
28 —16.6
26 —15.8
24 — 5.2
22 — 7 .4
20 —15 .4
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parked w i t h  the nose towaid the han~~ai , -i T ’  1’ d ‘~t abou t 15°
wi th  respect to the h a n q a r.  The - -i ii r e c t  j r - n ~~JS  sI  i~~Ot 1y to
the west of the rent -er  t i ne , and ut a I p r o x ar e Y  1 ,’ 4(1 f t .
These locat ions  are n o t e d  5 n f i q u r e  31u . : u r in q  an a z i m u t h
swing of the  t r a n s m it t e r  an t en na ,  r e f 1~ ct  in n s  L h - ’~ r .r ea r ed
to be from the w i n d s h i e l d  of the a i r c~ af t  eere ohser~;ed.
A he iqh t  run en the  r ’~cei v i rq  ~.r ~-e r in as  was made w i t h
m u l t i p le re f l ec t ions  r e c o r - h  -1 t h a t  ranqr ’.~ fror,i —32 dB
to —45 dB , with the peak v-due observed a* an an tenna
height of 65 ft. These reflu’ctions were quite small
probably due to the low reflect-ion coef~~ic u-’nt -~x rec ted fo r
the windshie ld  n -a t e r i a l .  In acidiHor :, snial l reflections from
the  bod y of the plane were seen but wore not significant.
Reflections frcrn the tail section ho.-:ever were significant , as
expected since the receiver van w~ s located at  an opt imum dis tance
and on a rad ia l  that  gave peak r e f l ev t i o n  values. The
incidence angle in the con~~ieu ra t i on was approximately  20 ° and
the re f lec t ion  angle was e s t ima ted  at 35° ; a re s u lt  of d.e
curvature of the tail section itself . P. height iun was made with
the van located abou t 200 ft (position T’ 3 ir fir;~~~c 31b) from the
a i r c r a f t  tail  on the radial  noted above . The results of this run
are plotted in figure 32. Note that the maximum M/D values were
observed with the receivinci ~n ter;na between 40 and 50 ft. Although
there is evidence of some g r o u n d  r e f l e c t i o n s  these reflections
appea r small  over the hei ght ral:qe of 40 to 55 f t .  I t  was necessary
to make ca re fu l  an tenna  p a t te~~n a dj u s tm en t s  to these data because
of the geometry . We note two data points from the upper antenna
show a posi ti ve ~ /D value , h~it t h”v ar” assumed to he wi th in  the
accuracy possible in the case of ~rou:~d reflection and pa t t e rn
unce r t a in t i e s .  The s i g n i f i c a n t  r es u l t  i ’~ that the reflectionsfrom th e  a i r c r a f t  ta i l  section can qu i te  read i ly  approach the
d i r t ct signal level , and are observed at points higher than the
ta i l  sec t ion  due to the ang le of the ve r t i ca l  s t r u c t u r e .

The f i n a l  mear-arerents made on aircraft wr~ e those for  the
Bc- r ing 727 per hap s the most COmr ~O : aircraft to he found at
comrterc .~a1 t e r m i n a l s  tnd,-i~,. The Lockheed LiOl]. aircraft is
also used extensively ar - ’l resembles t h e  B727  i n struc ture , as
both have an eng ine pod as an ir .t eqr~~l V - ir t  of the ta il
section . The geome t ry for  this e~~r e r i r r e r t  was  res tr icted , and
thus distances are short. n’he a i r c r a f t -  was p a rh e d  in  f r o n t  of
the Eastern Air1~ ’-~es hangar (Bldg. No . 3~~) in the south
taxiway area. The aircra 1t was on a b i n”  p a r a l l e l  to and
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app r I) : - : i r i t ’e ly 62 f t  io’-th of a center b in ~:he ~~~The tr a:c ’:--d t or  was ]oca~ i’d just off of t’.c ‘or ‘r
of t he han- -iar. The tail ~~ the pl ane was 1p~:rrxinvitely 50 t
oi.t from a ccT~cl i~ t e  well c uposi to the fe i-  of the ‘ti a nc la r , w i t h
tne nore toward the hanaar. The c ’’ r ~etry ~nd p lan e oosi tion are
sketched in fiqure 33.  The receiv-~’ r was calibrated at  position

in tb-is fiqur e with a mast height oi 20 ft .. Ih~i “an wasthen moved a long th e  wa l l  to pos i t ion P 1,  and an azi;-’i uth swing
of the transmit~ ei antenna w&s - made with the rece iver  mas t  at
4 0 f t .  R e f l e c t i o ’~s were cLserved f rom both the fuselace and
tail section of the ajrcr~jft. A receiver hei gh t run was  made at
th i s  locat ion , hu t a service  ‘.‘eh i d e  moved in to  the area of the
p lane and con tamina ted  the f I’ . The van  was ~noved closer  to
the aircraft tail sectior , along ~he wail behind the plane to
positicn ~

-: 2 .  A mast heiqn t- run was ma-~e ir. this r;osition . The
r e su l t s  are p lo tt ed in fiqure 34. 9-he transmitte r c- ;~~1cs
indicated that the reflection was directly from the tTil , and
two reflections were seen at certain pcsition.~ trom the upperreceiver  an tenna . These a ’e  also p lo tted in f i gure  3 4 .  The
qeorsetry for the.:e particular data was such that the vertical
ant e~ na pattern of the tr ansnittinq antenna had to be carefully
considered in evaluating the  results. From fi gure 34 , i t  can
be seen tha t  high r~/D r e f l ect ion s  were n L : -:e ved . I t  is assumed
that the first peak in t he data (with the le er an tenna  at 20 f t )
is due to the eng ine  pod in ~he a i r c r a f t  t a i l , and the la rger
reflections measured on the uphe~ - t n t r nna  a t  heights of around
40 ft are due to the tail itse]~~.

In suxrr~ary, the measurements per~ orT1ed us iul a i r c r a f t  as
potential reflecting ohj -nt .s h ay ’ -e1~~~irr 1er] t ha t  the ver t ica l
ta i l  s t ruc tu re  pr t sen~ the q r c a t i .-:~t po ten t i a l  for  hi gh levels
of m u l t i path . In aen e r a l , th~. reflections measured f rom the
aircraft ‘-‘cr~ h i q i er t han  any of f l s e  measured  f rom hangars
and terminal buildings. In addition , the qeometrical shape of
the t a i l  sect ion s w i l l  res u lt  in r flec ir’ns at higher
elevations; perhaps with detrir :erital e f f e ct s  a t  cri t ical
decision altitudes for the NLfl -. 1-’eflections from large—bodied
craft (B747, DC-l0) were not found to h i -  more serious than
r e f l ec t ions  from smal ler  a i r c r a f t .  The fuselage has the f ea tu re
of a convex surface , thus diffusing the ra di o reflection . In
addition , the fii- ’-elage is shielch” to a g t e ~Y dey — cie by the wings ,
as are the large er.- hr ~e II
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Ficure 33. L,ocati :~ ‘~nd pus1te .~ f r  ~ , - - i~~ur e’- e t s  er the B727
a i r c r a f t .
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Fi gure  34 . Mult i p a t h -t o - d i r e it  ( M / D )  ~i cn al  r a t i  v e r s u s  an tenna  height for the
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5.

This report has dr-~ cribed the eyuiprn ~ nL ~~ id i c t  houology tor
ob ta in ing  measures of po t en t i a l  i ’u l b  h d t ’~ :~ i y n a
operational airport envi ronments , that could be critical to the
performance of MLS . The geometries for the various parts of
the total experiment were chosen to be as realistic as possible
relative to an actual MLS installation . The major limitation
in this regard was the maximum rccefving antenna height of
70 ft. This is considerably lower thar. the decision heights
associated with MISS, but the results obtained at this height
illustrate that the multipath could be significant when
extrapolated to the decision points.

Basically , three areas of concern in the airport environment
were investigated independently. These were large hangar
buildings , terminal buildings , and aircraft on the surface .
The results of the experiments have shown the following :

1. Significant reflections can be observed from
the hangars, terminal buildings , and other
structures at an operating airport .

2. Multiple reflections occur frequently due to
building clusters and complex structural
sur faces.

3. Potential reflecting structures are located
in positions relative to active runways , so
that the reflections can become a multipath
problems at MLS decision points.

4. Aircraft on the ground , either parked or
taxiing , present the most significant -

reflecting surface to MLS signals.

The measurements performed in this experiment were made
possible by application of a psuedo-random noise (PN) probe
technique developed at ITS. The primary feature of the system
is the ability to observe a delayed multipath component
directly in the time-delay domain . Thus , a bi-static scan with
wide-beam antennas identifies in the receiver output the direct
and any delayed path as individual responses in the total
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impulse response of the transmission path . This type of
measurement was used to identify r~ qions for multipath signals ,
followed by detailed level measurements where the transmitting
antenna  was changed to a narrow-beam parabolic dish. The
specific results from t h i s  exper iment  were incorporated into
“e~puter model developments by r I TLL . The ref lect ion models
are currently being used to facilitate computer simulation of
MLS performance measurements.
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