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PREFACE

This publication! presents results of a seminar organized by and
held at DCEC on 26 November 1979 for the purpose of exchanging infor-
mation among industry and government representatives on the subject
of frequency selective fading and its effects on digital LOS radio
performance. The seminar was prompted by DCEC interest in frequency
selective fading effects on LOS radio and by similar interest shown
by other organizations as indicated in the available literature. It
is hoped that results of this seminar will lead to further exchange of
analytical and test results in the future.

Each seminar speaker provided a copy of the materials used in his
presentation, and these copies are presented herein.2 In some cases,
these are only the visuals that were used with extemporaneous speeches.
In other cases, copies of supplemented materials prepared by authors

than the speakers are included because these materials were a key element
in the presentation.

Further questions regarding the proceedings of the seminar may be
directed to Dr. David R. Smith, (COM) 703-437-2316, (VON) 364-2316.

1 This pubiication is the second in a series of DCEC reports on frequency

selective fading and its effects on DCS transmission system performance.

2 For those presentations which used previously published articles, per-

mission of the author(s) has been obtained and copyright information
has been provided in accordance with requirements of the IEEE and
Bell Telephone Laboratories.
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f 1. ASSESSMENT OF SELECTIVE FADING EFFECTS ON DIGITAL LOS LINKS

Fhe Syee

David R. Smith
s Defense Communications Engineering Center
i Reston, VA

NOTE: The materials provided in this section are copies of
the visuals used with the extemporaneous remarks given
by Dr. Smith.
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FRECEDING PAGE BLANK-NOT FILMED

MULTIPATH DEGRADATION OF DIGITAL MICROWAVE LINK AVAILABILITY

John K. Webb
The MITRE Corporation
Bedford, MA

NOTE: The material provided in this section is a text of the
remarks given by Mr. Webb.
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ne MITRT Corperation provides techrnical suppore £o the Air Force AFTEL
Program Citice which has Progrum Management responsibility Tor the Dl sysiem. /|
DEB wiil introduce all-digital trarsmission to the European UCG.  Stage [
now largely completed, uses 3-Tevel partial response 12.3 Mb/s with FM radics. ';
Stages 2 thru 4 will install 117 Tinks of up to 26.8 MB/s with the Army
CRAMA radios using QPRS at 4 and 8 GHz for 2 bits per Hz bandwidth efficiency. '
The DRAMA radio has an alternate 1.0 bit/Hz QP3K capahility. N
In July 78, I was asked to examine the performance that should be expected :
on the Tonger DEB 1inks with higher rate QPRS modulation. Cencern was suggasted
by several BTL and BNR papers presented at ICC-78. They showed that outages
' due to wmultipath degradation of signal quality could exceed outages due to signal
power fading below the receiver threshold. Barrett's work measured considerable

f outane due to muitipath degradation alore on a 26 mile link with a margin so %‘
high that fading below threshold would not nappen. Papers by Prabhu, treenstein, @

Rumnler and Emshwiller showed that the outages observed by Barnett were ceonsis- '
tent with the intersymbol interference to be expecied with the time dispersive ti
muttipath delays observed during the test period. y
(::» Jakes' paper offered a statistical model for cumulative outaga prediction

that was based in several sources. It empbcdies: 13

-~k

Ruthroff's atmospheric delay model which assumes atmospheric

conditions that allow delay to increase as the third power i
o7 distanca. &
. Coofficients for mean values of delay from Prabhu and Greenstein. L

and coefficients that fit the model expression to samples of

outage data measured on several test links and measured multipath

J telorance for several modulation methe.ds.

2-2
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The Jakes medel fits cutage measuvemaats froo oo toons. nens oF which :

Lol
~-

i viere accompanied by reported or measured coltateral ¢ . cunovic Adata.  iloever-
theless, it is the onily model we have that can he divo . iy conited to the Tower

data rates and the longer distances of the DEB

n

ystaui ';
The work reported by Barber, .'nderson and Foiel o7 INR grovided 3 basic
o for including some form of diversity improvement and ¢ thir chuck on the Jakes

model at a 33 mile distance. Also it provides an es%ii.iz ¢f the relative multi-

)

path tolerance of QPRS and 4 or 8 PSK. BNR found QP25 to he reariy the same as

ES
T

8 PSK; later private communication with Jakes suggzsts LLR's conclusion to be
based on linear amplitude and slope effects and that CFLT should perforia more

like QPSK with multipath as it exists in natuve.

. Tiis graph shows the Jakes model calculation of ncn-diversity cumulative

e ———

outage for 26.8 Mb/s DEB 1inks at 4 and 8 Gi{z as a funciion oF distence. The
curve shows outage time growing exponentially with distance. The lower curve
shows the effect of diversity improvement in the amount meacurad by BNK in

their tests. rowever, the DRAMA radics use hitless basehand switched diversity,

< . —————

not ccherent IF combining and adaptive equalization as in the DH# radios.
Application of BNR's diversity improvement to a system using z diffarent diversity

technique is of course not supportable; rather we need 1o refing cur understand- ¥

ing of how a switching diversity system would work in torms of correlation of
multipath degradation in the diversity pair. Tihe inadecuicy ¢ the cumulative F
‘ prediction is further highlighted by the DCS-allccated LCS periormance reguire- ‘
{ ment; it is expressed in terms of probabilities of outag: of scveral cduratione,

=i not as cumulative outage. The results did show that muivisatis degradotion may

J significantly add to the outages expectad from signal pouzr fading alone. The
concern was sufficient to develop an extendud wels, thou wd U0 3 prosssal for

"‘ ) tests to refine uncertainties that wore inlioven®t in Sl JnT0Lave Attt the

te<ts later, but Firsy the oxtended mo%ca.

Aal W W PR A P ST G




The model was exteraed, targely ny layured byuotncses, to provide a numziical i

basis for accommodating diversiiy features. The Jakus wwocel s uced initiaily
to calculate cumulative non-diversity multizath outacges; the cunmulative outige R
is allocated to each fade depth according to this populztion reported by

E Barnatt. It is a histogram showing the percentage of tha total multipaih outzge
associated with each fade depth. Here we assune that fades of say 20 dB will ;

contributa nine percent of the cumulative cutage for either BiL or DOD. HNew each

T

fade depth has an average duration and a distrfbution.c::j} Here we used relation-

, ships suggested by Vigants for signal fading with the impiicit assumpticn that in )
% fades were multipath cutaces occur, the duration of the outzge will correspond (3
with duration of the fads. Thus we can sum the cutage time contributicn of each if
fade depth above threshold for a specified fade duration (t). For simultaneous %f

fades of hoth channels beluw threshold, we used convernitional exprescions from

Viganis-~-there we don't care about multipath degradaticn because both channels

have inadaquate signal level. For conditions where the protected channel Tades
below threshold, wa put in a provision {0 add the outace contribution due to ;i
multipath degradation of the protection channel. Lack of data so far prevents

us from exercising this feature of the model. OQutage reductions due to switch-

ing diversity protection are included by multiplying the outagz contrihbution of

each fade depth by the correlation coefficient of multipath outage on a diversity

pair for each fade depth--that data of ccurse is not available from measurements ']
reported in the literature. r
The non-diversity outages summed by this extended model are shown in this

table for a 50 mile 1ink with a fade marcin of 32 dB. Here we see that outages

of all durations are predeminantiy due %o multipath. 7The 238,500 figure is irom

Jake's mocdal but allocited for fadz depthe less :ian 37 al accerding to Burnetts

2-4
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(. .
&
!
histogram. To the rigat we zre oubage Clae decreasing with outage duration (;
2
as Vigants averaye duratica .o stanisiics ars apoliod to each fade depth. )

Below, a Tine of small nuaic.: :ihoas chat oucages duc to the signal fading

below threshold tond teward noijnificance beside multirath caused outages.
Also, we see thet outave ti. Jurenses slowly as outage duration increases. ;{
This is because fade curaticns zre lcag et the shallower fade depths at &i
which much of the multipath 4.c-udation cccurs, 1_
L.
<::j) The next figure is a grapn of the same numbers computed over a range ;f
of distances. The same 32 ¢ margin applies in all cases. Again we see the ;?

same alarming grewth of outacas with distance for ali outage durations, pri-
marily because the Jakes and Ruthroff models allow outages to grow as the third

power of distanca. Sbservaticnz of multipath delay on longer links do not

AP o

support that such grewth veelly happens; therefore we should expect these

v, | T g ———

curvas to truncate in scine fasaion witn a trend in evidence somewhere between
. . . ‘s 4
30 and 40 miles, But if we crect an crdinate at say 40 miies we see over 107

seconds of .2 sacond oulages tiat have to be dealt with by the diversity
G A

e e e

switch.

So far, we have seen how the modal works without outage reductions or

improvements available with the hitlcss diversity switch. For a diversity

evaluation, fading corveiaticn ceefficients were taken from a sample of data

for 30-fcot vertical anisnnc cusarvation, the coefficients aprroached unity in é

the shallower fade regicn we eéc2 concerned avout. As expected, that run showed é
'

negligibie ouiane reduction. Me could see in the data why switching diversity ;

sorks in aralog systems---they fall halow threshold in deep fades and deep fades |

become quite uncorrelatsd in ime.  Thus a Tow probability of simultaneous

fading belew thrashold and <ol durasions of ogtaga,  MNow we can conciude

that conditiens wiizh O -onee oo o Uipach demradaiion in shalleov fades on

2OCHeers iy Sty owoe oo T L reraying e rusity dmorovanone in the

2-5




digital radio that does not ctherwice ameliorate multinath by adapting the
receiver tc the corrupted waveform.

This modeling activity than sugoests several features for a link test
to refine our ability to predict the performance of lcnger digital racio
Tinks. Twe of the more imporcant features are distance dependence and |
correlation of diversity degradation as a function of antenna installation
criteria. On distance dependence, there are several reasons to suggest
that the curves of outage versus distance increase more slowly with distance
thar the model shows. The 10 ns of delay predicted by Ruthoff's model and
used in the Jakes mocel is in agreement with measurements on the 26 mile
Georgia path; however, that value has to increase as the cube of distance
to support use of the mcdel at greater distances. The atmospheric delay
observed by channel probes is not known to have ever exceeded 30 ns on any
path of up to 65 miles. When the BNR system parameters are plugged into the
Jakes mode!, the outage calculated at 32 mijes is 3 times greater than was
measured in BMNR's non-diversity test. Thase facts suggest that realistic
delay values for distances longer than 30 miles will increase more slowly
than Ruthroff's model. This seems reasonable because longer paths involve
higher terminal elevations; accordingly a smaller fraction of a long path
involves the lower elevation atmosphere where many ancmolous refractive
concditions arc known to occur. If the multinath degradation is due to lower
atmesphere anomolies than performance should not deqrade as severely with
path icngth. Tests on long paths are required to resclve this uncertainty.

Tiie diversity question is one of how the correiation of multipath

desradatisn un a diversity nair is related to antern2 installoticn. if
correlaticn of fade intervals is closely tizd #9 intervals of muitipath

2-6
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dessooarice, then 20D feet or less cof spacing appears inadeasuate: houever, 17S

eh-ovvarions a2 FU. ilugu of a 100 foot spaced antenna pair showed very wico: -
rel oot mulvipach outages. Certainliy, meacsurements of multipain degradation
need £3 bo made with anternna spacing as a variable The tests should estsblish
antna instailation criteria that enabie realization of diversity improvement
with the switchieng technicue,

Titis 1igure shows on a data-rate/distance coordinate sysiem winere the test

]

data i< in releticn to DEB. DEB is shown as a variable distance with numbers

4

besiduc the ordinate to show the population of 1inks in each decade cf distance.

There is not nuch near DEB. The BTL and BNR points are in the lower right corner.

The BTL point micht move in the future toward higher data rates but surely not

to Tonuer distances. The Haw-tel data at 80 miles is an exception--but it didn't
work. Haw-tel obscrved whole days of outage which correiated with an elevated
inversion layar. The Army tested a 1ink similar to DEB, 12.9 Mb/s, over 33 miles
at. o, Huachuca. Fading was not observed wnich is typical of microwave tests

in tine high dry climate. Therefore, none of the other existing work provides
data an a system like DER in the European location. We have recommended testing
the DEB zowipment on a long path in a climate approximating central Europe. Two
paths nave teen recommended in the Massachusetts/Nev Harmpshire region, one 45
mites, the other €8 miles. A test thru a summer fading season cn either of these
paths shoutd greatly refine our ability to predict DEB digital radio parformance
in Furope.

As part of our recommendztions to do live link testing considerable thought
has been oiven 1o location dependence in terms of atmospheric phenomenology.

Tre Tirst question we addressed is "Why not do the testinc i Ft. Huachuca where

Pt oy nsoan astaclished test facility? First the ava i atmosnheric

o oes rrandstics for Gormany and a high dry climatic aiie wore comparad--

el Al dn ntnck, ET Paso, Texas is rad and F1 Pass is climatically

2-7
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similar to Ft. Huachuca. Summer is solid lines and winter is dashed lincs.
The red lines (Z1 Paso) show 1ittle winter to summer diiference and are not
very different from the black dashzd line--winter in Germany. The refractiva
index extremes, both sub and super refraction shown by thz solid black line
which is the sunmer fading season in Gormany, is not in evidence in the
Z1 Paso or Ft. Huachuca ciimate. It is no suprise that microwzve links work
extremely well at Ft. Huachuca and if the deployment area was Algeria or
Afganistan, Ft. Huachuca would be a representative test area. It is for these
reasons that we have recommended New England as a test location; it is more
representative of the central Europe climate and terrain than are Arizona,
Washington, D.C., or Egqlin AFB Florida.
<:::> The proposad test would operate a space diversity dicital radio 1ink in
paraliel with a channel probe such as the ITS apparatus. The radio 1ink would
be instrumented to measure digital error rate and signal level in each tenth
second interval. Pre-processing would discard data for uninterasting intervals
while the interesting data would be saved on tape for later analysis. The
channel probe would measure delays on the path fur correlation with errored
intervals. A proposed site is a 45 mile path from laltham, MA to Pack Monadnock,
N.H. A NGAA weather radar looks down on the path from Worcester, MA; this aids
in identifying outages caused by precipitation. The tests should be accompanied
by radio sonde flights during pericds of cobserved multipath degradation. Such
a test wouid add a great deal to the body of knowledge as to the interrelation-
ship of the atmosphere, delays in the medinm and digital radio perfcrmance.
These recommendations for tests were made in December 1978. The results
shauld be important to both the Armmy who is procuring tie CRAMA radios and who
cr el speak for thzie Himddistions os well as agoncies who apply the rodic in
ssstems.  The Lecte have not happoned for ot teacy twen poasens: e radios
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installaticn scheduie. Existiang program divection -~ould have to he changad

to allccate radios to the pronosed tests and provide funding to a designated
§ testing agency.

3 <:::>Since the publication of tnis work there has been a report of a newer

test by Mr. Giuffrida of BTL at ICC 79. The test methods were similar to

those reparted earlier by Barnett, the equipment and location were the same

it ol

|
i
i
% ‘ and probably much of the instruinentation. The tests used three periods during

a fadirg season, each greater than a month, to measure cumulative outage with

q combinations of switching, coherent IF combining and adaptive equalization.

This graph plots together Giuffrida's separately plotted test results. The

o -
PR A L SO ST L

system that provided the lowest outage was the Towest black dashed line, it is

et Y

functionally tha same as the system that BNR selected for production after
; their 1977 tests. The highest red line is functionally like the DRANA radio;

space diversity with baseband switching. There are many questions that can

be asked by those whou would choose to discount the significance of this data;
nevertheless it is a comparison of six diversity techniques that suggests the
technique embodied in the DRAMA radio to provide among the poorest diversity

improvement of those techniques tested. One can say the test might have been

done wrong, or that adaptive equalization is a requirement for either switching

diversity or IF combining, or the data can suppirt that tests and work are needed

to determine how to obtain significant diversity improvement by such means as

antenna installation criteriz where radios are constrained to dependence on

switching diversity.
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SWITCH

}SPACE DIVERSITY 40 pays

103+
FREQUENCY - 6 GHz
DISTANCE - 26,4 MI
DATA RATE - 78 M p/s
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3. AMPLITUDE DISTORTION MEASUREMENTS ON LOS LINKS

Larry Hause
_, Institute of Telecommunications Sciences
= National Telecommunications and Information
Administration
Boulder, CO

NOTE: The materials provided in this section are copies of the
visuals used with the extemporaneous remarks given by
Mr. Hause.
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AMPLITUDE DISTORTION MEASUREMENTS
ON LOS LINKS

REVIEW PREVIOUS ITS WORK AT MT. CORNA, ITALY.

EMUMERATE THE PURPOSES OF THE PROPOSED
AMPLITUDE DISTORTION MEASUREMENTS.

DESCRIBE WHAT MEASUREMENTS WILL BE MADE.

DESCRIBE PROPOSED DATA ANALYSIS.
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MEASUREMENTS THAT ITS HAS BEEN MAKING ON
THE CONVERGING PATHS AT MT. CORNA

1. 1 YEAR OF RECEIVED SIGNAL LEVEL DATA.

2, DIVIDE THE DATA INTO 5 CATEGORIES.

3. ONE 15 GHz CHANNEL ON EACH PATH.

4, TWO 8 GHz CHANNELS ON EACH PATH EXCEPT
PAGANELLA - CORNA.

5. OBTAIN FADING DEPTH DISTRIBUTIONS FOR EACH
CATEGORY.

6. SHOW THE PERIODS THAT EACH FADING MODE
CATEGORY IS ACTIVE.
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ITS MEASUREMENTS AT CEGGIA
1. PATHS CONVERGING AT CEGGIA ARE MONITORED.
2. THESE PATHS ARE MONITORED ONLY ON 8 GHz. £
o 3. THE CEGGIA PATHS DO NOT MEET THE DESIRED E
| | CLEARANCE CRITERIA FOR LOS PATHS. i
3 |
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i WEATHER STATISTICS GATHERED FOR ITS
BY AFCS

1. DATA FROM SEVEN WEATHER STATIOMS.

2, DATA FROM MORE STATIONS ARE AVAILABLE BUT NOT : 4
APPLICABLE. 3

3. THE DATA IS PRIMARILY TEMPERATURE AND RAIN {i
STATISTICS.
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PURPOSES OF THE AMPLITUDE
DISTORTION MEASUREMENTS

1. CAN WE DETECT THE DISTORTION?
2. HOW OFTEN DOES IT OCCUR?

y | 3. WHAT IS THE RANGE OF SEVERITY?

| 4. WHAT EFFECT DOES THE DISTORTION HAVE
‘ ON THE SYSTEM?

e e
ao
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; THE SYSTEM AND TYPES OF PATHS

3 1. ITS WILL MONITOR THE DEB SYSTEM IN NORTH CENTRAL
' ITALY,

2, IT IS A 12 Ma/s SYSTEM WITH A 14 MHz BANDWIDTH
AND 8 GHz CARRIERS.

| 3. IT USES THREE LEVEL PARTIAL RESPONSE
» MODULATLON.

\ ' L4, THERE ARE THREE LINE-OF-SIGHT PATHS WHICH
B TERMINATE AT THE RECEIVING AND RECORDING
, SITE.

5. TWO OF THE PATHS ARE ABOUT 90 km AND ONE IS
ABOUT 130 km LONG.

3-13




1.

DATA GATHERING

THE SPECTRUM FROM BOTH THE PRIMARY AND DIVERSITY
RADIOS WILL BE MONITORED.

THE SIGNALS WILL BE MONITORED PRIMARILY
DURING PERIODS OF MULTIPATH FADING.

THE SIGNALS WILL BE MONITORED OVER A PERIOD
OF TWO MONTHS ON VARIOUS OF THE THREE PATHS,

THE IF SPECTRUM WILL BE MONITORED AT A TEST
POINT AFTER AGC ACTION.

3-14
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RECORDER CHANNELS

TIME CODE.,

SPECTRUM ANALYZER SAW TOOTH.

SPECTRUM WITH FREQUENCY MARKER,

RECEIVED SIGNAL LEVEL.

IDENTITY OF RECEIVER ON LINE.

FRAME VIOLATION EVENTS.

FORMAT VIOLATION EVENTS.

ppere- ayesy; v N
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DATA ANALYSIS

ITS WILL OBTAIN SPECTRAL DENSITY GAIN
DIFFERENCE VALUES IN Ds FOR CORRESPONDING
FREQUENCIES.

A STANDARD SPECTRUM OBTAINED DURING A
QUIET RSL PERIOD WILL BE USED FOR
COMPARISON.

ALL SIGNAL DIGITIZING THAT IS REQUIRED
WILL BE DONE AT ITS LABS IN BOULDER, CO.

DATA SEARCHES WILL BE MADE ON BOTH THE BASIS
OF FRAME/FORMAT EVENTS AND MAGNITUDE OF
SPECTRAL DENSITY DIFFERENCES.
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DATA CLASSIFICATION SPECIFICATIONS

The purpose of these specifications is to categorize the
RSL data within each hour in terms of the various types of
mechanisms that are operating on the radio path or possible
adverse equipment situations that prevailed within the hour.
These specifications are used to prepare a data analysis log
so that data contaminated by equipment malfunction can be
removed and so that data having the characteristics typical of
certain fading mechanisms are properly classified and can be
checked against meteorological data and site operations log
entries. The log is needed in order that signal level time
distributions can be prepared for the various propagation
mechanisms of interest.

Six types of received signal level recording, hourly
period classifications will be used:

1. (Equipment Malfunction, EM)
Communications or test equipment malfunction such that
data taken on that particular channel should not be
used.

2. (Undisturbed Condition, UC)
Essentially undisturbed signal level period during
which the signal does not fade even momentarily more
than 10 dB below the long term median.

3. (Multipath with High Median, MHM)
A period during which multipath fading occurs (greater
than 10 dB below the median) but the hourly median
signal level does not fade more than 6 dB below the i
long term median signal level. '

4. {(Multi-path Fading with Power Fading, M&P)
A period during which multipath fading occurs
(greater than 10 dB below the hourly median) but the
hourly median is also depressed by more than 6 dB
below the long term median.

5. (Rain Attenuation Fading, RA) !
A period of rain attenuation fading (greater than
10 dB below the long term median at some time during 1
the hour). Rain attenuation fading leaves a ]
distinctive trace on the chart recorder and also !
produces highly correlated recordings between the :
primary and space diversity channels.

6. (Power Fading without Rain or Multipath, PF)
A period of depressed median signal level (greater
than 6 dB) but without multipath or rain attenuation
characteristics.
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4. OVERVIEW OF MULTIPATH MEASUREMENTS USING A PN PROBE

Bob Hubbard

Institute of Telecommunications Sciences
Boulder, CO

NOTE: The materials provided in this section are copies
of the visuals used with the extemporaneous remarks
given by Dr. Hubbard
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THE WIENER RELATIONSHIP

1. FREQUENCY TRANSFER FUNCTICN .

@ @) = [HGw)| ® 8 (@) 1)

2 (@) = Hiw) & (@) (2)

2, IMPULSE RESPONSE FUNCTION

; R (T = h(n) ® R_(7 3 | ﬁ
,
! Since hit) = F {H(jw)} E
Rxx('r) =F {@xx(OJ)}
E'l ) i
, : R,,(0 = F{ xy(‘")} |
Where F{ } denotes a Fourier transform.
i
t
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r[' ' Figure 5. Example of signalling wavefoams and their auto-
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Figuae 13. Maximum length shift register sequence characterdistics.
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Figure 2.

Variable
T

(¢) TIME MULTIPLEXED CORRELATOR

Simplified block diagram of measurement schemcs.
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THEORETICAL
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j | TIME DELAY IN NANOSECONDS
4 i Figure 17. 1Impulse nesponse between Haleakala and Kona, Hawaidi,
March 18, 1974 at 2 second intervals.
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3 (¢) Impulse response during a 15 dB fade.
Figure 12. Refractivity profile and power impulse responses
] recorded during a ducting propagation conditon along
the Gulf Coast of Florida.
b
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(b) Response with a multipath component delayed 10 ns.

Figure 3. Examples of the power impulse response measured over the L
SNI-LP link with a PN clock rate of 150 MHz.
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(b) Time-lapse photograph of the sequence in (a) on an expanded scale.

Figure 7. An example of the dynamic magnitude change between multipath
components. |




Low High
Antenna Antenna

L

—’i 50 ns }4— —"‘ 50 ns l‘—

(a) Five-minute time averages.

{b) Time-lapse photograph of 2Q s period at 1256 PST.

Figure 10(a). The average power impulse response measured between
1255 and 1300 PST, 31 August 1978, at a PN clock rate
of 5O MHz.
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(a) Five-minute time averages. | 3

(b) Time-lapse photograph of 20 s period at 1304 PST.

Figure l1l(a). The average power impulse response measured between
i 1300 and 1305 PST, 31 August 1978, at a PN clock rate Y
of 50 MHz.
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Figure 11(b). Strip chart record for 1300 - 1305 PST, 31 August 1978. o
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Low High
Antenna Antenna

T = 7.8 ns
/

o oo o e

(a) Five-minute time averages.

(b) Time~lapse photograph cf 20 s period at 1311 PST.

Figure l3(a). The average power impulse response measured between
1310 and 1315 PST, 31 August 1978, at a PN clock rate
of 50 MHz.
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(a) Time-lapse response measured at 1308 PST, corresponding to the
fade in Ch. 1 and the loss of synchronization in the data stream
shown in Figure 12(b).

(b) Time-lapse response measured at 1314 PST, where the data stream
resynchronized.

(¢) Time-lapse response measured at 1310 PST, where the data stream
resynchronized for a few seconds.

Figure l4. Time-lapse photographs of the power impulse response
measured during the fading period in Ch. 1l beginning
at 1308 PST, 31 August 1978.
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Figure A-5. The power impulse width distribution functions for the data
J of 31 August 1978. These data were measured between 1112 and

1200 PST at a PN clock rate of 150 MHz, just prior to the
period discussed in Section 4.
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(a) Dynamic multipath measured in Ch. 2 (high antenna) at 1317 PST.

(b) A flat-fade response observed in Ch. 1 (low antenna) at 1331 PST.

(c) Another example showing a power shift between components in Ch. 1,
with only minor change in the Ch, 2 response at 1346 PST.

Figure 17. Time-lapse photographs of the power impulse response
measured between 1317 and 1346 PST, 31 August 1978.
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PATH TESTING OF LONG, OVER WATER DIGITAL RADIO PATHS

Jim Weblemoe
Pacific Missile Test Center
Pt. Mugu, CA

NOTE: The materials provided in this section are copies
of the visuals used with the extemporaneous remarks
given by Mr. Weblemoe.
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6. MULTIPATH FADING CHANNEL MODEL ;

Tom Giuffrida
Bell Telephone Laboratories
Holmdel, NJ

e Y

NOTE: The materials provided in this section are copies .
: of two Bell System Technical Journal articles used :
' as the basis for the extemporaneous remarks given i
by Dr. Giuffrida. -
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THE BELL SYSTEM TECHNICAL JOURNAL
Vol 58, No. 5, May=June 1979
Printed in US.A.

A New Selective Fading Model: Application to
Propagation Data

By W. D. RUMMLER
(Manuscript received September 21, 1978)

Channel transmission models for use in estimating the performance
of radio systems on line-of-sight paths at 6 GHz are explored. The
basis for this study is the simple three-ray multipath fade, which
provides a channel transfer function of the form H(w) = afl - b exp
= j(w = wo)1], where a is the scale parameter, b is a shape parameter,
7 is the delay difference in the channel, and uw, is the (radian)
frequency of the fade minimum. This model is indistinguishable from
an ideal channel model, within the accuracy of existiny measure-
ments. The propagation data that confirm the mode! were obtained
in summer 1977 from a 26.4-mile hop near Atlanta, Georgia. The
received power at 24 sample frequencies spaced at 1.1 MHz and
centered on 60342 MHz was continuously monitored and recorded
during periods of anomalous behavior. The model is applied to
estimating the statistics of the channel delay difference, *. The aver-
age delay difference giving rise to significant selectivity in the channel
is between 5 and 9 ns. The distribution of delay difference is obtained
for delay differences greater than 10 ns. The channel is found to have
more than 3 dB of selectivity (difference between maximum and
minimum attenuation in band) due to delay differences greater than
20 ns for more than 70 seconds in a heavy fading month. (This is
comparable to the time the channel attenuation of a single frequency
exceeds 40 dB.} The three-path model requires further simplification
for narrowband channel application. For a channel with 30 MHz
bandwidth, a model with fixed delay of 6.3 ns provides a sufficiently
accurate representation of all observed channel conditions. The re-
sulting nonphysical model is used to statistically characterize the
condition of the fading channel. The statistics of the parameters of
the fixed delay model are almost independent and of relatively simple
form. The distribution of the shape parameter b is of the form (1 -
b**. The distribulivn of a is lognormal. For b > 0.5, the mean and
standard deviation of =20 (log a) are 25 and 5 dB, respectively; the
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mean decreases to 15 dB for smaller values of b. The probability
density function of we is uniform at two levels; measuring wo from the
center of the band, the magnitude of wer is five times as likely to be
less than ©/2 than to be greater. A companion paper describes the
use of this model for determining the bit error rate statistics of a
digital radio system on the modeled path.

. INTRODUCTION

Performance prediction of a digital radio system on a line-of-sight
microwave channel requires an accurate statistical model of the chan-
nel. Because different digital radio systems may have different sensi-
tivities to the various channel impairments, the model must be com-
plete to the extent that it must be capable of duplicating the amplitude
and phase (at least approximately) of all observed channel conditions.
To facilitate laboratory measurements and computer simulations for
calculating outage, the model should be realizable as a practical test
circuit and should have as few parameters as possible. Most important,
the parameters should be statistically well behaved.

Two types of models have been generally considered for lme-of-sxght
microwave radio channels: power series type models’'~ and muitipath
models.*® A power series model will require a few terms only if the
channel is a muitipath medium with a small spread of delays relative
to the reciprocal bandwidth of the channel® This implies that one
must understand the channel as a multipath medium to understand
the behavior of a power series model. Hence, we have limited our
characterization efforts to multipath models.

The basis for this study is the simple three-ray multipath fade.” If
the fading in a channel can be characterized by a simple three-path
model, the channel will (as shown in Section [I) have a voltage transfer
function of the form

H(w) = afl = be™'w~wir], (1)

where the real positive parameters a and b control the scale and shape
of the fade, respectively, r is the delay difference in the channel, and
wo is the radian frequency of the fade minimum. The plus and minus
signs in the exponent correspond, respectively, to the channel being in
a nonminimum phase or minimum phase state. Note that, with appro-
priate choices of parameters, this model can be reduced to a two-path
model or a scaled two-path model, ete.

It has been shown previously,” and is illustrated in Section II, that
the simple three-path fade overspecifies the channel transfer function
if the delay is less than % B, where B is the observation bandwidth.
The critical value of 7 for a 30-MHz channz! is about 5.5 ns, which is
comparabie to the mean delay in the channel. As a consequence, unless

THE BELL SYSTEM TECHNICAL JOURNAL, MAY-JUNE 1979
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the channel response can be determined to an accuracy on the order
of 0.001 dB, a unique set of parameters o, b, 7, and f, cannot be
determined for more than half the faded channel conditions encoun-
tered. To avoid this problem, one must suppress or fix one of the
model parameters. Section II shows that the delay, r, is the only
parameter which, when fixed, produces a reasonable model

While a model with a fixed delay may appear to be a strange choice,
it has all the required characteristics for modeling the channel transfer
function. Figure 1 shows the amplitude of the channel transfer function
of eq. (1) on a power scale and on a decibel scale for r = 6.31 ns. With
r fixed, the response minimum is shifted with respect to frequency by
varying f,. Varying a changes the overall level and b changes the

altep}
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Fig. 1—Channel model function. H(w) = a(l = bexp(~ /2 7/~ f,)7)], for v = 6.3 ma,
aw(l b=07
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“shapeliness.” If the minimum is within the 30-MHz bandwidth of a
channel, the fixed delay model can generate notches with a wide range
of levels and notch widths. With the minimum out of band, it can
generate a wide range of combinations of levels, slopes, and curvatures
within the channel bandwidth. Section VI shows that the model
versatility, with r chosen to be 6.31 ns, is sufficient to characterize a
30-MHz channel in the 6-GHz common carrier band.

Section II provides a brief discussion of the simple three-path fade.
A comparative discussion of the relative merits of the different possible
simplifications of this model leads to the choice of the fixed delay
model

The data used for detailed evaluation of models were obtained from
a 6-GHz experiment in Palmetto, Georgia, in June 1977. The radio
channel was equipped with a general trade 78-Mbit/s, 8-PSK digital
radio system, and the received spectrum was monitored with a set of
24 filters with bandwidths of 200 kHz spaced at a 1.1-MHz separation
across this channel. During fading activity, the received power of each
of these frequencies was measured five times each second, or once
every 2 seconds, depending on how rapidly the channel was changing;
sampled power, quantized in 1-dB steps, was recorded by the MIDAs
system.” The data base used for this study consists of approximately
25,000 scans representing 8400 seconds of fading activity; about 8700
scans were recorded during periods when the equipment was indicating
errors. These data represent about 60 percent of the fading activity of
a heavy fading month; therefore, the derived statistics must be viewed
as provisional and subject to some modification as additional data are
processed. At the very least, the data base is sufficiently large to
indicate what can happen on the channel and to form a basis for
choosing and validating a model.

As described in Section III, the model parameters were estimated
for each scan by fitting the magnitude squared of the transfer charac-
teristic [eq. (1)] to the observed channel shape as characterized by the
power received at the sampling frequencies. Phase is subsequently
derived by assuming the channel is minimum phase. Problems are
encountered in realizing a minimum-phase solution because of quan-
tization noise and the presence of certain channel shapes caused by
large delays. The procedure for handling these difficulties is described.

The statistics of the parameters of the fixed delay model are dis-
cussed in Section IV. Equations providing an idealized description of
the statistics of the parameters of the model are also given here.

In Section V, the determination of the delay difference present in
the channel is considered. In the first subsection, it is demonstrated

R.“hllulﬁphhwtbuuAcquidﬁonSymmcudbyG.A.Zimmm
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that, during the observed period of fading activity, the average delay
is 9 ns. A lower bound on the distribution of delay difference for large
delays is developed in the second subsection. A third subsection
provides an example of a channel scan that can best be approximated
by a three-path fade with a delay difference of 26 ns. Fades with at
least this delay and with a more moderate amount of shape (2 dB or
more) were encountered for about 60 seconds of the data base studied.
Thus, one might expect 26-ns delays to be present during about 100
seconds of a heavy fading month.

The presence of such large apparent delays raises questions as to
the accuracy with which the fixed delay model represents the channel.
These questions are addressed in Section VI where the statistics of the
errors in modeling scan fits are described. The errors are smail and do
not compromise the usefuiness of the model.

Results and conclusions are briefly summarized in Section VII.

ll. CHOICE OF MODEL

In this section, we provide a brief description of the simple three-
path model and show why it cannot be used to estimate delays when
the delay bandwidth product is less than %. In a comparative discus-
sion, we show why the fixed delay model is the only simplification of
the model that is manageable.

2.1 Simple three-path model

Consider a channel characterized by three paths or rays. The am-
plitude of the signal on each of these three paths, as seen by the
receiver, is 1, a;, and ;. The second and third paths are delayed with
respect to the first by = and r; seconds, respectively, where 7, > r,. We
define the simple three-path model by requiring the delay between the
first two paths to be sufficiently small, i.e.,

(m=w)n Kl (2)

where w2 and w; are the highest and lowest (radian) frequencies in the
band. The complex voltage transfer function of the channel at a
frequency w may be illustrated with a phasor diagram. Figure 2a shows
the phasor diagrams for w\ and w2 superimposed. By designating the
amplitude of the (vector) sum of the first two paths by a: the angle of
the sum by ¢ = wor = 7, where + is equal to r;, the delay difference in
the channel; and the amplitude of the third ray by ab, we obtain the
simplified diagram in Fig 2b.*

* Note that, if the third amplitude is greater than the sum of the first two, we
}mremmmndmhmd—¢mdabmdobumnmminimumphm
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f The simple three-path fade cannot be used for a channel model i 3
: because the path parameters lack uniqueness. The basic difficulty is .
! illustrated by the two superimposed fades in Fig. 3. Note that the >
amplitudes of the transfer functions of these two fades match, at : E- 1
‘ . AW} v 1 =207 WY « gy 97102 hv.'
A f
Hiwg) iy
1 i 9
Hlwyt T ewar t,
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? g 17 ;
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i Hiwyl 4 2 ' 3
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(b)

g Fig. 2—Simple three-path fads. (a) Three rays shown. (b) Simplified.
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Fig. 3—Two degenerate simple three-path fades with wor = 0.
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midband and at both edges. It has been shown elsewhere’ that fades
matched in this way will be identical in band to within a few tenths of
a decibel at most, and will have almost identical envelope delay
distortion. Given noisy quantized measurements of | H(w) | over the
band, it is impossible to distinguish between such fades unless we fix
one of the four parameters. Let us consider each of the four possibili-
ties.

2.2 Pseudo two-path fade

If one fixes the amplitude, a, at unity, the simple three-path fade
reduces to a two-path fade with independent control of the frequency
of the minimum of the response. The difficulty with this model, as
may be seen by referring to Fig. 2b, is that it can provide in-band
minima only for | H(w) | < 1 and maxima in-band only for | H (w) | > 1.
In other words, the model cannot match an in-band maximum at an
arbitrary fade level. In addition, it was found that during approximately
half the periods when the radio equipment was indicating errors, the
channel could not be well modeled with a pseudo two-path model.

2.3 Scaled two-path fade

If one fixes the phase, ¢ = wr — =, in the simple three-path model
at 0, the fade reduces to a scaled two-path fade. (For a two-path fade,
we require the additional condition g = 1.) This is the most physically
desirable of the reduced three-path models because it may be derived
without recourse to the three-path formalism. Unfortunately, it is
mathematically intractable, particularly when dealing with amplitude
data only. In fitting the modei to a given channel shape (in the manner
described in Section III for the fixed delay model). one obtains a
function of a, b, and ~ that must be minimized to obtain the best fit.
Because of the wr term in the exponent of the model, this function has
a local minimum in every interval of r of length 0.17 ns, the reciprocal
of 6 GHz. Since the possible range of  extends to about 30 ns, one
may have to perform hundreds of minimizations to find the best fit to
a single channel scan. Even then this “best fit” may have no minimum
phase realization, and there is no known procedure that leads to one.

2.4 Fixed b model

If one fixes the amplitude 5 in the simple three-path model, the
resulting reduced model has all the mathematical difficulties of the
scaled two-path model and no satisfactory physical interpretation.
2.5 Fixed delay mocie:

It is demonstrated in the remainder of this paper that the fixed
delay model described in Section [ is useful and effective in character-
izing the channel.
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il. ESTIMATION PROCEDURES

This section describes how the model parameters are estimated from
the channel scans and how realizability difficulties are surmounted.

3.1 Parameter estimation

The channel data consist of a set of 25,000 scans of the channel
power spectrum. Each scan consists of a power measurement at each
of 24 frequencies at 1.1-MHz spacing across the channel. (Actually,
only 23 frequencies are used since the 19th was inoperative during this
test period). The power measurements are recorded in decibels, and
each must be referenced to the average power level of that frequency
at mid-day. With proper conversion and calibration, the basic data
characterizing a scan are a set of power ratios. We designate the power
ratio at nth frequency by Y., where

Yo=Y(wn) n=12-..,24. 3

We wish to model the channel with a voltage transfer function of
the form given in eq. (1), which we repeat here for convenience

H(w) = a1l = be¥'“™], (1)
Thus our estimate of Y, will be
Y= | H(wa)|? =* a =8 Cc3{wa = wolr, (4)

where
a =gl + b
B = 2a*h. (5)
For convenience, we measure frequency in the units of the frequency
separation of the power measurements. Thus,
wn w20, =2 (Llx 105 n=1,23,... 24 6)

If we choose

1

“NIIx 10 M

r
then
n
Wat = 2 -1\7 (8)

For the fixed delay model, we choose N = 144 which gives a model
of 6.31 ns. Thus, the in-band frequencies correspond to n values
between 1 and 24, and the channel transfer function given by the
model is periodic for n modulo 144, corresponding to a frequency shift
of 144 X 1.1 x 10* = 158.4 MHz.
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The weighted mean-square error between the estimated and ob-
served power is given by

24
E Cu(Yn - Yn)z
E - n=i . , (9)
T Cn

n=l

where the summacion skips n = 19 as described above, and where C,
is a weighting applied to the measurement at frequency w,. Since the
original data, from which the Y.'s were derived, were uniformly quan-
tized on a logarithmic scale, it is appropriate to use a weighting that is
approximately logarithmic. Hence, we use the weighting function

1
Com W (10)

A number of different weighting functions were tested, but the one
given by (10) is, generaily, the most satisfactory.

Estimates of a, b, and f, may be obtained by minimizing the weighted
mean-square error, E. It is shown in the appendix that one may obtain
closed form estimators for «, 8, and /> by substituting eq. (4) into (9)
and minimizing E, first with respect to a, then with respect to 8 lor
vice versa), and last with respect to fo. In the resulting scheme, the
estimator of f;, the frequency of the model minimum, is a function of
data only. The estimators of a and 3 are functions of the estimated f,
and the data.*

After estimates of a and 3 have been calculated, the parameters a
and b of the model are obtained by inverting the relationships given

by eq. (5).
p a:l "l/’.'
bm—-=|[=] -1 11
7 [(ﬁ) J )

1/2
qa= [%] . (12)

It is clear from (11) and (12) that we can realize the channel shape
with the model only if « = 8. This is to be expected. Since | H(w)|* is
a power transfer function, it must be positive for all frequencies, which
is possible only if a = 3 [see eq. (4)]. Thus, the condition a = 3 allows
us to obtain a minimum (or nonminimum) phase transfer function
whose magnitude squared is the minimum weighted mean-square error
fit to the observed power transfer response of the channel

* For mathematical simplicity, we actuaily use an estimator for 3 conditioned on /..
a. and the data.
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3.2 Application of estimators

If the procedure described above is strictly applied to the set of
25,000 scans in the data base, one finds that about 35 percent of the
scans cannot he modeled with real values of a and 4. A study of these
problem scans revealed chat the estimator for £,, the frequency of the
fade minimum, was biased for two types of scans. One type is a scan
with lictle shape, dominated by quantization noise; the other is a
selective channel shape having a steep siope across the band. Both
types of scan are illustrated in Fig. 4. The scan in Fig. 4, which is
almost flat, was fabricated to illustrate the severity of the quantization
problem. The other scan is typical of the more shapely troublesome
scans,

To obtain a good realizable fit to such channel shapes requires
degrading the quality of the fit; that is, moving the parameters away
from the values that minimize the fit error, eq. (9). Given the form of
the estimation scheme, this is easily accomplished by moving the
frequency of the fade minimum, f,, away from its original “optimum”
value and reoptimizing the remaining parameters to obtain values of
a and b that are optimum for the new value of f,. Figures 5 and 6
illustrate the results of such a quasi-optimization regarding f, as a free
parameter. They show the fit error £ and the values of ¢ and b as f, is
varied from its original optimum value. Figure 5 corresponds to the
flat fade in Fig. 4 and Fig. 6 to the sloped fade.

The shapes of the curves in Figs. 5 and 6 are typical of those
obtained when the channel has no minimum in band. The weighted
error in the fit, E, is not very sensitive to the estimate of f,, the

20
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Fig. 4—=Two channei scans that produce realization difficuities.
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frequency of the modeled fade minimum. The minimum of E is broad
and flat, due to quantization and instrumentation noise in the channel
The variation of the parameter a with /, is also typically very gradual.
The salient features of the variation of 4 with respect to £, are clearly
seen in Fig. 6, and are also present and labeled in Fig. 5. As f, is varied
from its original optimum value, 4 varies from a value of 1 to a value
of 0 in a sideways s-curve with two stationary points, a maximum and
a minimum. Extensive simulations with known channel characteristics
indicate that a good choice of parameters is the set corresponding to
the point where b is locally minimized. To illustrate this point, assume
that the channel shape is that given by the model, with 6.3-ns delay,
fo at 18.5 x 1.1 MHz, a = 0.04, and b = 0.7. One can construct a plot
similar to Figs. 5 and 6 for this simulated fade, with the result shown
in Fig. 7. The curves in this figure illustrate the results cited above, in
that the true value of f, occurs near a minimum value of 5. A better
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typical scan in Fig. 4.

choice for the case shown and for others that have been simulaced
would be “on the shoulder” between the minimum and b = 1; however,
such a criterion is difficult to quantify.

To summarize, if the standard routine does not provide a realizable
fit to a scan, one merely varies f,, the position of the minimum, until
one obtains a realizable solution with a value of 4 that is stationary*
with respect to variations in f,. We recognize that this procedure
introduces additional sources of error into the estimates of the model
parameters. The errors in ¢ and b are small because b is near a
stationary value and a is slowly varying. The error in /, is also small,

* Since b is a monotone function of a/4, it is only necessary to invert solutions with
stationary values of the ratio, a/8.

THE BELL SYSTEM TECHNICAL JOURNAL, MAY-JUNE 1979
6-13

.

PPN _Be%

T o o, — Nes g

AR

- T

T




usually less than 3 MHz, but is always in the direction corresponding
to moving the minimum nearest to the band closer. We consider the
effects of these errors in Section V1.

V. MODEL STATISTICS

Apolying the procedures described in Section III to the scans in the
data base results in 25,000 sets of values of a, b, and f,. The relative
joint frequency of occurrence of these three parameters may be de-
scribed by the set of distribution functions shown in Figs. 8 to 12. The
distribution of the parameter 5 is described in Fig. 8 in terms of the
distribution of ~20 log (1 — &), which is approximately exponentially
distributed with a mean of 3.8 dB. This distribution gives the time
that & exceeds the value given by the abscissa as a fraction of the time
in a heavy fading month that the rms level in the channel is depressed
by more than 15 dB. For instance, we see that 40 percent of the time

2010y4id b)

25—~

20 Loy la)

Slag (k)

55| Il | | 4 i ‘

-10 0 10 0 kY 40

S0
x 1.1 MMz
FREQUENCY OF MODEL MINIMUM MEASURED FROM MIOBAND

Fig. T-=Locus of weighted fit error and model parameters with /. as a free variable.
For ctmnol given by modei with r =631 ns, a = 0.04, b= 0.7, £, = 185 x 1.1 MHz.
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when the channel is depressed the value of 4 exceeds 0.3. It exceeds
0.7 for 4 percent of that time, and 0.99 about 0.3 percent of that time.
The distribution of b can be modeled in the form

20
P(l-b<X) =Xttt o x213 (13)

The distribution of a is conditioned on 5 and is approximately
lognormal as shown in Figs. 9 and 10. The mean and standard deviation
of the distributions in Figs. 9 and 10 are plotted in Fig. 11. From Figs.
9 to 11 it is apparent that a and b are almost independent; however,
less shapely fades tend to occur at less depressed values. We note that
shape occurs when the average depression is 20 to 25 dB,* that the

* The valus of a corresponds to average power level over a large uency span and
not strictly to the average power ia a narrowband channel. fon
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average depression is near 25 dB for b greater than 0.7, and that it falls
off gradually to 15 dB for small . The distribution of A = =20 log a is
conditioned on b and may be modeled as

PA> Y)-1-P[w].

where P is the cumulative distribution function of a zero mean, unit
variance, and Gaussian random variable, and 4.(5) is the mean of A
for a given value of b as given in Fig. 11. We see from Fig. 11 that the
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standard deviation of 4 may be taken as 5 dB regardless of the vaiue
of b; the variations near =20 log (1 — b) = 20 are due to small sample
problems.

Figure 12 shows the time during which scans had /, in 4 x 1.1-MHz
frequency intervals. It is, in effect, an estimate of the density function
of the distribution of /, and is, consequently, quite noisy. The maxima
near = 30 X 1.1 MHz from the center of the band are due in part to the
movement of estimates of £, to achieve realizability. While, on physical
grounds, one would expect £, to have a uniform distribution, the fixed
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delay model is decidedly not a physical model. Consider a simulated .
set of simple three-path fades having a uniform discribution of /., fixed
values for a and b, and a delay r, fixed at a value other than 6.31 ns.
This set of fades will engender a nonflac probability densicty function
for the f,’s obtained in fitting to the 6.31-ns model. The probabilicy

{ density function is flat within the band regardless of the fixed delay of
the set of simulated fades; however, it will more nearly resemble that
shown in Fig. 12 if the delay of the set is greater than 6.31 ns than if it
is less than 6.31 ns. In short, Fig. 12 is characteristic of a channel with
a considerable fraction of delay differences greater than 6 ns.

Based on Fig 12, we approximate the probability density function of
f> by a two-level function. Note that f, is defined on an interval of
length 1/r, where = is 6.3 ns the delay of the model. Thus, with /,

i measured from the center of the band, the probability density function
' for £, may be approximated by
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Fig. 12—=Time that model parameter, /., was in intervals of width 4 x 1.1 MHz

An extensive examination of various conditional distributions has
established that there are no other obvious and pervasive dependencies
among the statistics of the parameters.

V. CHANNEL DELAY DIFFERENCE

This section presents some results obtained in estimating the chan-
nel delay difference. Some techniques described here are used in the
error analysis in Section V1. Three topics are considered in this section.
First a simple method is presented of estimating the average delay
spread in the channel. A second subsection shows that the distribution
of large deiays (larger than i0 ns) can be obtained for a simple three-
path fade model. The delay disaribution is shown to be consistent with
the estimate of average deiay. A third subsection illustrates the prob-
lem with an observed channel shape that can be matched most
successfully using a simpie three-path model with a delay of approxi-
mately 26 ns.

5,1 Mean deiay difference in the channel
The mean delay difference of a channel that can be characterized by
a simpie three-path model is easily estimated. Consider a fade with a
delay, r. If /o, the frequency of the minimum, is uniformly distributed,
THE BELL SYSTEM TECHNICAL JOURNAL, MAY-JUNE 1979
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cthe probability that such a fade produces a minimum in a band B Hz
wide is equal to the ratio of the bandwidth to the spacing of the
minima, or

B

1—/‘; = B?. (16)
If p(r:)Ar is the fractional number of fades having delays between (%

- 1)Arand kA, then the fractional number of fades having a minimum
in band will be P, where

Puin = F Brap(ta)Ar = BF an
A

and

FTmYup(n)ldr= J- rp(r)dr. (18)

It follows from eq. (17) that one may estimate the mean delay, 7,
from a knowledge of Pmia, the fractional number of scans having a
minimum in a band of width B. Since any method of determining Pmin
is acceptable, consider estimates of Pnin from the parameters estimated
using the fixed delay model. The method of estimating the frequency
parameter in the model involved moving null positions of some fades
that had out-of-band minima. These fades can be excluded by using
only the central two-thirds of the band in estimating 7. Of the 24,920
scans in the data base, 3974 had minima between the 4tk and 20¢h
frequencies. Hence,

[ 3974 1
T= [24920] X LIX 108~ i ns (19)

One might argue that the mean delay should be estimated for a
more carefully screened set of scans. Table I shows the mean delay
estimates obtained from scan populations qualified by having the
estimate of the model parameter a in a given 5-dB interval. Tabie II

Table |—=Mean delay for scans selected by value of

parameter, a
~20 Log a, dB Number of Scans S¢an8 g\'tngm. 8 Delay, #, ns

0=5 01 a1 174

5=-10 728 235 18.4
10-15 4299 878 11.
15-20 6891 1161 9.6
20-28 7 908 8.7
25-30 4184 606 8.2
30-35 1019 189 89
All 24920 3974 9.1
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Tabte ll—Mean delay for scans selected by value of
parameter. b

~20 Log 1-4. dB Number of Scuns Scans V\B’i‘t:dMin. in Delay. 7. ns

0-2 10.442 1186 8.3
24 7040 1712 13.8
-5 krp3 538 8.2
6-8 1474 191 T4
8-10 892 118 T3
10-12 527 68 73
12-14 282 28 5.6
14-16 190 21 6.3
16-18 146 46 179
18-20 9 32 184
All 24920 3974 9.1

shows mean delay estimates qualified by the model parameter 5, which
specifies the shapeliness of the fade.

With several exceptions, the estimated delay spreads given in Tables
I and II are reasonably constant. One exception is seen for large values
of b (=20 log 1 — b greater than 16). This is consistent with a channei
for which large differential actenuation across the channel is mor2
likely to occur when long delays are present. The existence of such a
correlation should not be surprising. The other exception is the large
delays estimated for small values of 6 and for values of a between 0
and 10 dB. We provide strong evidence of the existence of such a class
of fades in the next subsection. The existence of this subclass of fades
suggests that they have a different physical source than the other
fades in the population.

8.2 Distribution of deiay difference
To further enhance our knowledge of the distribution of delay in the

channel, the data base was processed to extract a delay estimate. .

Recall that, for the fixed delay model, parameter estimates are chosen
to minimize the weighted fit error {E in eq. (9)] for a given fixed .
The present calculation was performed for a set of different values of
r and the value which produced the smallest weighted fit error and
corresponded to a realizable fade was designated as the delay for that
scan if it met certain qualifications.

Because of the degeneracy in the simpie three-path model, changing
the delay in the fixed delay model will not appreciably improve the fit
for any scan that can be well approximated by a fixed delay of 6 ns or
less.” In performing the optimum delay calculation, the weighted fit
error was minimized for a predetermined set of delays; the differences
between adjacent delay values were chosen to be approximately 15
percent. A given scan was assigned a delay different from 6.3 ns only
if the third best value of the weighted fit error was at least 0.1 dB
worse than the best value. (We use the third best value because we
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must examine three values to detect a minimum.) This criterion sets
a threshold on the acceptable sharpness of the minimum in the fit
error with respect to changes in delay.

The selection criterion was chosen, after several iterations, to insure
regularity in the estimates derived from successive scans. With the
chosen criterion, the scans that were assigned a new delay occurred in
groups of consecutive scans and may be said to constitute fading
events. During any of these events, the delay was consistent in that
indicated delays were within *+15 percent. If we assume that the
physical channel does not change between scans, we can associate a
time with each scan and plot the distribution of the time periods
during which the characterizing delay was greater than a specified
delay.

A series of such plots, conditioned on the concurrently estimated
value of b, is given in Fig. 13. The uppermost curve contains the data
derived from all scans which met the selection criterion; its shape is

_\A’rn_\

1000

b >0.118

SECONDS OF DATA CHARACTERIZED BY DELAY GREATER THAN ABSCISSA

10~
1.0~
03 L ] — ]
0 10 20 30 ] 50

DELAY IN NANQSECONDS

Fig. 13—=Distribution of optimum delay for simple three-path model, as qualified
by realizability, the sharpness of minimum, and by several values of the model
parameter b.
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dominated by the 627 seconds during which the channel was bes:
modeled by a delay of 43 ns (the largest delay in the test set) or more,
but had littie shape (5 < 0.115). These characteristics contribute to
the large (18 ns) mean ¢ ‘ays noted in the previous subsection for
small values of 5. They may be due to quantization but are apparently
not artifacts of the estimartion scheme. Aithough the origin of this type
of channel defect is currently not understood, it should not trouble
any existing radio system.

It is apparent from the distributions in Fig. 13 that very few scans
qualified for a new delay with delays less than 10 ns. Consequently.
the distribution should not be trusted for delays less than 12 or 15 ns;
beyond 15 ns. it may be interpreted as a lower bound to the true
distribution. The three curves qualified by the parameter & correspond
to fades with peak-to-peak variability of 2, 3, and 6 dB. (Peak-to-peak
variability is 20 log(1 + /1 = &), as may be seen in Fig. 1.) If the delay
were exponentially distributed, the distribution of delay would be a
straight line on Fig. 13 and would have the form

Pl(r>x) m e (20)

Fitting a straight line to the three distributions in Fig. 13 for which b
> 0.115 shows that the average delay decreases with increasing 5. The
corresponding values are 5, 5.5, and 11 ns. Note that this implies that
b and 7 in a simple three-path model are not independent.

5.3 An example of a long delay scan

To confirm the existence of long delay scans, consider an event that
covered approximately 10 seconds on 22 June 1977, from 23 h, 28 m, 54
s. A representative scan from the middle of this period is shown with
the fit obtained with the fixed delay (6.3 ns) model in Fig. 14a. To
emphasize the consistency of this channel condition, an average of the
channel condition for the central 4.2 seconds (21 scans) of this event
is compared to the selected scan in Fig. 14b.

It is apparent from Fig. 14a that the 6.3 ns delay does not have
enough curvature (delay is too short) to precisely model the channei
shape. Figure 15 shows the same scan modeled by three-path fades
having delays of 22.7, 26, and 30.3 ns. The 26-ns fit is the best; it has
a weighted fit error 0.4 dB better than the 22.7.ns fit and 0.8 dB better
than the 30.3 ns fit. However, the closeness of all three fits illustrates
the difficuities in estimating channel delay differences. Visually, one
would choose the 26-ns model on the basis tha¢ the 30.3-ns fit has too
much curvature and the 22,7-ns fit too little.

VI. ERROR ANALYSIS

To verify that the model adequately represents the transmission
characteristics of the channel, we examine the errors between the
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FREQUENCY MEASURED FROM MIDBAND

Fig. 14=—=Scan from 22 June 1977, 23 h, 28 m, 48.6 s. (a) Comparison with fixed delay
model. (b) Comparison with average of scans from 23 h, 28 m. 4643 t0 23 h, 28 m,
50.4 s.

channel as observed and as modeled. In this section we consider the
statistics of the rms errors and the maximum errors.

6.1 RMS errors

A useful measure of the quality of the fit of the model to a given
channel scan is the root-mean-square value of the decibel error at each
of the sampled frequencies, Denoting this error as E.m,, we have

L 2
35 Z: (dB error at f,.){l . (21)

nwl9

|

The model parameters were estimated, as described in Section III, to
minimize the error, E. which is a weighted sum of the squares of the
power differences at each frequency [see eq. (9)]. The weighting was
chosen [eq. (10)] so that the error E would approximate the error £,
as given by eq. (21).” Indeed, one may show directly that the two
expressions are equivalent as long as

ll-ﬁl«lforalln. (22)

* Note that the parameter estimation probiem cannot be soived in closed form by
minimizing £m,.
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‘@) r » 22.7ns. 8 =38.9a8.

4 = 0.0103.5=0.7327
ty # - 4.49x 1.1 MHz

W) ¢ = 26ns, E=49.3d8
a2 = 0.0116,0=0.5729
£, = =12.71 % 1.1 MHz

CHANNEL ATTLNUATION IN DLCIBEALS
&

(¢} r = 303ns, E=48508
a = 0.0123.0=0.5228
£, 0 =111 x 1.1 MMz

45 | | J L
-15 -10 -5 0 S 10

FREQUENCY MEASURED FROM MIDBANO
Fig. 15—Model fits to long delay scan for three different model delays.

'5
x 1.1 MMz

As we have seen in Fig. 14, this inequality is not always satisfied.
Consequently, in using E-, as a standard of comparison, we are
evaluating not only how well the model fits the observed channel, but
also how weil we have chosen the parameters to make the match.

The error Em, is a desirablée quantity to work with because we can
estimate its distribution under the assumption of perfect matching.
We observe that if the decibel error were Gaussian with unit variance
and zero mean, 23 EZ., would be a x* variable with 20 degrees of
freedom (to accouat for the three parameters estimated per scan).
Observations of a simulated channel with the transmitter and receiver
back-to-back indicate that the instrumentation errors are approxi-
mately Gaussian with a standard deviation, o:;, of about 0.656 dB.
Observations of the channel at mid-day with the channel nominaily
flat and unfaded indicate that the standard deviation of the errors is
between 0.68 and 0.73, varying frequency to {requency and day to day
by a few hundredths of a decibel. Hence, if we enter a table of the x*
distribution, @(x*120), with

2 23 Elm,

X' w—r (23)

THE BELL SYSTEM TECHNICAL JOURNAL, MAY-JUNE 1979
6-25

.

- e




we can determine the distribution of Em, under the assumption of
perfect matching.* This distribution is shown as a reference on
Figs. 16 and 17. It is indicated by a solid curve labeled “ideal” for o:
= (.70 and by o's for g; = 0.75.

Figure 16 presents the distribution of the rms error for two scan
subpopulations using the fixed delay (6.3 ns) model. The subpopulation
of the distribution labeled “standard” consists of all scans that could
be modeled directly; the distribution labeled “modified” shows the rms
error distribution for all scans which required an adjustment of the
frequency of the modeled fade to achieve realizability. Figure 17 shows
the distribution of the rms error for the composite of all samples using
the fixed delay (6.3 ns) model. The distribution labeled simpie three-
path model indicates the error distribution that was obtained when
the scan fitting allowed unqualified variation in model delay to achieve
the best fit. That is, the calculation described in Section 5.2 was
performed and the results were qualified only on the basis of realiza-
bility.T

In each case described above, the mean value of the rms error is
close to the median value. For the two subpopulations shown in Fig.
16, the calculated mean fit errors correspond to g; values of 0.76 and
0.85 dB, or the errors are about 0.09 dB larger when a realizable fit is
obtained by varying the frequency of the model minimum. Comparing
the composite distributions in Fig. 17, we find that the mean error in
the fixed delay (6.3 ns) model corresponds to o; = 0.78 dB or about
0.08 dB higher than that observed when the channel is quiescent. The
simple three-path model has a distribution of rms error that very
nearly matches the ideal distribution (with 19 degrees of freedom) for
o; = 0.75. This is consistent with the instrumentation error imputed to
the standard distribution in Fig. 16 and is indicative of the instrumen-
tation error in the presence of multipath fading. It is exceptionally
good considering that the data are obtained from time sequential
measurements on a dynamically changing channel. One concludes that
the mcdeling error is negligible for the simple three-path model For
the fixed delay model under the assumption that the instrumentation
and modeling errors add in quadracture, the modeling error has a
tolerable value on the order of 0.2 dB. That is,

[(0.75)% + (0.2)}]"* = 0.776.

The tails of the distributions in Figs. 16 and 17 for large errors are
of considerable interest. The tails near small values are of little

* From the central limit theorem, we know that £, will be approximately Gaussian,
-sis ‘,}‘. of whether or not the measurement errors are precisely Gaussian.

+ Note that although one cannot always reliably localize the values of the parameters
in fitting with the simple three-path model (see discussions in Section 2.1 and Ref. 7).
the error in the fit is always well defined.
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99.8 b~

98!—

PERCENT OF SCANS WITH HMS ERROR GREATER TIAN ABSCISSA
&
T

2
MODIFIED
19411 SCANS)
0.8 =
21t STANDARD
N (15509 SCANS)
0.01 1 .
Q Q.5 1.0 15 20

RMS EAROR IN FIT IN DECIBELS

Fig. 16—Distribution of rms fit error for two scan subpopuiations with fixed delay
(6.3 ns) model

consequence; they are distorted by quantization because one cannot
associate any error with the 12 flat fades included in the data base.
The deviation of the distributions from the ideal distribution at large
errors is significant.

The large deviation of the modified fits in Fig. 16 reflects the failure
of the fixed delay (6.3 ns) model to accurately fit the long delay fades.
The tail deviation from idealis modest down to about the 0.5 percent
level, corresponding to a few tens of seconds per month. For compar-
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AMS ERROR IN FIT IN DECIBELS

Fig. 17—Distribution of rms fit error for composite tion with fixed delay and
simple three-path modeis. populs y

ison, we note that the rms error of the fit shown in Fig. 14a is 2.3 dB;
this was the worst fit encountered for the fixed delay (6.3 ns) model.
However, even in this case the model failure is hardly describable as
severe. The model of the channel is depressed by 40 dB and has 9.5 dB
of gain slope; the actual channel is depressed by 39 dB and has 11 dB
of gain slope. Also, we note that the 6.3-ns delay modei has the
response minimum at about the same frequency as the best represen-
tation, the 26-ns delay model shown in Fig. 15.
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The deviation of the tail of the error diswibution for the three-path
fade (Fig. 17) reflects the fact that there are fades that even this model
has difficuity in fitting. An example of such a fade is shown in Fig. 18
along with the fit provided by the fixed delay (6.3 ns) model. The same
rms error (1.6 dB) is obtained for all values of model delay between
0.05 and 9 ns; the fit degrades for larger delays. Either more than three
rays are needed to describe the channel shape in Fig. 18, or the channei
is so depressed that the amplitudes in the notch are distorted due to
closeness to the noise level in the measuring equipment. The scan
shown in Fig. 18 is one of three similar scans and has little statistical
significance.

8.2 Maximurn errors

Another type of error that can be used to judge the quality of the fit
of the model to the channel is the worst-case error. That is, after fitting
to each scan, one records the magnitude of the largest difference (in
decibels) between the observed channel shape and the shape calculated
from the model. The following paragraphs consider the distribution of
these worst-case errors.

As in the preceding subsection, we can calculace an ideal distribution:
however, the ideal distribution is not as realistic in this case since it is
swrongly dependent on the tails of the distributions of the individual
measurement errors. We assume that each power measurement had

20

o

30

“~FIT FOR
r»83lns
a = 0.0650
o = 0.9108
f,® =8.48x 1.1 MH2

«

CHANNEL ATTENUATION IN DECIBELS

|
l
-
|
=
|
|
L
!
‘
-
|

E=49.0a8
%0 Eamg * 1.608
Emax » 3.908
45| i A [ L L |
~-18 -10 -5 0 ] 10 15

x 11 MMz
FREQUENCY MEASURED FROM MIDBAND

Fig. 18—Severe fade observed on 22 June 1977 at 22 h, 29 m, 86 s.
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an error in decibels that was Gaussian, with zero mean, a standard
deviation of v20/23 o; to account for the three parameters estimated
from the 23 observations per scan,* and that the errors are independent
frequency to frequency. If the probability of any one measurement
having an error less than x is denoted by Pi(x), the probability thac all
23 have values less than x is

Pu(x) = [Py(x)]Z. (24)

This is the probabilicy that the maximum error is less than x, whereas
we want the probability that it is greater than x which we denote
Qu(x). It follows immediately from eq. {24) that

Qu(x) = 1 = [Py(x)]®
=1=[1-(x]> (25)

The distribution given by (25) is used as a reference in F*~s. 19 and
20, which show the distribution of the maximum error f.  1e same
cases as in Figs. 16 and 17. Since the tails of these distribations are
well behaved for larger errors, the distribution of the maximum errors
is apparently dominated by the instrumentation noise. That is, if we
use for the standard deviation of the messurement noise the value
obtained from the mean of E.., for one of these cases (as given in
Section 6.1), the resulting worst-case error distribution calculated with
eq. (25) will closely match the observed maximum error distribution.

VHl. CONCLUSIONS

By analyzing the errors in fitting the observed channel characteris-
tics in Section VI, we demonstrated that the simple three-path fade
model is indistinguishable from a perfect model of a line-of-sight
microwave radio channel.

The simple three-path model was used in Section V to characterize
the channel delay difference. By two different methods, it was shown
that, when there is 3 dB or more shape present in the channel, the
average delay difference is between 5 and 8 ns. We developed a lower
bound on the tails of the distribution of delay difference. From these
results, which are shown in Fig. 13, we observe that a differential
channel attenuation in-band of 3 dB or more may be due to delay
differences as great as 43 ns. In another dimension, one would expect
to see differential attenuation of 3 dB or more in-band due to delays
greater than 20 ns for at least 70 seconds in a heavy fading month,
This is comparable to the time the channel attenuation at a single
frequency exceeds 40 dB.

* For comparisons with the three-path model, it is appropriate to use v19/23¢:.
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Fig. 19—=Distribution of maximum (dB) fit error for two scan subpopulations with
fized deiay (6.3 ns) modei.

From the error analysis in Section VI, we also conclude that the
fixed delay (6.3 ns) model is a very good approximation to the channel
for all observed conditions. This conclusion is further substantiated by
Figs. 14 and 18, which show the scans for which the fits with the fixed
delay model exhjbited the largest rms fit error (2.3 dB) and the largest
maximum error (3.9 dB), respectively. The fixed delay model is pref-
erable to the three-path model for channel modeling because it requires
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Fig. 20—Distribution of mazimum (dB) fit error for composite population with fixed
deiay and simple three-path modeis.

only three parameters, and these can always be uniquely determined
from a channel amplitude scan.

The statistics of the parameters of the fixed delay model as described
in Section IV and shown in Figs. 8 to 12 provide the means of
statistically generating all the channel conditions that one expects to
see on a nominal hop channel operated at 6 GHz. If one determines,
by laboratory test, the parameter values that will cause a particular
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error rate in a digital radio system, one can easily calculate the time
during a heavy fading month that the error rate will equal or exceed
this critical value. A companion paper describes the laboratory test
and the required calculations.’

Future work will be directed toward verifying the model and model
statistics with additional fading data obtained both at 6 GHz and at 4
GHz. Using coherent data obtained in 1973, it will be possible to
determine the extent to which the channel is actually a minimum
phase channel
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APPENDIX
Estimation of Psrameters

The problem of estimating the parameters a, 3, and f, in Section III
is equivalent to the problem of determining the first three terms in a
subharmonic Fourier series expansion of a function in the frequency
domain. Since such expansions are not standard, we provide a compiete
description of the methodology here.

From egs. (4) and (9), we may express the weighted mean-square
error between estimated and observed power as*

2 2 CalYs = a + B cos(wn = wolr)?

E A (26)
For simplicity, we use a normalized weighting function, da, defined by
Cn v
du - f-c—n 27
so that
Sda= 1, (28)
In terms of the normalized weighting we may write (26) as
E= Z dal Yn -a+ B cos(wa - 00)1')2 (29)
* Throughout this s all summations are taken over all values of n correspond.
ing to all frequencies in a scan.
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or in expanded form as
E = z dnY;ll +* 02 + B‘ Z dncosz(wn - “)T
-+ 28 E dn Y;.COS(U. - (-)o)‘r

=~ 2aB T dacos(wa = wo)T = 2a F da¥s. (30

The error £ is a minimum when a, 8, and wo are chosen so that the
partial derivatives of E with respect to a, 8, and wo are all equal to
zero. Setting the partial derivative of eq. (30) with respect to 8 equal
to zero and solving for 8 gives

al¥ d.cos(w.. - wo)T = Z dnYrco8(wa = Uo)‘l‘
2 dnCOS (wn = wo) T

Substituting (31) into eq. (30), we find Ej,, the error minimized with
respect to j3, as

B=

(31

1
z dncosz(h)n - wo)T

([T daco8*(wn = wo)T = (T dacos(wa = wo)7)’]

= 2a (T daYa) (T dacos™(wn = woT)

= (T ducos(wn = wo) THT daYacos(wa = wo)T)]

= (T dnYacos(wa = wo)7)?). (32)

Ep"Zd?-Y;‘n"’

Minimizing this with respect to a requires that we set the partial
derivative of E; with respect to a equal to zero. This gives

(z dnYn)(Z ¢|0“2(Un - ‘i‘o)‘f) -

o (2 dnco8(wa = wo)T)(T da Yaco8(wr = wo)7)
= 3 dacos (wn ~ wolT = (3 dacos(wa — w077

(33)

Substituting (33) into (32) gives E., the error minimized with respect
to both a and 8, as
(T dal Ya = P)cos(wn = wolr)?
dnCO8*(wn = wo)T — (Z dnCO8(wa = wo)?)*’

e

(34)

where

T =T dYa. (35)

We note that we could have obtained this same expression by first
minimizing with respect to a and then with respect to 3; however, one
obtains different but equivalent expressions for a and 3, depending on
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the order of differentiation. We develop the alternative expressions for
« and 3 in the following paragraphs.

Let us define some new quantities to simplify these expressions. Let
the difference between the observed power and the weighted mean
power in the band be designated by X,; then

Xom Yo=Y dY.= Y.~ P (36)
If we also define the quantities
X = Y duXacos war, (37
X, = 3 duXasin war, (38)
Dy = T dacos?(wa = wo)T, (39)
Dy = T ducos(wa = wo)7, (40)

we may rewrite a and 8 from eqs. (31) and (33) as
= Y_[chou«m*-x.sinw]Dg

D- -33 (41)
and
B-Di {(a = P)Db = (X.cos wor + X.sin wor)} . (42)
Using (41) to eliminate a from (42), we obtain
Xecos wor + X, sin wor
B D. =Dl (43)
We may use (43) in (41) to obtain
ams ¥+ BDs. (44)

Equations (43) and (44) are the estimators that would have been
obtained if the order of taking partial derivatives in the preceding
development had been reversed. It is apparent that, after one has
estimated w,, oNne may estimate a and 3 by using either eqs. (41) and
(42), (43) and (44), or eqs. (41) and (43).

The estimate of wo that minimizes the weighted error is obtained by
minimizing £,, with respec: to wo. Using eqs. (35) to (40) in eq. (34),
we write

(X-cos wor + X.sin wor]?
Dc - E{ ’
To see the explicit dependence of E,, on we, we define the following
quantities
de ® T dacos’war = (T dacos war)?, (46)

Ege= T du X2 - (45)
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d. b Z dnsingwuf - (2 dnsin Unf)zy (47)
des ® Y, daC08 waT SID WaT = (T dnCO8 wat)(T dasin war).  (48)
Substituting these into (45) gives

[X.cos war + X.sin wor]?

Ea. = y d Xz - " n n .
& d.co8” wor + 2d.,C08 woT SIn wor + d.SiN-woT

(49)

Setting the partial derivative of Eg, as given by (49), equal to zero
gives the estimator for wo as

(50)

woT = Ta.n"[dcx' - d"X‘].

d:XJ.‘ - dalYu

Obviously, two values of wor in the interval (—=, 7] will satisfy
eq. (50). One of these, the principal value, lies in the interval (—-7/2,
7/2), the other differs from the first by £=. We shall show that the two
solutions are equivalent, but that our chosen solution is unique.

If we replace wor by wor £ 7 in eqs. (39), (40), (43), (44), and (45), we
see that D, and 3 change sign and a and Ej, are unchanged. Since we
want the solution with 3 greater than zero, we take the principal value
solution to (50) if the resulting estimate of 3 is positive. Otherwise we
add or subtract = to obtain a positive value for 3 and a value of wor in
the appropriate interval.

While we could substitute the result of eq. (50) into (49) to obtain
the minimum error, E,s.,, it is more generaily useful to evaluate £,
for the optimum we. This is especially true when we do not use the
optimum wo, a8 given by eq. (50). The simplest form for E.; is obtained
by substituting (43) into (45) to give

qu = 2 anfl - (Da - Dg)B‘~ (51)

These equations were implemented., with the modifications de-
scribed in Section 3.2, to obtain all the fits described in this paper.
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Digital Radio Outage Due to Selective
Fading—Observation vs Prediction From
Laboratory Simulation

By C. W. LUNDGREN and W. D. RUMMLER
(Manuscript received July 7, 1978)

A statistical model (introduced in a companion paper) of fading on
a radio path is used with laboratory measurements on a digital radio
system to estimate the outage due to multipath fading, where outage
iS the time that the bit error rate (BER) exceeds a threshold. Over the
range of BER of interest (107° to 107%), the calculated outage agrees
favorably with the outage observed during the period for which the
fading model was developed. It is further showr that the calculated
outage, when scaled to a heavy fading month on the basis of single-
frequency, time-faded statistics, agrees equally well with the outage
observed on the same path during a heavy fading month. The agree-
ment between measured and predicted outage substantiates the se-
lective fading model. The prescribed laboratory measurements char-
acterize the sensitivity of the radio system to selective fading. Thus,
the methodology provides a useful basis for comparing the outage of
alternative realizations of digital radio systems.

I. INTRODUCTION

Present interest in using high-speed common carrier digital radio*~*
hag precipitated a need for estimating the performance of such systems
during periods of selective (mulitipath) fading. This paper describes a
method of characterizing a digital radio system in the laboratory which
allows the outage to be accurately estimated. For a digital radio
system, outage requirements are stated in terms of the number of
seconds in a time period (usually a heavy fading month) during which
the bit error rate (BER) may exceed a specified level; typically, 10~ or
10~ is appropriate to voice circuit application.

The method is based upon a statiszical channel model® developed
from measurements on an unprotected 26.4-mile hop in the 6-GHz
band in Paimetto, Georgia in 1977 using a general trade 8-psK digital
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radio system as a channel measuring probe. The modeled fading
occurrences were scaled to the basis of a heavy fading month using the
occurrence of time faded below a level at a single frequency as the
means of calibration. The bit error rate performance of the digital
radio system was measured during the time period used for channel
modeling and for an extended period corresponding to a heavy fading
month. This same radio system was later subjected to a measurement
program in the laboratory using a multipath simulator which provides
a circuit realization of the fading model. The measured results are used
with the channel model to determine the occurrence of channel con-
ditions which will cause the BER to exceed a given threshold. Compar-
isons on the basis of the modeling period and a heavy fading month
show good agreement between caiculated and observed outages for
BERs between 107 and 1073

The properties of the fixed-delay channel model are reviewed briefly
in Section II as a basis for describing the measurements and for the
subsequent outage calculations. This three-parameter channel model
is realized in the laboratory by an IF fade simulator. The simulator
and its use in obtaining the necessary laboratory data are described in
Section III. The procedures to be followed in calculating outage times
for a given BER are described in Section IV. Calculated and observed
outage times are compared in Section V. Conclusions are provided in
Section VI

Il. MODEL DESCRIPTION—METHODOLOGY

1t has been demonstrated® that the complex voltage transfer function
of a line-of-sight microwave radio channel is well modeled by the
function

H(w) = g [1 = be™'™] (1)

with r fixed. A 6-GHz channel (30-MHz bandwidth) has been charac-
terized statistically by the model with r = 6.3 ns. Such a channel has
a power transfer function given by

[ H(w)|® = a*[1 + b = 2b cos(w — wo)t) (2)
and an envelope delay distortion function, i.e., the derivative of the
phase of H{(w) with respect to w, given by
br(cos(w = we)r = b)

Dtw) = 1+ b° = 2b cos(w — wo)?’

(3)

In the following paragraphs, we summarize the properties of the model,
the statistics of the model parameters, and the measurement objec-
tives.
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2.1 Fixed delay model

A plot <f the attenuation produced by the fixed delay model of eq.
(1) is shown in Fig. 1. Since the delay is fixed at 6.3 ns, the spacing
between nulls of the response, 158.4 MHz, is much larger than the
channel bandwidth. The parameters a and 5 control the depth and
shape of the simulated fade, respectively. The parameter f,(=wo/2:)
determines the position of the fade minimum or notch. Both the notch
frequency, /o, and the response frequency, f, are measured from the
center of the 30-MHz channel for convenience.

The model function of eq. (1) may be interpreted as the response of
a channel which provides a direct transmission path with amplitude a
and a second path providing a relative amplitude & at a delay of 6.3 ns
and with a phase of wor + 7 (independently controllable) at the center
frequency of the channel. This interpretation is represented in Fig. 2
by a phasor diagram at w = 0, the center frequency of the channel.
Varying the frequency, w, over the channel bandwidth (30 MHz) moves
the angle of the interfering ray through an arc of about 60 degrees (27
x 30 MHz X 6.3 ns = 7/3), centered at the position shown. This
diagram is useful for understanding the fade simulation; it also provides
an alternate means of describing the position of the notch. The notch
position may be specified by its frequency, f,, or by ¢, the angle of the
interfering path at the center of the channel.

W= mme e m e

4
=
2
A3}
CHANNEL
3ANOWIOTH
30~ [ - !
e 1
2 feths o e o s o e 1Pe s ot o ot e - !
|
38 . i
-100 -3Q ] 50 100 50 200

fat,, MHZ

Fig. l—Attenuation of channel modei function, H(w) = a(1 = 5 exp{—/tw = wnlt)], for
rw6lns, a=0.l], HhmQ7,
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Fig. 2=—Phasor diagram of a modeied fade, ¢ = 45°, b = 0.7.

From Figs. 1 and 2, or eq. (1), it may be seen that varying a changes
the overall level and varying b changes the shapeliness of the modeled
fade. Furthermore, if the minimum is within the 30-MHz channel
bandwidth (|| < 30°), the fixed delay model can generate notches
with a wide range of levels and notch widths. With the minimum out
of band, it can generate a wide range of combinations of levels, slopes,
and curvatures within the channel bandwidth.

2.2 Modeli statistics

The statistics of the model parameters were obtained from a selected
data base during which heavy fading activity was observed.’ The
distribution of 5 is best described in terms of B = <20 log(l — b).
Figure 3 shows the distribution of B and the least-squares straight line
fit to the distribution over the region where it best represents selective
fading-——between B values of 3 and 23 dB. The channel is described by
B greater than 23 dB for less than 0.15 percent of the observed time
which makes the distribution less certain beyond this point. At the
other extreme, during the periods of time when there is little or no
selective fading, the channel is characterized by values of B less than
3 dB. Thus, the fitted line represents a lower bound on the distribution
for B less than 3 dB. Since the fitted line has an intercept of 5400
seconds, we may model the fraction of 5400 seconds during which B
exceeded a value X by the probability distribution

P(B > X) = ¢7%38, (4)
Thus the probability of finding a value of B between X and X + dX is

Pa(X) dX = % X8 (5)

The distribution of a is lognormal with a standard deviation of 5 dB
and a mean that is dependent on B (or 5). Hence, the probability that
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Fig. 3—Distribution of B for model data base period.
A = =20 log a has a value between Y and Y + dY is given by

pa(Y)dY = dy e LY=AniBI/50 -
52

The relationship between Ao, the mean of the distribution, and B is
given in Fig. 4.

The distribucion of /, is found to be independent of 4 and B. It is
usually simpler to work with ¢ rather than f,. The two variables are
simply related in that ¢ is defined on the interval (==, 7) and a 2.5-
degree change in ¢ corresponds to a 1.1-MHz change in f,. For the
fixed delay model, the variable ¢ has been found to have a probability
density function that can be described as uniform at two levels, with
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values less than 7/2 being five times more likely than values greater
than 7/2. Thus, we have the probability density function per degree
as:
1 < 90°
318 [of
Do) = (7
1 (-]
1586 90° = |¢| = 180.

The functions in eqs. (5) to (7) can be used to determine the
probability of finding a, b, and f, in some region of a-b-f, space. This
probability can be converted to number of seconds in the observation
period by muitiplying by 5400 seconds. To convert this probability to
the number of seconds in a month requires scaling the data base. The
scaling may be obtained from Fig. 5 which shows; for several frequen-
cies in the band, the time during the model data base period that the
channel was faded below a given level. Distributions are shown for
average power in the band and for power at selected frequencies at the
center and near the edges of the radio channel. (Frequencies indicated
are at IF where the center frequency is at 70 MHz.) For the path used,
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Fig. 5—Amplitude distributions for modei data base period. ” ¥

3 one expects the received voitage (single frequency) relative to midday |
1 average to be less than L for 72.5 x 10° L* seconds in a month.” For the N 11

i

{

| data base used, the fading is best described by 48 X 10* L? hence, the
data represent % of a fading month. To obtain outage on a seconds-
per-heavy-fading-month basis, the probabilities calculated with eqs.
(5) to (7) must be multiplied by 5400 x 1.5 or 8100 seconds.

2.3 Outage estimation

The fixed delay model described above can be simulated with an
equivalent circuit laboratory measurement to determine the equip-
ment response to multipath fading. Conceptually, one determines
critical values of A and B for which a specified error rate is achieved
for each fade notch position. In practice, it is difficult to maintain a
constant BER; it is more expedient to fix b and vary the carrier-to-noise
» J ratio (a) while plotting the BER. From the resuiting curves, one may

T T i
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compute critical contours of A and B for each prescribed notch location .
and BER. Using eqs. (5) and (6), the probability that A and B lie on the '
high error rate side of a given critical contour may be calculated. -

By repeating this calculation for a uniform set of notch positions
and using (7) to determine the probability weighting given to each and i
summing, one may estimate the probability of all selective fades that r
produce a BER exceeding the prescribed one. Multiplying this proba- }
bility by 5400 gives the outage time expected over the data base period; |
multiplying by 8100 gives the expected outage time per heavy fading ! !
month.

The following section describes the laboratory measurement; Sec- .
tion IV describes the reduction of the measured curves and parameters b
to outage times,

iil. LABORATORY MEASUREMENTS

Figure 6 illustrates stressing of a digital radio system by means of an
IF fade simulator. The simulator, which is inserted after linear 1¥
preamplification but before any high-gain amplification, shapes both
the desired signal and the effective received noise. It is necessary to
operate the simulator at a sufficiently large input carrier-to-noise ratio
that the concomitantly shaped noise at its output remains a negligible
contributor to degraded system performance throughout the operating
range of interest.

Within its restricted frequency range of operation, the IF simulator ) i
is adjusted to achieve those specific shapes implied by Fig. 2. Although '

;
i

the measurements could have been made using an RF fade simulator,
the choice of an IF simulator was based primarily upon considerations
of signal and noise levels, and the repeatability of adjustments. The
following section describes an IF shape-stressing measurement in the
minimum detail necessary to qualify the data collected.

3.1 Representative IF two-path fade stressing measurement
The block diagram of Fig. 7 illustrates an arrangement employing

an ¥ fade simulator and an IF flat noise source. A pseudo-random test

3 RF - IF MAIN
RF TRANSMITTER. IF FAQE
OOWN COVEATER, RECEIVER,
MOOULATOR 'F PREAMPLIFIER SIMULATOR DEMODULATOR

3
, !
4 DATA PATTERN 3ER TEST
» |~ GENERaTOR RECEIVER

[

J Fig. 6=(r fade stressing.
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pattern modulates the 6-GHz radio transmitter whose output is nom-
inally 5 watts (@, in Fig. 7). The output spectrum is usually shaped by
a bandpass filter following the microwave power amplifier to comply
with FCC regulations.

To enable back-to-back operation of the transmitter and receiver of
a single repeater which normally operate on different radio channels,
a radio test translator was employed. The translator output power was
approximately =30 dBm (adjustable, at ®) to simulate the unfaded
received signal level (RSL) observed typically in the field.

Assuming a linear RF-IF conversion gain of 20 dB, the signal power
at the input (©) to the IF fade simulacor is —10 dBm. The simulator
incorporates low-noise linear amplification. A reference insertion loss
for the main unfaded ray is 10 dB, including the output power summer.
Hence the maximum desired signal power at the input to the main I1F
amplifier (@) is -20 dBm.

Assuming a 30-MHz receiver noise bandwidth and a current-art
receiving system noise figure of 5 dB, the total system noise power is
approximately —-95 dBm, referred to the receiver’s input port. This
results in a flat receiver noise contribution of -85 dBm at input @ to
the main 1r amplifier. Consequently, the maximum attainable carrier
to simuiator-shaped RF noise ratio is 10 log (Co/N,y) = =20 = (~85) =
65 dB. The noise contributed by the fade simulator amplifiers must
not exceed —100 dBm, to be negligible.

Flat 1F noise much larger than the unwanted and shaped system
noise is added artificially at @ and is adjusted in magnitude by a
calibrated attenuator @ to superpose thermal noise degradations upon
the simulated selective fading degradations of the desired signal. One
would ideally measure the added 1F noise power in the final predetec-
tion bandwidth of the digital radio system, or twice the Nyquist
bandwidth. It is more convenient in the laboratory to reference carrier-
to-noise ratios to the output of the main iF amplifier by using the
precalibrated acGc voltage (assuming that wideband acc detection is
employed), to measure both the unshaped signal and noise powers.
The carrier-to-noise ratio at the detector would be higher—by the
ratio of the system noise bandwidths that would be measured at the
respective points.

The noise source output in Fig. 7 may be adjusted so that an
attenuator setting of 0 dB ‘D results in a noise power equivalent to
that of the unfaded signal power (the attenuator is then calibrated
directly in uncorrected Co/Ny, in dB). As the IF fade simulator is
readjusted to achieve different prescribed fade shapes, its mean inser-
tion loss may also change. The change in insertion loss is determined
by monitoring the change in signal power at @; the same loss increment
(dB) must be added to the noise attenuator @ to reestablish the 0 dB
reference.
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3.2 IF two-path fade simulator f k
Figure 8 illustrates splicting the desired IF signal into an arbitrarily

phased, adjustable “main” component and a “delayed” component 3

fixed in delay (r ns) but adjustable in magnitude. The main component e
‘ is further resolved into orthogonal components (inset to Fig. 8) using ;
wideband networks exhibiting flac gain and well-behaved delay. A
particular sum vector is constructed by adjusting the orthogonal
components to establish a simulated fade notch frequency: in practice,
the phase sense of 0- and 90-degree components are independently
reversible, as indicated by the switches in the figure, for compiete
flexibility in notch frequency selection.

The 6.3-ns fixed delay added to the delayed path imparts a phase
shift of 159 degrees at the 70-MHz 1f center frequency. This is shown
built out to 225 degrees, relative to the 0-degree transmission path,
using a 66-degree wideband network of the same type. The delayed
vector is fixed in direction opposite the midrange position of the
adjustable main vector, corresponding to a channel-centered fade (¢
= ( degrees).

Since 1/+ = 158.4 MHz, a change of 1 degree in direction of the main
vector corresponds to a frequency displacement of the fade notch
: location of 0.44 MHz. For ¢ = -45 degrees, the notch location is
‘ displaced 19.8 MHz below the channel center (f, = —19.8 MHz). Tle

magnitude of the delayed component is then adjusted to achieve the

desired notch depth.
2% war :
: — ! ’
o |
— t
! 1 ’
L I ]
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1 m——ﬁ—’ MAIN EH
|
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Fig. 8—ir fade simulator—conceptual block diagram.

DIGITAL RADIO QUTAGE DUE TO FADING
6-47

T W BRI B AN TRy . VPRI 5



3.3 Digital radio performance stressed by in-band selectivity and thermal
noise

The radio equipment was measured at uniformly spaced notch
frequencies separated by 4.4 MHz (4¢ = 10 degrees). To fully charac-
terize a period of variation in ¢, or f,, ona would need to make 36 sets
of measurements. /deally, half may be omitted because of symmetry.
For given values of A and B, the same error rate should obtain for a
notch at a given frequency displacement above or below the channel
band center. Variations in B ought not to have a significant effect for
| ¢ | greater than 90 degrees. It was determined that detailed measure-
ments were required for nine different values of f, to characterize the
digital radio tested.

Using a wideband RF fade simulator in the field, the digital radio
performance for out-of-channel notch locations was relatively inde-
pendent of whether minimum or nonminimum-phase fade simulations
were employed. The nonminimum phase fade is modeled by eq. (1)
with the sign of the phase term reversed. This leaves the amplitude
[eq. (2)] unchanged, but reverses the sign of the envelope delay
distortion {eq. (3)]. We conclude that the minimum phase channel
model is sufficiently general for use in simulating the channel and in
estimating performance.

The 1¥ fade simulator was adjusted for each notch frequency, and
the depth of notch was varied by adjusting the magnitude of the
delayed component. Then various amounts of IF thermal noise were
added. Figure 9 typifies the performance data collected. BERs are
plotted versus the uncorrected IF carrier-to-noise ratio (C/N,), for a
constant fade notch offset from midchannel (f, = -19.8 MHz, r = 6.3
ns). Each curve corresponds to a different notch depth (B = =20
log(1-5) dB), and hence a different amplitude and delay shape in the
radio channel. Each curve is also identified with an in-band selectivity,
defined as the difference between the maximum and minimum atten-
uation present in the (25.3-MHz) channel bandwidth. The lower-left
‘“baseline” curve presents the unshaped signal, flat fading performance
obtained by adding only ir thermal noise. This curve was verified
(without the added IF noise) by attenuating the received RF input
signal in the back-to-back configuration.

Consideration was given to matching the order of measurements to
characteristics of the particular digital radio tested. For example,
considerable scattering of data at low error rates can resuit from
synchronizations involving different reference carrier phases. The au-
thors elected to perform several synchronizations while observing the
BER for each phase, and then chose that phase giving the worst
performance.* Synchronizacion was accomplished at the low error rate

* Because the phase information in the measured system was Gray coded and digita
access was on a -rail basis, one rail had twice the BER of the other two. All
measurements in the fieid and in the laboratory were made on this worst-case rail.
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(bottom) of each curve, and this phase relationship was maintained
for all data points obtained for each curve.

From the baseline curve of Fig. 9, a BER = 1 x 107° obtains for 10
log(C/Ny) * 21.5 dB. For the digital radio system instailed on the
instrumented hop and reported in the figure, the measured flat fade
margin for a threshold BER = 1 x 10 was 40.5 dB This leads to an
unfaded [F carrier-to-noise ratio 10 log(Co/Ny) s 21.5 + 40.5 = 62 dB.

From the baseline curve for a BER = 1 X 10™', note that insertion of
a fade whose notch depth is 6.5 dB resuits in four orders of magnitude
degradation in BER performance; equivalently, an in-band selectivity
of only 5.7 dB in 25.3 MHz resuits in a BER > 1 X 107,

The asymptotic regions in Fig. 9, corresponding to high values of C/
Ny, are not normally presented in characterizations of this type:
however, system outage depends primarily upon the performance in
these asymptotic regions. Thus, under typical fading conditions, the
transmitted carrier power might be increased at will without improving
the BER significantly. The effects of decreasing the carrier power are
discussed in Section 4.4.

A family of curves like those shown in Fig. 9 was obtained (but are
not given here) for each of nine uniformly spaced frequency offsets
below midchannel to characterize the digital radio system sufficiently
for the prediction of outage. A number of spot checks were also made
using both RP and tr fade simulators at symmetrical positive and
negative offset frequencies, to establish that acceptable symmetry
existed.
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IV. CALCULATION OF CUTAGE

This section describes four methods of calculating outage. The
derivation of the criticai curves of 4 and B, which provide the basis
for making and understanding these calculations, is given in Section
4.1. In Section 4.2 the detailed calculation of outage from the critical
A-B curves is described. It is shown in Section 4.3 that for the present
system this method may be greatly simplified by calculating only
selectivity-caused outage (i.e., neglecting thermal noise). Section 4.4
presents an approximate method of accounting for the effects of
thermai noise. Section 4.5 provides a basis for estimating the selectiv-
ity-caused outage from a single measurement.

4.1 Derivation of critical characteristics

To calculate the outage for a fixed bit error rate, one must first
obtain the critical curves of A and 8 at each simulated value of f,, the
notch position. Thus, from Fig. 9 which corresponds to f, = =19.8 MHz
(or ¢ = —45°), we obtain six points on the critical curve of 4 and B for
a BER of 107, one point from each of the six curves which cross the
critical BER. The value of B is obtained from the value of b since

B = =20 log(l - b). (8)

For the curve in Fig. 9 corresponding to B = 4.4 dB, we obtain the
corresponding critical vaiue of A for a BER of 10~ from the value of
carrier-to-noise ratio, which is 20.2 dB where this curve crosses the
107 BER line. Since the carrier-to-noise ratio is 62 dB when the channel
is unfaded, the 20.2 dB value corresponds to a relative average power
loss of 41.8 dB,

L, =62 =202 = 41.8 dB. (9)

Without loss of generality, we assume that the pPsSK signal has a
rectangular spectrum of width f,; consequently, the relative power
transmitted by the model is obtained from eq. (2) as®

)

1
Poy = — H(w)? dw
“= 5 ), A
= a*l 1 + 5% - 2b cos 2ﬂﬁ,r<M> . (10)
st
* The calculated result s not cntically dependent on the flathess of the signal
spectrum or the width chosen. We have used for /, a value of 25.3 MHz as
representing the e ive width of the signal.
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Defining a correction term by

C=-10 log{l + b% = 2b cos 27ﬂr<5i:f:rfbr>}, (11)
we may express the signal loss as
Li,=<10logP,, = A + C. (12)
Thus, we obtain the critical value of A as
A=L,-C. {13)

For B = 4.4 dB (b = 0.4) and f, = —19.8 MHz, we find C = 2.06 dB and
the critical value of A is 41.8 - 2.1 = 39.7 dB.

Carrying out these calculations for the six curves in Fig. 9, one can
generate the critical curve of 4 and B for f, = —19.8 MHz and a BER
of 107, The curve is shown in Fig. 10 along with the critical curves for
several other values of the BER. A complete set of curves must be
generated for all values of f,.

The curves in Fig. 10 are typical of the critical curves obtained for
| f>} = 33 MHz. The intercept with the A-axis represents the flat fade
margin for the given BER; this margin is independent of notch position.
The intercept of a critical contour with the B-axis represents the
shape, or relative fade depth, margin for the given notch position. For
values of B to the right of this intercept, the critical value of BER
cannot be obtained at any carrier-to-noise ratio for the given notch
position.

4.2 Outage caiculation— detailed method

The probability, P, of finding A and B outside all critical contours
may be written with eqgs. (5), (6), and (7) as

Po - J’ p0(¢)Pc(¢) d¢1 (14)

-

where

P.(¢p) = f J’ PalNpa(X) dY dX, (15)
0 JA.0

and A.(X) is the functional relation of the critical vaiues of A to B (or
X), for B less than B., the B-axis intercept, and for a given BER and o
value.* Since measurements were made for a uniformly spaced set of
notch positions with spacing A¢ = 10°, we may approximate (14) by

* The dependence of the function A.(X) and the asymptote 8. on BER and ¢ 18 not
explicitly denoted to keep notation simple.
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Fig. 10—Critical curves of A and B for f, = -19.8 MHz,
Po = Ap Z Po((b-)Pc((#:) (16}
All o;

To illustrate the calculation of outage probability with egs. (15) and
(16), we shall calculate the term in the summation of eq. (16) corre-
sponding to a BER of 107 and ¢; = —45° (or f, = —19.8 MHz). From
Fig. 11, which is taken from Fig. 10, we note that the double integral
in eq. (15) may be broken into integrations over two regions. Thus

P.(¢:) -J J’ palYpa(X) dY dX (17

8,
B8, r=
+ f J Pa(Y)ps(X) dY dX,
0 AKX

where the two double integrals correspond to integrations over Regions
1 and 2, respectively, in Fig. 11. Qutage due to the occurrence of A and
B in Region 1 may be described as outage due only to shape or
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selectivity. In Region 2, outage is due to the combined effects of signal
loss and selectivity.

Using eqgs. (5) and (6), the integral over Region 1 is obtained as
¢332 The contribution due to thermal noise and shape (Region 2) is
; slightly more complicated. Dividing the interval 0 to B. in Fig. 11 into .
' N subintervals, as shown in Fig. 12, the probability of being in Region P

2 is the sum of the probabilities for each subinterval. Thus eq. (17) :
becomes

N - .
P.(¢i) = e~ B:/38 4 Z [e—B._./J.s - e-B"“]P, <A;%Eﬂ), (18) i

fewmt

where

REGION 2
- — 4o~ —-SELECTIVITY AND THERMAL
NOISE LIMITED

| | _

20 Lug (4} IN UECIBELS

30 REGION 1

SELECTIVITY LIMITED

A -

5 1 4 I . L J

0 3 8¢ 10 18 20 25 30
8 = 20 Log (1~} /N DECIBELS

1 Fig. 11—Classification of outage with respect to critical curve for BER = 107", fo =
19.8 MHz.
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Fig. 12—Outage calculation for an incremental interval

Evaluating the two components of eq. (18) from Fig. 11, we find
P.(=45°) = 0.181 + 0.003 = 0.184. (20)

This calculation was performed for 10 values of ¢; from -3 to —85
degrees in 10-degree steps. Using these results in eq. (16) and multi-
plying by two to account for positive values of ¢; which are assumed to
contribute equally, we find the probability, P, for a BER of 107 as

P, = 0.0996.
The expected outage for the data base period is, then,
T, = 5400 x 0.0996 = 538 seconds. (21)

4.3 Outage caiculation-— selectivity only

It is apparent from eq. (20) that most of the outage for the system
under study is caused by selectivity, fades characterized by A and B
values in Region 1. From eqs. (14) and (17), we may express P,,, the
probability of outage due to selectivity, as
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P, = f f Dol0)palX) dX do. (22)
- B(_

For the system studied for a BER of 107%, a finite B. is obtained only
for | 9i| < 90 degrees. Hence, we may use eq. (7) to simplify (22)*

- 2A¢ 2 -8.(6)/38

P, 316 gl e . (23)
From eq. (23) we see that the outage due only to selectivity depends
on the relationship between B., the asymptote of critical B values, and
the notch angle or notch frequency. Figure 13 shows the relationship
between B. and the notch frequency for four values of BER. It is
apparent from eq. (22) that the outage probability is the probability of
finding B and /, values in the region above this curve. Such curves,
therefore, provide a useful basis for evaluating the selectivity outage

of a digital radio system.

4.4 Outage calculation— approximate method

For a radio system sensitive to both thermal noise and selectivity,
the caiculation of Section 4.3 is inadequate and that of Section 4.2 is
unduly cumbersome.

To illustrate a simpler, but generally applicable, method and at the
same time to provide a useful incidental resuit, let us evaluate the
effect of reducing the transmitted power by 10 dB. For the reduced
power system, the carrier-to-noise ratio would be 52 dB for the unfaded
channel, and the critical curves of A and B would be shifted by 10 dB.
Figure 14 shows the critical curve of A and B for a 10™* BER and f, =
--19.8 MHz with an overplot of the conditional mean of the distribution
of A. The dotted curves on Fig. 14 represent 2-sigma intervals on
either side of the mean. From the properties of the Gaussian distri-
bution, one may determine that more than 95 percent of the values of
A and B will lie between these two dotted curves. We designate as An
and B, the coordinates of the intersection of two curves: the critical A
— B curve and the conditional mean curve. Then approximating the
critical curve of A and B with a straight line segment tangent at (A,
Bn), with slope s, we may approximate the probability of outage by
integrating the probabilities over the region to the right of the tangent
line. Using eqs. (15) and (16), we obtain

All o,

P,=Abd T puo) f f Pa(Nps(X)dY dX. {24)
0 JA enB-B,

° The factor of two is required in eq. (23) because the indicated summation corre-
sponds to an integration only over negative notch frequencies (¢ < 0).
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Interchanging the order of integration and ignoring* the B dependence
of Ao(B), this becomes

P, 'Atb Z p0(¢i)e-5,..,3.8e0.866/r'. (25)
All o;

Evaluating eq. (25) for a 107’ BER and multiplying the result by 5400
gives an outage estimate for the data base period of 602 seconds.
Recalculating the total outage time at a 10~ BER using the method of
Section 4.2 {egs. (16) and (18)] gives 636 seconds, which verifies the
accuracy of the approximate method. The estimate of 636 seconds was
calculated as an upper bound; the 602 seconds calculated using (25)
tend to be a lower bound. We conclude that backing off transmitted
power by 10 dB would increase the outage by about 12 percent (538 to
602).

4.5 A further simplification

In chis section, we show that the outage due to selectivity can be
estimated approximately for a given BER from a determination of the
in-band selectivity required (with the notch out-of-band) to produce
that BER. Such a measurement may provide a useful approximation
for any digital system using quadrature modulation components;’
however, we provide a justification based on the performance of the
system at hand. In-band selectivity is defined as the difference between
the maximum and minimum attenuation present in the (25.3-MHz)
channel bandwidth.

Since the in-band selectivity is a constant for any of the curves
shown in Fig. 9, one can use Fig. 9 to plot the asymptotic BER against
in-band selectivity for f, = —-19.8 MHz. Such a plot was generated for
each notch position measured to produce the family of curves shown
in Fig. 15. Note that, except for notch positions near the band center,
the BER is uniquely related to the in-band selectivity. Neglecting the
in-band notches, we find that a 10~* BER corresponds to an in-band
selectivity of 5.5 dB.

If we use the original model of eq. (2) to determine the values of B
that will produce an in-band selectivity of 5.5 dB for a number of
different notch positions, we would generate Fig. 16. It is apparent that
for this system there is a good correspondence between the curves of
asymptotic performance (Fig. 13) and the curves of constant in-band
selectivity (Fig. 16).

To reinforce this conclusion, we provide Figs. 17, 18, and 19. Figure
17 shows the locus of in-band selectivity in a 25.3-MHz band corre-

* Including the effect of the siope of An(B) at B = B,, gives the same symbolic resuit
witg ) ugcrpnud as the algebraic sum of the siope of the tangent and dA./dB evaluated
at - Om.
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sponding to each of the curves of constant BER in Fig. 13. That is, for
each BER and each value of notch position, f,, we have plotted the
peak-to-peak amplitude difference in the band for the corresponding
value of B., the asymptotic critical value of B. Figure 18 shows a
similar set of curves with the peak-to-peak delay distortion in a 25.3-
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Fig. 18—Peak-to-peak envelope delay distortion in 25.3-MHz bandwidth correspond-
ing to asymptotic critical values of notch depth (B.) for several values of BER.

MHz band as the ordinate. Similarly, Fig. 19 has as the ordinate the
“slope,” or amplitude difference at a separation of 25.3 MHz. It is again
clear from these three figures that the in-band selectivity is the
relevant channel impairment giving rise to errors. We see from Fig. 18
that, for out-of-band notches, high BERs are obtained with very smail
values of peak-to-peak delay distortion, and from Fig. 19 that for in-
band notches high BERs are obtained for very small vaiues (zero at
mid-band) of slope.
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asymptotic critical values of notch depth (B.) for severai values of BER.

The model data base was analyzed to determine the time during
which the in-band selectivity in a band of 25.3 MHz exceeded a given
value. Figure 20 presents this distribution for in-band selectivity as
calculated from the modeled fits. Figure 20 can be used directly in
conjunction with Fig. 15 to calculate the outage times for the model
data base.* For instance, from Fig. 15 we note that 5.5 dB of selectivity
corresponds to 2 10~° BER. We use Fig. 20 to determine that 5.5 dB
was exceeded for 52V seconds.

V. COMPARISONS OF CALCULATED AND OBSERVED QUTAGES

Using the methods of Sections 4.2 to 4.5, outage times were calcu-
lated for bit error rates of 1072 to 10~° for both the model data base
period and for a heavy fading month, by multipiying the outage
probabilities by 5400 and 8100, respectively.

5.1 Mode| dats base period

Calculated and observedt outages for the model data base period
are shown in Table L. In general, comparing the calculated resuits with
observed results, we see that the outage is underestimated at high
BERS and overestimated at low BERS. Any estimation procedure based
on the current modeied state of the channel will tend to underestimate

* {n practice, one would use a singie measurement of in-band selectivity. For instance,
ixa F’ig. 9 one would take the 5.7 value corresponding to the curve asymptotic at a
107’ szn.

+ Because of quantization, the outage times observed from the field experiment
correspond to bit error rates of 1.26 x 10™°, 1.57 x 107, 0.981 x 107', and 1.19 x 107"
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Tabie |=——Qutage in modeling data base perioc (seconds)
sgR= 107 107 100 107

Observed 636 903 1191 1487
Detailed calculation (Section 4.2} 538 960 1430 1860 :
Approximate calculation (Section 4.4) 527 950 1420 1830 3
Asymptotic calculation (Section 4.3) 527 950 1420 1830 t
Selectivity calculation (Section 4.5) 510 900 1570 2730

outage at high BERS because of hysteresis effects in the radio receiving
equipment. That is, when the channel condition becomes sufficiently
severe, the bit error rate becomes high enough (on the order of 10~%)
that the timing and/or phase of the radio system breaks lock. If the
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channel impairment becomes less severe, the BER will not improve
until the system resynchronizes. The hysteresis is important at the
10~ BER, since a significant fraction of the events that cause 10~ BER
will cause the system to break lock.

One would expect to overestimate the outage at low BERs because
of the method of taking dacta. Recall that, in measuring the curves in
Fig. 9, it was found that the BER depended on the phase to which the
system had locked. The recorded performance represented the worst-
phase condition. At a 10~° BER, the best phase produces a BER that is
about !4 that produced by the worst phase; the difference in BER from
worst to best phase at a 10~ BER is negligible. Hence, one would
expect outage to be overestimated significantly at low bit error rates.

In comparing the outage calculated from in-band selectivity (Section
4.5) to the outage observed, we find that the overestimation of outage
at low BERs is more severe than with the other methods. This is due
to the greater sensitivity of the differential selectivity method to the
bias induced by choosing the worst-case phase. For instance, compar-
ing calculations at a 10™® BER, we find that Fig. 20 is steeper for
amplitude differences near 2 dB than is Fig. 3 near B values of 3.5 dB.
(Figure 9 verifies the appropriateness of this comparison). More gen-
erally, one expects the method based on in-band selectivity to overes-
timate the outage because the method is based on notches out of band.
From Fig. 15, it is apparent that, for a given A4, some scans will not
have the BER specified.

We conclude that, although calculation of outage from sensitivity to
in-band selectivity provides quick estimates, they are less accurate.
The calculation requires knowledge of the distribution of in-band
selectivity over a specified bandwidth. These statistics are neither
simple nor generally available. It has been shown,'° for instance, that
slope statistics have a nontrivial dependence upon the measurement
bandwidth.

It is clear that the calculations based on selectivity (Sections 4.3 and
4.5) agree for the system studied here because that system has very
little outage due to thermal noise limitations, and because it is sensitive
primarily to in-band amplitude excursions. The extent to which these
statements are true for other systems is currently unknown.

5.2 Outage o:i a monthly basis

The results in Table | may be put on the basis of a heavy fading
month by increasing them by a factor of 1.5, as discussed in Section
2.2. The resulting outages (including the scaled observed outage) are
compared with the outage observed in a one-month period® in Table
I1. We see that the outage times observed in the total one-month
period agree well with the values obtained by scaling the observed
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Table Il—Qutage in a heavy fading month (seconds)

BER= 10 107* 100 107
Qbserved (Ref. 8) 1000 1320 2100 2900
Scaled observation from Table [ 955 1350 1790 2230
Calculation (Section 4.2—4.4) 300 1430 2140 2780
Selectivity calculation (Section 4.5) i 1350 2350 4100

outage for the data base period used in modeling, except for the slight
divergence appearing at low BERs. This divergence should not be
unexpected for this equipment. As may be seen in Fig. 15, a 10™° BER
may be caused by differential amplitude selectivity in band of 2 dB.
Such modest amounts of selectivity may be expected to occur some-
times in the presence of very moderate selective fading. The modeling
data base was constructed by selecting only periods of significant
selective fading. This reinforces the comments made in conjunction
with Fig. 3, namely, that the model distribution of B represents a lower
bound for small values of B which can contribute to outage at the 10™°
BER level.

VI. CONCLUSIONS

We have demonstrated the validity of a technique for estimating the
unprotected outage of a digital radio system due to selective fading on
a particular hop in the 6-GHz common carrier band. The technique
required field measurements to statistically characterize the param-
eters of a model of propagation on the hop. It also requires performance
data obtained in the laboratory for the radio system by stressing it
with a two-path fade simulator with a differential path delay of 6.3 ns,
corresponding to the fixed delay channel model. Since the radio path
on which these measurements were made has a length close to the
average for the Bell System long haul radio network and has an
average incidence of fading activity, the channel model is representa-
tive of a typical path. At the very least, the technique provides a basis
for determining the relative merits of various digital radio systems
operating without benefit of space diversity.

For the system under test, outage was calculated by four different
methods. Because this system was selectivity-limited rather than
noise-limited, all four methods predicted approximately the same
outage as that summarized in Table [; however, the method based on
in-band selectivity is more severely biased at low BERs. The method
based on asymptotic performance and that based on in-band selectivity
can only be used to estimate outage due to selectivity. If the transmit-.
ted power of the system under test were reduced by 10 dB, both of the
other two methods, the detailed and the approximate method, would
predict an increase in outage time of about 12 percent.
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Transmission Unavailability of Frequency-
Diversity Protected Microwave FM Radio
Systems Caused by Multipath Fading

By A. VIGANTS and M. V. PURSLEY
(Manuscript received April 2, 1979)

Estimates of transmission unavailability caused by multipath fad-
ing are needed to determine the adequacy of diversity protection
arrangements. A computer program producing such estimates was
made available for general Bell System use in 1977. In this paper, we
summarize the underlying mathematical model of frequency diversity
operation and atmospheric multipath fading and use it to study
frequency diversity behauvior.

l. INTRODUCTION

Microwave FM radio systems utilized in the Bell System provide
protected broadband communications channels that generally have a
capacity, depending on the frequency band and on the type of equip-
ment, of 1200 to 2400 message circuits per channel. The protected
channels, with protection provided by radio switching systems, are
referred to as “working” channels, to distinguish these from the actual
radio channels, which are assigned as either “regular” or “protection”
channels. The number of regular channels in a radio system equals the
number of working channels. Equipment failures, atmospheric fading,
or other impairments in a regular channel cause temporary transfers
of the communications traffic to a protection channel at a different
radio frequency, if an unoccupied and unimpaired protection channel
18 available. In the case of fading, such frequency-diversity protection
switching capitalizes on the frequency selectivity of the muitipath
fading process, where, at an instant in time, the strength of the received
signal is a function of frequency. The Bell System long-haul microwave
FM radio network contains approximately 1600 one-way frequency-
diversity switching sections (800 route segments) with an average of
three radio hops per switching section.
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The communications traffic in a working channel can be temporarily
subjected to high noise when, in a switching section, the number of
impaired radio channels exceeds the number of protection channels.
Bell System practice is to describe this in terms of the amount of time
during which the noise in a working channel exceeds 55 dBrnc0 in a
message circuit at the top frequency assignment in the baseband.' In
this paper, this time is referred to as “service failure time” in accord-
ance with designations on protection switching equipment and termi-
nology used in the operation of the plant. The terms “service failure”
and “outage” are frequently synonymous,' but use of the lacter term
can sometimes result in semantic difficulties. since some service fail-
ures may not resuit in outages as perceived or defined by some
comrnunications users.

In modern microwave radio systems, protection requirements are
frequently governed by the presence of multipath fading,” " as opposed
to causes associated with equipment or human intervention.' Esti-
mates of service failure time due to muitipath fading are therefore
needed to determine the adequacy of diversity protection arrange-
ments when new routes are planned, when transmission parameters of
existing routes are changed, or when alternate protection strategies are
considered for future use. In 1977, a computer program producing such
estimates was made available for general Bell System application. It
is extensively used to treat everyday design and planning tasks on an
individualized basis for microwave FM radio routes equipped with
frequency-diversity and space-diversity’ protection.

A mathematical model of frequency-diversity operation and muliti-
path fading is central to the computer program. In this paper, the
model is summarized and utilized to study representative radio systems
on fully and partially developed routes. The effect of radio channels
with reduced fade margins, the service failure time of individual
channels, and parameters that can be used to characterize frequency-
diversity systems are treated. A discussion is included of the addition
of space-diversity protection to frequency-diversity protection, often
necessary to reduce service failure time.

The numerical results presented in this paper should be considered
in the context of transmission performance objectives. A proposed
design or modification of a frequency-diversity protection switching
section containing S radio hops is satisfactory when

T Ths Too )
A=

where T, is the estimated service failure time of an average radio
channel due to muitipath fading on a particular radio hop. The service
failure time due to simuitaneous deep fading on different hops is much
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smaller and ‘s therefore neglected in the above expression. The design-
objective time T.; is obtained from the reliability objectives for
microwave FM radio, which specify an annual outage of 0.02 percent or
less due to all causes for a two-way circuit on a 4000-mile long-haui or
a 250-mile short-haul route.' In practice, this objective is prorated to
the actual distance and applied to the service failure time. One-haif
the objective is allocated to multipath fading, and the other haif to
equipment, maintenance, and other causes.’ For multipath fading, one-
haif the 0.01-percent two-way allocation is applied to each direction of
transmission. This accommodates customers that may transmit in only
one direction and conforms to the structure of the plant, where
independent protection switching systems and different radio frequen-
cies are used in the two directions of transmission. Furthermore, the
service failure time associated with a single protection switching sys-
tem can be expected to be substantially larger than the service failure
time occurring simuitaneously in the two directions, since the latter
kind of failure requires simultaneous deep fading on a larger number
of radio channels. Consequently, the one-way multipath-fading service
failure time objective for a section of a route containing S hops is, in
seconds per year,

S
Ton = (1600/ Dee) /.Z D, (2)
-
where D is 4000 miles for long-haul and 250 miles for short-haul
radio, and Dx is the hop length in miles. In the case of a frequency-
diversity switching section containing a single 25-mile hop, the values
of T.uny are 10 seconds per year for long-haul and 160 seconds per year
for short-haul radio. In the past, it was often assumed that only half
the hops on a long route would experience significant fading.'® This
assumption is no longer necessary, since fading estimates can now be
made for every hop on-a route.*?

Il. THE MATHEMATICAL MODEL

The service failure time of an average working channel, caused by
muitipath fading on a particular radio hop, can be expressed as

Ty = N~'Zy, (3)

where NV is the number of working channels and Z,, referred to as the
facility service failure time, is the sum of the service failure times of
the working channels. The facility service failure time can be expressed
as

N

Zy= T iT"(i), (4)

-]

TRANSMISSION UNAVAILABILITY

7-4




where T (i) is the accumulated time during which exactly { of the N
working channels experience service failure. The terms in chis sum are
associated with simultaneous fading of radio channels. For a frequency-
diversity protection switching section with M radio channeis of which
u are protection channeis,

M=uyu+N, (5)
eq. (4) becomes

N
Zi=m Y T (u+1i), (6)
-y
where T (4 + {) is the accumulated time during which exactly u + { of
the M radio channeis have failed simultaneously. A failure in this
context is an exceedance of the 55-dBrnc0 noise value.

The simultaneous fading of radio channels is normally described in
terms of the amount of time during which particular sets of u + i
channels have failed, with the status of the other M = u - i channels
not specified. With such a time denoted by T.(u + i), the expression
for Z» becomes an alternating series

N Jluen

Zy= Y ‘Z (=D*'CUZ* Tl + 1), 0
(2] -

where /(u + {) is the binomial coefficient C¥,,, and where the subscript
k enumerates the sets of 4 + { channels obtainable from the M
channels. This expression has been used by other authors,’ but its
general mathematical equivalence to the definition in eq. (6) has not
been demonstrated; a proof of this equivalence is supplied in Appen-
dix A.

The expressions for the simultaneous failure time of a number of
radio channels, denoted by T (« + i), are based on a generalized model
of simultaneous multipath fading in an arbitrary number of radio
channels obtained empirically from experimental data. The estimation
of the amount of fading and the calculation of T4 (u + {) are summarized
in Appendix B. A simplified form of T.(u + i), without path length
dependence and without accommodation of fade margin differences
between radio channels, has been utilized previously to demonstrate
the feasibility of joint frequency-diversity protection for radio systems
in the 4-GHz and 6-GHz bands."'

Numerical evaluation of Z, from the alternating series requires a
computer program that efficiently selects and classifies radio channel
combinations from a particular frequency plan and calculates the
corresponding values of TW(u + ¢), since che number of terms can be
large. For example, there are 184,756 ten-channel combinations when
all radio channeis in the 4-GHz and 6-GHz bands are used (400A
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protection system with 2 protection and 18 regular channels). The
computation of the combinations is discussed in Appendix C.

Il. REPRESENTATIVE RESULTS FOR FULLY DEVELOPED ROUTES

A fully developed 4-GHz route contains a totai of 12 radio channels
consisting of one protection channel and 11 regular channels. The
notation 1 X 11 is used to describe this. On fully developed 6-GHz
routes, the total number of radio channels is 8 and the protection
scheme is 1 X 7. When both bands are utilized, the two. protection
channels can be placed in the 6-GHz band, which results in 2 x 18
protection.

Representative estimated values of service failure times for these
protection schemes can be obtained from calculations for a switching
section containing one 25-mile hop with average terrain and climate.
Without diversity protection, the service failure time of an average
channel in the 4-GHz band is 269 seconds per year for a fade margin
of 37 dB. In the 6-GHz band, the corresponding service failure time is
208 seconds per year for a fade margin of 49 dB.

When 2 X 18 protection is applied, the calculated service failure time
is 6 seconds per year, which meets the long-haul objective of 10 seconds
per year. Use of one of the protection channels for temporary service
in the fading season increases the service failure time to 15 seconds
per year as a result of the 1 X 19 configuration. The fade margin affects
the service failure time. With diversity protection applied, a 5-dB fade
margin decrease in all channels increases the service failure time by a
factor of ten (Fig. 1).

For 1 x 11 and 1 X 7 protection, the calculated service failure times
are about 15 seconds per year (Fig. 1). Prior to a conversion to one
protection channel per band, required by spectrum conservation mea-
sures, the service failure times for 2 X 10 and 2 X 6 protection wouid
have been about 6 seconds per year, meeting the long-haul objective.

The relative positions of the curves in Fig. 1 are significant. For
example, the service failure time of an average channel in the 2 X 18
scheme is between those for average channels in the 2 X 10 and 2 X 6
schemes. This suggests that, because of decorrelation of fading between
the 4-GHz and 6-GHz bands, the 2 x 18 functions part of the time as
a 2 X 12 and part of the time as a 2 x 6.

The frequency-diversity parameters that can be used to scale the
results to other path lengths and climatic conditions are discussed in
Appendix D.

IV. PARTIALLY DEVELOPED ROUTES

On partially developed routes where only a part of all available
frequency assignments is utilized, the service failure time is a function
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AVERAGE SERVICE FAILURE TIME* SECONDS PER YEAR
)

1 L L i
-5 —4 -2 0 2 4 6
DEVIATIQN FROM FADE VARGIN, ALL CHANNELS, IN OECIBELS

Fig. 1~~Service failure time of average working channel due to multipath fading on a
25-mie hop with average climate and terrain. Fade margin = 37 dB, 4-GHz band: fade
m.'a?iflt' = 40 dB, 6-GHz band; average annual temperature = 55°F; terrain roughness

* Average service failure time and service failure time of average working channel are
synonymous in the context of this work.

of the frequency arrangement of the radio channeis. A “best-case”
arrangement is one where the frequency separation of adjacent chan-
nels is maximized. In a “worst-case” arrangement, the channeis are
crowded into the high end of the frequency band. Such arrangements
do not necessarily correspond to actual or permitted growth strategies,
but they do provide bounds for the variation of service failure time on
partiaily developed routes.

In continuation of the example in Fig. 1, calculated results for the
best and worst cases are shown in Fig. 2 as a function of the number
of working channels. The best-case results for the 4-GHz band show
that the 10 seconds-per-year long-haul objective cannot be met by
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AVERAGE TERRAIN AND CLIMATE
2 25MILE PATH

FADE MARGIN = 37 dB, 4GHz BAND
20 * 10d8. 6-GHz BAND

4-GHz WORST CASE

= "6GH

WORST CASE 4GHz BEST CASE

COMBINED 4-GHz AND 6-GHr:
WORST CASE

BEST CASE
PROTECTION CHANNELS:

ONE “tmmm — TWO

0 i I L I bl L L 1 L | SN L | A ,
1 23 4 5 6 1 38 9 10 1 12 13 14 15 8 17 18
NUMBER OF WORKING CHANNELS

Fig. 2—Bounding cases for service failure time of averasge working channels. Fre-
quency assignments are listed in Appendix E.

AVERAGE SERVICE FAILURE TIME, SECONDS PEH YEAR

frequency diversity alone when the number of working. channels is
larger than seven. The ripple in the worst case is caused by the
alternating 20-MHz and 60-MHz increments as channeis are added.

In the 6-GHz band, the long-haul objective cannot be met by
frequency diversity alone when the number of working channeis is
larger than four. The 6-GHz worst case is better than the 4-GHz worst
case because the 6-GHz fade margin is larger than the 4-GHz fade
margin in this example.

In a combined protection system for the two frequency bands.
introduced after the 4-GHz band is fully developed, the arrangement
of the channels in the 6-GHz band has only a small effect on the
service failure time of an average channel, which varies between 5 and
6 seconds per year.

V. EFFECT OF CHANNELS WITH REDUCED FADE MARGINS

A radio channel with a substandard fade margin experiences a failure
time that is larger than normal. The presence of such a channel
increases protection unavailability, which results in increased service
failure times for all working channels. The increase in the service
failure time of an average working channel, caused by the presence of
one or two substandard radio channels on a fully developed route, is
shown in Fig. 3 as a function of the reduction of the fade margin from

TRANSMISSION UNAVAILABILITY

7-8

way




FACTOR BY WHICH AVERAGE SERVICE FAILURE TIME IS INCREASED

L L
Q 2 4 8 8 10
DECREASE IN FADE MARGIN IN DECIBELS

Fig. 3—Increase in service failure time of a working channel when fade
are reduced for: (1) all radio channeis; (2) two chanmhmlx?sysum.sc
(3} two midband channeis in 1 x llsyucm.4GHz:(4)onomdb¢ndchnndm1x7
system, 6 GHz; (5) one midband channel in | X 11 system, 4 GHz.

its normal value. As an example, the service failure time of an average
working channel in a 1 X 11 system is doubled when the fade margin
of one midband radio channel is degraded by 7 dB; this is equivalent
to a 1.5-dB degradation of the fade margins of all channels.

The service failure time indicated by a protection switching monitor
actuated by the protection switching equipment can be larger than the
actual service failure time if adjustments in the protection switching
system are incorrect so that, for a particular channel, a transfer to
protection occurs early, at a noise value smaller than 55 dBmc0. The
actual service failure time, while smaller than that indicated (Fig. 4),
is larger than normal because occupancy of the protection channel has
beer: increased.

Transfers to protection are normally permitted only when the
amount of noise after the transfer is at least a few decibels smaller
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e (NOICATED SERVICE FAILUAE TIME
o= emem ACTUAL SERVICE FAILUAE TIME

| '-'I—I'—I'-I"T'q

—

FACIUR BY WHICH AVERAGE SLRVICE FAILUKE 1IML IS INCHLASLD
TTTTY
\

EARLY TRANSFER IN DECIBELS
Fig. 4=—Increase in service failure time of average working channel when cransfer to

protection occurs early for: (1) all channeis: (2) one midband channel in 1 X 7 system, §
GHz: (3) one midband channel in | x 11 system, 4 GHz.

than 55 dBrncO. The increase in service failure time due to a 3-dB
difference of this kind is very roughly the same as that due to transfers
to protection that occur 3 dB early. From Fig. 4, this is equivalent to
a fraction of a decibel decrease in the fade margins of ail channels.
Consequently, such differences associated with the protection channeis
are not included in the mathematical model presented in this paper,
since their relatively small effects do not justify the added analytical
and computational complexity.

VI. SERVICE FAILURE TIME OF INDIVIDUAL CHANNELS

In addition to the service failure time of an average channel utilized
in engineering applications, the mathematical model developed in this
work can provide other information about the operation of frequency-
diversity protection. In particular, the service failure times of individ-

TRANSMISSION UNAVAILABILITY

7-10

S

e e e

v —
i« - .




ual working channels can be obtained from a decomposition of the
facility service failure time.

As an example, consider a 1 X 3 protection system in the 4-GHz
band with parameters as in Fig. 2, utilizing channels 2, 4, 6 and 8 (80-
MH2z separation of adjacent channels). The simultaneous failure times
for particular sets of exactly z + { channels are needed in the decom-
position. These times, denoted by T (« + i) and listed in Table I, are
summations [as specified in eq. (14)] of the failure times Tw(u + i)
calculated as outlined in Appendix B. The numerical values illustrate
the frequency selectivity and frequency dependence of muitipath fad-
ing. For example, the failure time of channels 2 and 4, but not 6 and 8,
which can be caused by a siope in the frequency response, is 2.58
seconds. The failure time of channels 6 and 8, but not 2 and 4, is 3.07
seconds. This is larger than the 2.58 seconds because the amount of
fading increases with frequency. The failure time of channels 4 and 6,
but not 2 and 8, is 2.22 seconds. This is smaller than either the 2.58
seconds or the 3.07 seconds because this failure resuits from a minimum
in the frequency response. The facility service failure time for this
example is, from eq. (6),

8 4
Zo= 3 T2 +2 3 Tad + 3 Tid)
k=i k=]

=881 +2x212+3x 100
= 16.05 channel-seconds per year. (8)

The corresponding service failure time of an average channel is, from
eq. (3), one-third of this

Tx = 5.35 seconds per vear. 9

About 45 percent of this time occurs when 3 or all 4 of the radio
channels have failed simultaneously.

The expressions for the service failure time of individual channels
are obtained by inspection from Table L In the case where channel 2
is used for protection, the service failure time of the working channei
assigned to channel 4 is

T = T1(2) + (%) T4(2) + (*4) Ti(2)
+ T1(3) + T3) + (%) Ti3) + Ti(4)
= 6.484 seconds per year, (10

where the fractions are based on statistically equal protection occu-
pancy in cases of simuitaneous failures,

The results of such calculations (summarized in Table IT) show that
the location of the protection channel affects the spread of the individ-

THE BELL SYSTEM TECHNICAL JOURNAL, OCTOBER 1979

7-11

PP R Ao




: r
.3
/
: Table i—=Simuitaneous failures of 3
. exactly u + i radio channeis. Channel
1 numbers: 2, 4, €, 8; frequencies, GHz:
3.73, 3.81, 3.89, 3.97.
T lu+ i),
u+i k Channeis sec/year
2 1 2,4 2.58
2 2 2.6 0.37
2 3 2,8 0.17
2 4 4,6 2.22 ;
! 2 5 4,8 0.40 .
2 6 6,8 3.07 :
1 3 i 24,6 0.77 .
3 2 2.4.8 0.23 :
3 3 2,68 0.23
3 4 4,6.8 0.89 ,
{ 4 1 2.4,6,8 1.00 ‘
Table ll—Service failure time of individual working channeis for a L
‘ 1 x 3 system in the 4-GHz band. Channel numbers: 2, 4, 6, 8;
frequencies, GHz: 3.73, 3.81, 3.89, 3.97. :
Service Failure Time, Seconds/Year l 1
| (percent of average in parentheses) ,
‘ Protection channel assignment by
; Working L
Channei* 2 4 ] 8 _
2 - 5.003 3.898 3.618 P
(94) () (68) 3
. 4 6.484 - 6.524 5434 '
(121) (122) (101) 3
6 5.608 6.753 - 6.998 |
(108) (126) (131) b3
8 3.958 4.294 3.628 -— ’
(T4) (80) (108) .
Total seconds 16.05 16.05 16.05 16.05 ! :
Range of percent:
Mgu'\i:mm “ 74 80 73 68
Maximum 121 126 122 131
- * Working channels in this table are identified by the number of the corresponding
1 regular radio channel.
ual service failure times. The facility service failure time and, therefore,
the service failure time of an average channel are not affected by the ‘
location of the protection channel. The largest spread of the individual .
service failure times (68 to 131 percent of average) occurs when the i
channel at the highest frequency (channel 8) is used for protection.

Protection channel assignments could be optimized based on results i
such as those presented in Table II. However, a general treatment of |
this is beyond the current scope of this study. it

i‘ '
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Vil. ADDITION OF SPACE DIVERSITY TO FREQUENCY DIVERSITY

Space-diversity protective switching capitalizes on the spatial selec-
;‘ tivicy of the multipath fading process, where, at an instant in time and
| at a given radio frequency, the strength of the received signal is a
‘ random function of location along the height of the receiving tower.>"? !
, For FM radio carrying analog message traffic, space-diversity in most
cases in the Bell System consists of two vertically separated receiving
antennas and, for each radio channel, a waveguide switch that connects
a receiver to either of the two antennas. The switch is activated when
the receiver input decreases below a threshold.

The presence of digital traffic in the FM radio network affects the
choice of timing in the switch. The number of antenna-to-antenna
transfers should be as smail as possible, since these can cause errors in
digital transmission. For thresholds corresponding to fades deeper
than about 35 dB, this is accomplished when, in the case of simuita-
neous fading on the two antennas, the interval between repeated
transfers is 10 seconds. Intervals longer than this cause significant
increases in the service failure time of analog message circuits. i

! When added to frequency-diversity to reduce service failure time,
space-diversity is activated before frequency-diversity to avoid unde-
sirable interactions of the two protection systems. Currently, fre-
quency-diversity is activated at a noise threshold of 55 dBrnc0, and 52
dBmcO is the desired threshold value for space-diversity activation
when it is added to frequency-diversity. Such an arrangement has

\ assured orderly evolution and uniform maintenance procedures of

I protection switching systems. In the future, because of increased use

‘ , of space-diversity, changed threshold values may be desirable, ideally
58 dBrnc0 for frequency-diversity and 55 dBrnc0 for space-diversity,
to further reduce service impairments.

| The reduced service failure time resuliting from an addition of space

| diversity in the manner described above can be calculated from eq. (7)

with the values of Tw(u + ) divided by the appropriate improvement
1 value for threshold-switched space-diversity.’ Such calculations, which

can be readily incorporated in a computer program, will not be pursued
in this paper where the emphasis is on an exploration of frequency-
diversity behavior.
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APPENDIX A /!
Denivation of the Alternating Seriese

Generaily, we prefer to describe fading in terms of time rather than
in terms of probability, since the latter description can lead to inad-
vertent confusion because of the nonstationarity of the fading process.
However, for the purposes of combinatorial manipulation, T4 can be
converted to a fraction designating a probability

3 Pl. = Tn/Th (11)
! where T, is an observation period (time base) such as a year. From
3 egs. (3) and (6),
N
; Pe= N3 iP'(u+d), (12)
-]
i where
Plu+i) =T (u+0/Ths (13)

To derive the alternating series from eq. (12), we apply a theorem 3
from probability theory (page 77 in Ref. 14). According to it, the |
probability that exactly u + i out of M channels fail simultaneously is

M
‘ Plu+id= T (=D)"CiuiS(r), (14)
where
Jin
| S(ry= % Pur) (15)
o1 ;
in which J/(r) is the binomial coefficient C¥, and where, in the context P g
of this work, ‘
Pu(r) = Ta(r)/Ts. (16)
? After substitution into eq. (12), and collection of like terms,
. N
- f Po=N"'3 T (-1)""pCipS(u + i). (1
=) pm]

Application of the recursion relationship
Crm e+ 20+ CT? (18)
reveals that, because of cancellation of terms, ’ i

T (=17ipCil = Ol (19)
¥- oud
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Therefore

N
Py= N~' § (=1)"'CETS(u + 0. (20)
=)
After multiplication by N T, this becomes the alternating series expres-
sion.for Z, in eq (7).

APPENDIX B .
Simuitaneous Failure of Radio Channeis

In the case of a singie radio channel, the annual amount of time
during which the received signal is below a level, as a result of
multipath fading, is*®

T=rTol?:, L<04, (21)

where L describes a normaiized voltage such that the level in decibels
relative to a nonfaded received signal is 20 log L. For a fade margin of
F dB, where F is a positive number, the corresponding voltage level is

Lo = 10777 (22)

When Lo is used as value of L in eq. (21), T becomes the time during
which the channel has failed, where failure is defined as noise in excess
of 55 dBrnc0. The quantity T, is a time interval related to the length
of the fading season [eq. (20) in Ref. 9]. The fade occurrence factor is*?

r = c(f/4)D*107%, (23)

where D is the path length in miles, f is the carrier frequency in
gigahertz, and ¢ describes the climate and terrain (eqs. (4) and (5) in
Ref. 9). The value of ¢ is unity when the climate and terrain are
average.

Empirical expressions for simultaneous fading of radio channels
have been obtained by W. T. Barnett from experimental data. From
these, expressed in a form similar to that for a single channel, the time
during which u + i radio channels have failed simuitaneously is

To(u + 0) = ry(u + D) Tols, (24)

where the subscript % is used to identify various sets of u + i channels,
This expression is valid when T (u« + i) is smaller than the values of T
for the channels in question. The simultaneous failure time varies with
fade margin more than the single channel failure time (L§ versus L}
variation). The quantity Lo describes the actual fade margin when it
is the same for ail channels. [n the case of channels with differing fade
margins, L, describes a nominal fade margin, and the description of
differences from it is contained in 7(u + ). The occurrence factor is

re(u + 0) = (cD*107%/400) filu + o), (25)
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where

Hued

flu +0) = (u+ 0/ 2‘ (Lo/ L p)*(Lo/ L20)*(85/f3). (26)
p=

The quantities in this expression are associated with pairs of channels
formed from the u + i channels. The number of such pairs is

Iu + 0 = C3™. 27

The subscript p identifies the pairs. The fade margins of the channels
in a pair are described by L\, and L,,. The corresponding carrier
frequencies f,, and f2, are expressed in gigahertz (fi, < f2). The average
frequency for a pair is

fo = fio + f2)/2 (28)
and the fractional frequency difference is
O = (oo ~ fro)/f (29

A value of 0.05 is used for §, when one of the channels is in the 4-GHz
band and the other in the 6-GHz band.

APPENDIX C
Computation of Combinations of Channeis

The evaluation of Z, in eq. (7) requires identification of the combi-
nations of r frequencies that can be formed from the M carrier
frequencies of the radio channels. If the frequencies are tagged using
the integers 1 through M, then the combinations requited are subsets
of the set (1, 2, ..., M}. The integers appearing in the subsets serve
as pointers {used pairwise) to precalculated values of §,/f2 for fre-
quency pairs in a subset [eqs. (28) and (29)].

Given M and r, the computation is initialized by defining (for { = 1,
2, «e0, 1)

a; =i, Ly r (30)
a; = (r—1), [=r (31)
BimM=—r+i (32)

The subsets are then generated as follows:
(i) Starting with j = r, find the first j such that a; < ;.
(i) Replace a; with o; + 1.
(it) Fork = (j + 1), (j + 2), - -+, r replace as with aae, + 1.

In this procedure, elements of subsets are incremented to form new
subsets, and the elements of each subset are ordered within the vector
a such that a; < a;... Repeated generation of the same combination of
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frequencies is thereby avoided. The first iteration after initialization
produces the subset {1, 2, ---, r}. The iteration is continued until
execution of step (i) fails, when all the required C¥ combinations have
been produced. The potentiaily large number of combinations neces-
sitates double precision computation in summations over the subsets.

APPENDIX D
Frequency-Diversity Parameters
The service failure time of an average channel can be expressed as

Th = Tun/ I, (33)

where T is the unprotected service failure time for the hop in question
obtained from eq. (21) after substitution of Lo from eq. (22). The
improvement resulting from the use of frequency-diversity protection
is

I = qLg?, (34)
where
q = 100 fo/ DG, (35)

in which D is the path length in miles and £ is the frequency in
gigahertz at which T is calculated. An average of the carrier frequen-
cies of the radio channels is a suitable value for the reference frequency
fo. Alternatively, fo can be the center frequency of a band, which
facilitates band identification when the calculations are performed for
frequency plans formulated by the International Radio Consultative
Committee (CCIR). The parameter G is determined by the carrier
frequencies of the radio channeis and by the channel-to-channel vari-
ations of fade margins

N Jluvy

G=N"1'3%T T (=D"'C&t%flu+ D), (36)

(=] e}

where fi(s + i) and the summation are defined in Appendix B. In the
simple case of 1 X 1 frequency diversity with the same fade margin for
both channeis,

G = 2f3/Af, (37

where [, is the average and Af is the difference of the two carrier
frequencies, expressed in GHz. The corresponding value of ¢ in this 1
X 1 case,

q = (fo/ )50/, DYAL/f) (38)

has been used previously with the factor fo/f, approximated by unity.’
When the fade margins of all radio channels are identical, the
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Table Ill—=Values of G for fully
developed routes. Fade margins are
identical for all radio channeis in a
given protection scheme.

Frequency
Band,

Protection Value
GHz Scheme of G
4 2x10 1597
4 1x11 4682
6 2x6 7380
6 1x7 17059
Frequencies in the 4-GHz band:
3.670 + 0.040 4, (=133 1
3.650 + 0.040 ¢, i=2 4,6, 12
Frequencies in the 6-GHz band:

5.9452, 5.9748, 6.0045, 6.0342,
6.0638, 6.0935, 6.1231, 6.1528

parameter G depends only on the frequency arrangement of the
channels. Tabulated values of G, such as shown in Table III for fully
developed routes, can therefore be used in eq. (33) to calculate the
service failure time for common frequency arrangements.

In the 2 x 18 case in Fig. 1, the choice of reference fade margin (—20
log Lo) becomes arbitrary because there are two fade margins (37 and
40 dB, in the 4- and 6-GHz bands, respectively). The choice has no
effect on T, but it does affect the various factors in T such as G.
When T.. and f; are the averages for the 20 radio channels, the
reference fade margin is 38.27 dB [obtained from eq. (21)]. The value
of G is 3129 for this choice of reference vaiues.

APPENDIX E
Frequency Assignments in Figure 2

To simplify presentation, the radio channels in this work are num-
bered 1 to 20 in order of increasing frequency. The frequencies range
from 3.71 to 6.1528 GHz as listed in Table 1.

In the 4-GHz worst case, channels 12 and 11 are utilized in the 1 x
1 protection scheme, and the sequence in which additional working
channels are assigned is 10,9, 8, - - -, 1, In the best case, channels 2 and
12 (same polarization) are used for the 1 x 1 scheme, and then channel
6 is added to form a 1 X 2 scheme. Channels 2, 4, 8, and 12 are utilized
in the 1 x 3 scheme, and the sequence in which additional working
channels are assigned is 6, 10, 1, 3, 5, 7, 9, and 11.

In the 6-GHz worst case, channels 20 and 19 are utilized in the 1 X
1 scheme, and the sequence in which additional working channels are
assigned is 18, 17, ..., 13. In the best case, the channel utilization is

TRANSMISSION UNAVAILABILITY
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I1x1-13,20

1'x2~-1316,20

1x3-1315 17,20

1 x4 -13, 14, 16, 18, 20
1x5-13, 14, 15,17, 19, 20

1 X 6 - 13, 14, 15, 16, 18, 19, 20
1x7-13, 14, 15, 16, 17, 18, 19, 20

In the combined protection system for the 4-GHz and 6-GHz bands,
all 4-GHz channels and channels 20 and 19 are used in the worst-case
2 x 12 scheme. The sequence in which additional working channels
are assigned is 18, 17, 16, - - -, 13. In the best-case 2 X 12 scheme, all 4-
GHz channels are also used, but the 6-GHz channels are 13 and 20.
The pattern for the utilization of additional channels is the same as
that in the 6-GHz best case.
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FREQUENCY DIVERSITY PERFORMANCE DURING
MULTIPATH FADING

3y NTc'19

A. Vigants and M. V. Pursley PREPRINT
Bell Telephone Laboratories, Inc.
dolmdel, New Jersey 027733

ABSTRACT

Noise performance of average 3s well as individual weorking chan-
nels in nicrowave line-of-sight FM radio systems can bSe estimated
from a model of multipath fading and frequency-diversity opera-
tion utilized in the Bell System. The performance deqradation
imposed 9y radio channels with substandard fade margins can also
be estimated from the model.

INTRODUCTION

Microwave ™ radio systems utilized in the Bell System pro-
vide protected broadband communications channels that generally
hava a capacity, depending on the frequency band and on the type
of 2quipment, of 1200 to 2400 message circuits per channel, The
protaected channals, with protection provided by radioc switching
systems, are referred to as "working"™ channels, to distinguish
these from the actual radio channels, which are assigned as
either “"regular” or "protection” channels.

The communications traffic in 3 working channel can bYe tem-
porarily subjected to high noise when the number of impaired
radie zhannels excseds the number of protection channels. 8ell
System sractice is to describe this effact in terms of the amount
of time during which the noise in a working channel exceeds 55
38rned in 2 Message circuit at the top frequency assignment in
the basaband*. In this paper, this time is referred to as "ser-
vice failure time™,

In modern nicrowave radio systems, protection requi:emenfi
ara frequa 3 a =ha i i 1

e {requantly governed by the presence of multipath fading ,
as opposed to causes associated with equipment or human interven-
tion*., Estimates of service failure time due to multipath fading
are therefors needed to detarmine the adequacy of diversity are-
tection arrangements when new routes are plannad, when transmis-
sion parameters of existing routes are ~hanged, or when alternate
Brotectiocn strategies ara considerad for future use.

4 g R

A mathematical nodelt? utilized in the 3ell System to
obtain such estimates for frequency-diversity protected ™4 radio
3ystems is summarized and illustrated in this pager. The

CH1514-9/79/0000-3072500.75 & 1979 IEEE
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improvement resulting from additions of space-diversisy protec-
tion’ =o frequancy-diversity protaction can be incorporatad in
this model.

DERFORMANCE OF AVESRAGE CHANNELS

In ™ radioc systems, the dominant form of noise during deep
multipath fading is thermal noise, which is proportional to fade
depth. The annual amount of time during which a particular value
of noise is excedded can therefore be described initerms of the
amount of time during which, as a result of multipath fading, the
received signals on a radio hop 2are below particular levels. The
serformanc2 of a frequency-diversity switching section containing
a number of hops (s otained by addition of the time=below=level
values for the various heops, since the probability of simultane-
ous deep fading on different hops is much smaller than the proba-
Dility of simultaneous fading in radio zhannels on the same hop.

In the case of a single unprotected radio channel, the
esgiaated annual time-helow-level on a particular radio hop
is“*”:

T, = rTOLz' L <0.1 (1)

where L describes a normalized voltage, such that the level in 4B
relative to 2 nenfaded received signal is 20 log L. The tima Ty
is_relatad to the length of the fading season. Its value is % x
107 secgnds for an average qeoqraphig location in the United
States.? The fade occurrence fact is-’?:

t = c(£/4)D310"53 (2)

whaere 7 {g the path length in miles and £ is the zarrier fre-
Juency in 34z, TgegvaIue of =2 is unity when the climata and ter-
rain are average.”’” For a fade margin of F 48 (defined by naise
of 55 dBrneQ) wh2re F is a positive number, the corresponding
voltage level is:
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(F/20)

LO = 10"

When L, is used as a value of L in 2quation (1), T,k %“aecomes the
time ddring which the channel has failed, where faifure is defind
as noise in excess 2f 55 4Brn<Q at the ton frequency assignment
in baseband.

T2 equivalent time-below-lavel of an average working chan-
nel in 2 frequangy-diversity protection system (Figure 1) can be
axpressad as:

4,
T = (DG/I')OEQ):TOLo TLT (4)

wherse 51 is the frequency, expraessed in GHz, at which r is calcu-
lated. “An average of the carrier frequencies of the radio zhan-
nels is a suitable value for the reference frequency £,. The
sarametar G is determined by the carrier frequencies o% the radio
channels and by the channal-to-channel departures of fade margins
from the refarence value L. The mathematical model from which
equation (4) is obtained, and from which 5 can be calculated, is
described in Appendix A, The axpression for T describes the ser-
vice failure time occurring in switched frequeancy-diversity sys-
tems in which the values of noise defining the fade margins and
the initiation of switching are identical.

Representative estimated values of service failure time can
be otained from calculations for a switching section czontaining
oane 2S5-mile hop with average terrain and climate. In this case,
for a £fully developed 4-GHz route {one protection channel, 11
working channels), the calculated service failure time of an
average working chdnnel is approximately 1S seconds/year when all
channels have a fade margin of 37 4B (Figure 2). The service
failura time changes by a factor of ten when the fade margins of
all channels change 5 dB. Similarly, a ona=d3 decrease in the
fade margins increases the service failure time by approximately
50 3ercent.

Transmission performance objectives, as guiiently applied to
the engineering of microwave ™ radio routes”’ allocate one-
Jquarter of a N.02 percent annual objective %o service failures
caused by multiparh fading in a one-way circuit on a 4000-mile
long-haul or 250-mile short-haul route. This allecatan is
prorated to the actual length of the switching section. In the

case of a 25-mile switching section in long-haul service, the
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service failure tim2 should be less than 10 ssconds/year. In the
axample in the previous naragraph, where the estimated service
failyre time was 15 seconds/y2ar, larger fade margins ar addition
of space-diversity protection are needed to meet design objec-
tives.

When the fade margins of all radio channels are identical,
the parameter G depends only on the frequency arrangement of the
channels. Tabulated wvalues of G, such as shown in Table 1 for
fully developed 4-G3z and 5-GHz routes, can be used in such cases
to simolify calculations for standard frequency arrangements.

The value of G is 4532 in the 1 x 111 example discussed above

In partially developed routes where only 3 part of all
available frequency assignments is utilized, the service failure
time is a function of the frequency arrangement of the radioe
channals. A "best case”" arrangement is one where the frequan<y
separation of adjacent channals is maximized. In a "worst case"
arrangemaent, the channels are crowded into the high and of the
frequency band., Such arrangements do not necessarily correspond
to actual or permitted growth strategies, but they 4o provide
bounds for the variaton of service failure time on partially
davaloped routes.

In continuation of the example in Figure 2, calculated
results for the best and worst cases are shown in Figure 3 as a
functon of the number of working channels. The best case results
for the 4-G4z band show that the 10 sec/year long-haul cbjective
caninot be met by frequency diversity alone when the number of
working channels is larger than seven. The ripple in the worst
case i{s caused by Ege alternating 20 M3z and 50 MHz increments as
channals are added*".

In the 5-G32z band, the long-haul objective cannot be mer by
fraqueancy diversity alone when the number of working channels is
larger than four. The 5-GHZ worst case ig hetter than the 4-G4z2
worst case because the 5-51z fade margin (40 4B) {s larger than
the 4-542 fade margin (37 dB) in this example.

In a sombined protaction system for the two frequency bands,
introduced after =he 4-G32 hand is fully developed, the arrange-
ment of the channels in the 5-332 hand has only a small effect on
the sarvice failure time of an average working channel, which
varies between 5 and 5 sec/year,

PESRFOAMANCE JOF INDIVINDUAL CHANNELS

In addition to the service failure time of an average work-
ing channel utilized in route design, the mathematical model
dresented in the work can provide other information about the
operation of frequency-diversity protection. In particular, the
service failure times of {ndividual working channels can bhe
obtained from a summation of the times during which particular
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sets of radio zhannels have £ailed.

As an example, consider a 1 x 3 protection system in the d-
34z band with parameters as in Figure 3, utilizing channels 2, 4,
$ and 3 (99 M4z separation of adjacent <hannels). The simultane-
sus failure times for particular sets of exactly u + I channels,
denoted by 7', (u+i) and listed in Table 2, have been calculated
as outlined in Appendix A. The numerical values illustrate the
frequency selectivity and frequency dependence of multipath fad-
ing. For examplé, the failure time of channels 2 and 4, bdut not
5 and 3, which can be caused by 3 slope in the frequency
rasgoase, is 2.58 seconds. The failure time of channels 5 and 3,
sut not 2 and 4, is 3.07 seconds. This is larger than the 2.58
seconds because the amount of fading increases with frequency.
The failure time of channels 4 an4 5, but not 2 and 3, is 2.22
seconds. This is smaller than either the 2,58 seconds or the
3.07 seconds hecause this failure results from a minimum in the
frequancy cespanse, which has a smaller probability of occurrence
than a slape in the frequancy response.

Th2 service failure time of an average working channel in
shis example is, from the definition in equation (7) in Appendix
a,

5 4
Tos (1/) (3 T (2) +23 T, (3) + 3 T, () (5)
k=1 . k=1

= (1/3) (8.81 +# 2 x 2.12 + 3 % 1.00)

= 5,35 seconds/yaar

About 45 percent of this time occurs whan 3 or all 4 of the
radio shannels have failed simultanecusly. This axample demon-
strates =hat the contribution of higher order simultaneities to
the setvice tailure sime cannot be neglectad.

The expressions for the sarvice failure time of individual
channels are obtained by inspectisn from Table 2. 1In the case
where zchannel 2 is used for wrotection, the service failures time




——

of the working channel assigned to channel 4 is:

1]

Tang = ?1(2) * (1/2) T,(2) + (1/2) Tg(2) (%)

+Tl(3) + T2(3) + (2/3) T4(3) + T1(4)

2 5,434 seconds/year

whare the fractions are based on statistically equal protection
gcsupancy in cases of simultaneocus failures.

The results of such calculations (summarized in Table 3)
show that the location of the protection channel affects the
spread of the individuyal service failura2 times. The service
failure tima of an average channz2l is not affected by the loca-
tion of the protection channel. The largest spread of the inui-
vidual service failure timas (638 to 131 percent of average)
ozcurs whan the channel at the highest frequency (channel 3) {s
used for protaction (Figure 4).

Protaection channel assignments could be optimized based on
results such as presented in Table 3. However, a general treat-
aent of this is beyond the current scope of this study.

THE ZEFECT NF SUBSTANDARD CHANNELS

A radio channel with a substandard fade margin 2xperiences a
fajilure time that {s larger than normal. The presence of such a
shannal increasas protaction unavailabiliey, which results in
increased sarvice failure times for all working channels. The
increasa-in service failure time of an average working channel,
causad by the presence of one or two substandard radio zhannels
291 a fully developed route, i{s shown in Figqure 3 as a function of
the reduction o»f the fade margin from its normal value. 2as an
example, the service failure time of an average working channel
in 2 1 %x L1 system is doubled when the fade margin of one midhand
radio channel is degraded by 7 4B; this is equivalent to a 1.5 48
dagradaton »f the fade margins of all channels.
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APPENDIX A

3 THE MATHEMATICAL MODEL

The service failure time of an average working channel is
defined as

iT' (u+i) (7)

where N is the number ¢f working channels and u is the
number of protection channels. The total number of radio
channels is

M=u+N (8)

The quantity T'(u+i)l is the accumulated time during which
exactly u+i of the M radio channels have failed simultaneously. i

The simultaneous fading of radio channels is normally
described in terms of the amount of time during which parti-
cular sets of u+i channels have failed, with the status of
the other M-u-i channels not specified. With such a time
denoted by Tj(u+i), the expression for T becomes an alternat-
ing seriesl, 14

1 N J(Qu+i) i .
rant : L (-1)+"1 uri-2

LA a=1 Tk(u+i) (9)

Where J(u+i) is the binomial coefficient C§+i’ and where the

: subscript k enumeratss the sets of u+i channels obtainable
‘ from the M channels.

Empirical expressions for simultaneous fading of radio
channels have been obtained by W. T. Barnet: from experimental
data:
. 4, =5 . 4
Tk(u+x) = (C D10 /400)fk(u+1) TOL (10)
whera
i 2 126 /8% (1
£ i i £ 1
_k(n+xl = (u+i)/ p;l (LO/Llp) (LO/L2p ( p/ o ) |
| |
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The quantities in this expression are associated with pairs
of channels formed from the u+i channels. The numbexr of
such pairs is

I(u+i) = c‘;“‘i (12)

The subscript p-identifies the pairs. The fade margins of
the channels in a pair are described by Ljp and sz. The

corresponding carrier frequencies flp and £, are expressed
in GEz (flp<fzp). The average frequency for a pair is

fp = (flp + fzp)/2 (13)

and the fractional frequency difference is

Gp = (fZD - flp)/fp

(14)

A value of 0.05 is used for §, when one of the channels is
in the 4-GHz band and the other in the 6 GHz band.

The sum
-1 N J(u+i) . ‘
G=n"1z S CS DRt A STV (15)
=l k=l

contains the effects of the freqguency arrangement of the
radio channels and the deviations of the fade margins from
a reference value. A simplified form of Tk (u+i) has been
used previously to demonstrate the feasibility of jeint
fregquency-~diversity protection for radio systems in the

4 GHz and 6 GHz bands.

The alternating series in equation (9) can be derived
formally from the definition in equation (7) when a theorem
from probabilify theorylS is used to relate the primed and
unprimed quantitiesl?

M

. \ r-u=-i .r
T'(a+i) = & ' (=1} Cu+i S(r) (16)
r=u+i
whera
J(r)
S(r) = ¢ Tk(r) (rm
k=1

in which J(r) is the binomial coefficient C%.
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VALUES OF G FOR FULLY JEVELOPED ROUTES

FADE MARGINS ARE IDENTICAL FOR ALL RADIO CHANNELS IN A
GIVEN PROTECTION SCHEME

FREQUENEY | PROTECTION
8AND, GHz SCHEME

2%X10
1X14
2X §
1X7

FREQUENCIES IN THE 4-GHz BAND:
3.670 +0.040i, =4, 3,5,...4
3.650 +0.0401, 1= 2, 4,6,...12

FREQUENCIES IN THE 6 GHz BAND:
59452, 5.9748, 6.0045, 6.0342,
6.0638, 6.0935, 6.1234, 6.1528

TABLE 4




SIMULTANEOUS FAILURES OF EXACTLY u+i RADIO CHANNELS.
CHANNEL NUMBERS: 2, 4, §, 8.
FREQUENCIES, GHz: 3.73, 3.4, 3.89, 3.97

| ubi k CHANNELS | T (u+i), SEC/YEAR
f ——— — e ———
’ 2 1 2, 4 2.58
2 2 2 2,6 0.37
1 2 3 2, 8 0.47
' 2 4 4,6 2 22
2 s 4,8 0. 40
2 6 6 8 3.07
2 3 1 2,4, 86 0.77
» 3 2 2,4, 8 0. 23
‘ 3 3 |26s38 0.23
3 4 4 6,8 0.89
4 1 2,4, 8 8 1. 00

TABLE 2




e e

-— e

4
'
i

SERVICE FAILURE TIME OF INDIVIDUAL WORKING CHANNELS
FOR A 1x3 SYSTEM IN THE 4-GHz BAND

CHANNEL NUMBERS: 2, 4, 6,8
FREQUENCIES, GH2: 3.73, 3.81, 3.88, 3.97

SERVICE FAILURE TIME,
SECONDS/YEAR
WORKING PERCENT OF AVERAGE IN BRACKETS
*
CHANNEL PROTECTION CHANNEL ASSIGNMENT
2 | 4 s 8
ﬁ———m
» 5.003 | 3.898 3.648
(94) (73) (e8)
. 8.484 _ 6.524 5.434
(424) (122) (101)
e 5.608 6.753 _ 6.9986
(108) (4286) (134)
o 3.958 4294 | 5.628
(74) (80) (108)
TOTAL g
ek o 16.05 16.05 | 46.08 16.05
RANGE OF
PERCENT:
MINIMUM 74 80 73 68
MAX IMUM 424 126 122 134

* WORKING CHANNELS IN THIS TABLE ARE |IDENTIFIED 8Y THE
NUMBER OF THE CORRESPONDING REGULAR RADIO CHANNEL.

TABLE 3
7-34
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THE EFFECT OF SELECTIVE FADING ON DIGITAL RADIO

NQOTE:

Steve Barber
Bell-Northern Research
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The materials provided in this section are copies

of an article from the 1978 International Conference
on Communications used as the basis for the extempor-
aneous remarks given by Mr. Barber.




E EFFECT OF SELECTIVE FADING ON DICITAL RADIO

C.W. Anderson

S. Barber R. Pacel

3ell-Northern Research, Ottawa, Canada

Abscrace

In the course of development of the DRS-3
Oigical Radio System a series of digical propagation
trials wvere conducted over a 51 km path ac 8 GHz to
decermine the effect of zultipach propagacion oa a 40
¢z bandwideh digital radio system. It was found that
the affects of frequency salective fading result in
unaccepcably high system unavailability unless adap~
tive equalizacion and space diversity are employed.
Specifically the results are:

. Multipath induced outage {s much higher than
would be predicted from the measutad flac fade margin
af che equipment. For a non diversity system, the
probabilicy of outage for a single hop ia the worst
fading moath is approximacely 1 x 10”7, This is 700
times the objective for a long haul system and corr-
esponds to an effective fade margin of only 27 dB.

2. The primary cause of outage is i{nband distortioa
caused dy the frequency selectivity of che aultipath
fading process.

1. Phase adaptive space diversity combining is very
effective {n reducing the amount of fading. In
addicion {t affords some increase i{n the effective
fade zargin of cthe radio, i{.s., it cesduces che sever-
{ty of inband distoctidon for a givean fade depth.
OQuctage for the system with space diversity combining
was 2.6 x 107% yhich Ls abouc 18 times the loag haul
objective.

s, A simple adapcive linear amplitude equalizer in
coa junction with the phase adaptive space diversity
combining provides an additional improvement of appro=
zimacely a factor of 20, reducing the zultipath outage
to levels compacible with long haul availabilicy
abjeccives.

S. This same equalizer when applied to a non diver=-
sity channel provides an {mproveaent of about 2. Thus
cthe preconditioning effect of phase adaptiva space
diversity combining {s necessary to reduce distortions
sufficiencly that they can be dealc with by a relacti-
vely simple adaptive equalizer.

Lacroduction

Spurred by the cost advantages of digital
sulciplex and switching there is an accelarating move
towards all digital networks. DOevelopment of digital
aodulacion techniquas with bsadwidth efficieacy
greacer chan 2 bits/hertz has aade digital radio
transaission a practical way of implemeating the
trunks {a such a network. In Canada, the 8 GHz band

The Northern Telecom DRS-8 Digital Radio Systeam
was developed for loang haul tramsaiscicn in chis baad.
THe DRS-8 System consists of cthe MR-3JA MULDEM which
syachronizes and conditions two DS3 signals {ato a
single 91.04 Mb/s digital scream (1344 PCM voice
channels), the CE-4 | x N Automatic Protection
Switching which provides equipment protection and the
RD=-3) Digital Radio which transmics 91.04 ¥b/s in a 40
MHz RF bandwidth using Quadracure Partial Response
Signalling (QPRS). To achieve the 2axizum economic
advantage, the systea 1s designed to be overbuilct on
existing 4 GHz routes using exiscing sites, buildings,
towers and anctennas. This fixes the hop lengchs ac
approximately 45-55 km. The availability objective is
99,.98% for a 6560 km connection. Of the allowable
02%Z outage, .0lZ was allocated for equipment failure,
.005Z for rain and .005X for multipach fading. This
requires a per hop outage probability of 1.43 x 10-6
in cthe worst fading month. To design a syscem to
these stringent requirements more Laformacion was
required oa the effect of multipath propagacion on
wideband digital transmission over loag hops.

Although informacion has been published4 on the
frequency selaective nature of fading, lictle or no
quantitative information was available on the effects
of frequency selective fading on digital radio system
availability. A series of digital propagation trials
have been conducced over a 51 km pach ac 8 GHz to
provide more information on space diversity, inband
discortion, and cross polarization discriminacion
duriag msulcipach fading.

Space Diversity

Space diversicty i{s required cto aeec che long
haul availability objective ac 8 GHz. Frequency
diversity which is normally used to combat fading in
the 4 GHz band would be a moce economical solucion but
it does soc provide adequate improvement for a fully
built-out system because of the increased fading
activity and smaller fractional channel separacion
ac 8 GHz.(1) Sspace diversity switching, either at
RF or IF, is unsuitable for a digital radio system
because of the excessive number of {nterrupcions chat
such an arrangemenc would produce ducing fading.
Although post regenerative switching can be zmade
hitless, it is very expensive since two complete
recajiver—-demodulators are required.

Adaptive (nphase IF combining (Fig. l) was
selected because it is hicless and cequires duplica-
tion of only che aixer-preamplifier and channel
dropping filter. The combiner coansists of a summing
junction, an electronic phase shifter, and an electro-
nic coatrol system to aaincain the two IF {npuc sig-
sals {n phase. Because the wanted signals are added

o

-

b
1 has Yeen rechannelized for 40 Hz channels to coherently and the nofse from the two receivers adds ?
facilitace digital ctraansaission. incohevently, the combiner yilelds a better signal to
noise tatio Chan switched space diversity whenever
che difference {n signal levels {s less chan 7.7 dB.
\ Reprinted from 1978 International Conference on Communications

Record, pp. 33.5.1 - 33.5.6.
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A tonsequence of adjusting the phase rather chan the
delay of the iaput signals is thac the bandwidch of
the syscea is inversely proportional to che absolute
time delay becween signals. If che dynamic delay
differance bHetwesn ancennas during aulcipach fading is
large, significant signal discortion vesults. To
sheck this and to confirm chat che response of the
combiner was fast enough to follow fading activity, it
4as desirable to verify che performance of the
combiner under actual sultipath fading conditions.

Inband Distortion

f che only effect of mulcipath fading were a
reduction in the receive signal level during fading,
it would be possible to calculate, using Barnect's
empirical fading formulas{2) | chat che fade zargin
requirad to achieve the outage objective over an
average 30 <@ pach with a nondiversity system would be
36 4B. Siamilarly, applying Vigant's expression(

Zor space diversity improvement, the fade margin
required for a switched space diversity system with a
3 2 separation between antennas and 3 diversity
antenna system gain of 2 dB less chan the aain, would
ve 37 dB. However, Lt is known chat mulcipath fading
is accompanied Dy severe amplitude and delay discor=
sion. 3abler{%) preseaced detailed statistics of
amplitude discortion on a 20 MHz channel at 6 GHz for
ton diversity and switched space diversity systems
from which it is apparent that aamplicude slope could
S& a serious problem for both cypes of syscems. A
iimiced amounc of informatiom was available for delay
iiscorzion on a nondiversity syscem(S, 6), The
sublished informacion was not sufficient to predict
the availability of the DRS-8 system because of the
unknown affect of inphase combining, che wider band-
width of che RD-3 system and the limited informacion
available on delay distortion.

Cross=Polarizacion Discriminaction

3acrnece{7) reported severe deterioration of
cross=polarizacion discrimination (XPD) during amulci-~
sath fading. This effect combined with differential
up fading of adjacent channels could bde a problem in a
system which relies on cross-polarizacion discrimin=-
ation to provide some procection from adjaceant channel
interference. Since this effect will also be modified
oy the space diversity combiner, field measuremencs
<are desirable to confirm that the RD-3 objective for
tolerance to adjacent channel incerference (! dB
degradation in thermal fade margin for two adjacent
channels ac O dB C/1) was adequate.

To decermine the iampact of aultipath propaga-
Zion on system availability and praovide daca o guide
temedial action, an extensive axperimental program was
undertaken during the summers of [975 to L977. The
remailnder of :this paper ceports the results of these
2xperiments,

Experimant Descripcion

Ixperiments have been conducted at 8 GHz over
che past ] vears on the 51 k@ pach from Kemptville to
Avonmore, Ontario, which is part of che Bell Canada &
GHz analog radio system. The pach profile and che 8
GHz firsc fresnel zone for this hop (Fig. 2), show
average terrain and adequate clearance. An early
arococype of the D=3 Digital Radio was inscalled
using che existing anctennas and waveguide. Block

{agraas of che experimenc are shown in Figures 3 and

P
.

[n the transmit sice (Fig. 3), digital transmic-
ters ransmitted pseudo random bit streams on channel %

8-3

(8173.15 MHz) norizontall.vy poiarized as wJell as >n che
two adjacent channels, 3 (8132.41 MHz) and 3 (3213.39
MHz), vertically polarized. In addition, FM zrans-
zitcers, modulaced by discinct single frequency tones,
transmicced on the horizontal and vertical polariza~
rions oa channel 2 (8091.47 MHz) for measurement of
cross—-polarization interference.

In the receive site the signals wZere received
by zhe standard XS horn antenna and a space diversicy
dish 3 @ in diameter located 9 a below the norn
antenna. On channel %, three digital receivers were
used to demodulace and regenerate signals f{rom the
main antenna, space diversity antenna, and Che output
of the space diversicy coambiner. Zrror rates on zhe
three digital channels were measured by bit-by-bit
comparison with locally synchronized replicas of the
cransmicted pseudo random sequences. The level on
these channels was zonicored by the linearized aAGC
control voltage of the IF amplifiers. In additionm,
narrowband detactors at #i3 MHz from the center of :the
channel were included to give an indicacion of inband
amplitude distortion. The adjacent channels were
monitored for level only. To provide indications of
equipment malfunczion, alarms were brought out for
carrier recovery lock, slock recovery lock, and the
primary power supply. The data was recorded by a
PDP/11-E10 data acquisition system, which sampled all
of the measured paramecers every |00 23 and wrote a
record on disk when errors or significant changes ia a
parameter occurred., The contents of the disk were
periodically transferred by a high speed daca line to
the I3M 370 computer at the 3ell-Northern Research
Laboratories in Qttawa, where the daca wZas stored on
tape for later analysis.

For the cross-polarization experiment, relacive
levels of cthe tones at che output of the FM demodul-
ators provided a measure of the carrier-co-incerfer=-
ence ratio for both horizontal iato vertical and
vertical into horizoncal i{nterference on chaanel 2.
Carrier-tointerference ratio is the combined effect
of differential fading between horizontal and vertical
polarizacion and deterioration of cross-polarizacion
discriminacion.

In a supplementary experiment to provide deta-
iled in-band discortion characterization during aulti-
pach fading, a swept zicrowave link analyzer with
sanple and hold circuit at the output of the receiver
was used to sample the amplitude and delay discortion
at 5 frequencies across a +i5 MHz bSand.

Propagation Experimenc Results - Soace Diversity

Figure 5 shows the probability distribution of
fading for the main, diversity and combined channels.
Comparison of the fading distribution of the main
channel to that predicted for an average hop using
Barnett's formulal2) shows the fading to be cypical.
The joint fading discribution for zain and space
diversity antennas, which reprasents che performance
of an ideal comparative space diversity switch, shows
that the combiner has slightly becter performance than
the comparative switch. A more exact evaluation of
the [F combiner performance was obtained by comparing
{ts output level distribution with that of the ideal
in-phase combiner computed from the azain and space
diversity levels, sample by sample. The neasured fade
discribution was found to accurately coincide with
that of che idesl combiner. To confirm thac it was
accurately tracking dynamic variacions in cthe input
signals, internal volcages which give a measure of a
phase error, vera aonitored over a period of several
Jeeks. This test confirmed thac the dynamic response
of the space diversity combiner was satisfactory.

cc '8




Digital Performance

The performance of the digital transmission
svetem can be described by two complementary criteria:
:ﬁc outage probability, defined as the probability of
piz error rate grescer than 10”4 snd the effective
fade margin, defined as that fade depch which has the
same probability as the observed probability of
outage. The effective fade margin is a convenient way
of normalizing the outage to the amount of fading
observed, thereby providing a ameaningful reference and
facilitacing extrapolation to other situations. The
difference between the effective fade margin and the
flac fade dargin of che equipment measured with an
accenuator is a measure of the gseverity of selective
fading effects., These quantities are shown for the
chree digital channels in Table I.

TABLE |
RADIO PERFORMANCE WITHOUT ADAPTIVE EQUALIZATION

Effective
Fade Marzin

26.5 dB

Oucage
Probabilicy

Main 1.2 x 10°3

Space Diversity 7.5 x 10=¢4 23.5 dB8

Combined 2.6 x 10™5 30.0 dB

Joine 1.9 x 10°5 -

Non-Diversity Channel

The outage on the non=diversity channels exceed
the objective by a factor of about 700 which corres-
ponds to an effective fade margin of oaly 27 dB. The
measured flat fade margin of cthe radio was 48 dB. This
clearly indicactss that a design method using the flac
fade margin in conjunction wich empirical formulas for
fading will not provide a good estimate of the availa~
bility of a digital radio systems over paths of this
length. The narrowband detectors at +13 MHz give an
indicacion of linear and quadracic amplitude distor-
tion during fading. In Figure 7, the unconditional
srobability distribuction of amplitude slope is com=
pared with the discribution conditioned on oucage of
the digital receiver for a non-diversity syscem. This
tlluscraces the high degree of correlacion of outage
and amplitude slope. Although quadracic distorcion
does not show a similar correlacion, the initial uni-
form slope of the conditional distribution suggests
that other factors such as group delay distortion may
be contributing causes of outage. Because of an equip-
ment malfunction a similar comparison is not possible
for the combined channel.

Initially cthere was concern that the modulation
scheme, QPRS, was more susceptible to inband distor-
tton than other mathods; however this proved not to be
the case. Since the dominant mulcipacth effects are
odd order distortions which cause crosstalk between
in—phase and quadracure channel, all two dimensional
modulation syscems such as Quadratures Amplictude
Modulation or Multiphase PSK which have comparable
f0ise resiscance are similarly affected. This was
confirmed by computer simulacion(8) for 8 PSK which
“as che other major contending modulation system for
chis application. Another question of incerest is why
the severe inband distortion experienced in these
experiments was never s problem for analogue radio
Cransmission systems., Four factors are significant,
first che raw fading is only half as severe at 4 GHz
compared to 8 GHz. Second, the larger frequency
diversicy lmprovement (3 -imes higher than at 8 GHz)

reduces the 4 GHz fading activity even further.
Thirdly, Frequency Modulation, and modulation method
commonly used for analogue cransmission, is {(nhereantly
aore resistant to odd ordsr inband distortion than the
digital modulation systems which are suitable for
bandwidth efficient transmission. Last of all the
suscepcibilicy of FM syscems to inband distortion
increases vith cthe loading, that is che number of
voice channels carried. Since most frequency selective
sulcipacth fading occurs during the night vhen the
netunrk {s lightly losded, the effect (s reduced.
Digital modulacion systeas on the other hand employ
scrambling devices which ensure that the system is
fully loaded all the cime.

Combined Channel

The outage on the coumbined channel exceeded the per
hop objective by a factor of 18. Note that in addi-
tion to providing an improvement in the time below
level for the combined channel, the combiner improves
the effective fade margin from 27 to 30 4B. That is,
it provides some measure of relief from selective
fading effects. Frequency diversity would provide
some improvement for an initial ! x | system but the
improvement for a fully built out sysctem is very
small, The evaluate sathods of further improving the
availability the detailed distortion characteristics
of the combined channel was obtained by means of a
supplementary experiment in which the sampled
amplitude and delay outpucs of a swept link analyzer
were recorded. Figure 8 and 9 show the probability
discributions of the coefficients of a Jrd-order
least~squares Chebyshev polynominsl fit to the
amplitude and delay measured at 5 points over a +i5
MHz band on the combined channel. Note chat cthe
linear amplitude component dominates the amplitude
distortion and that delay distortions are very small.
These results suggest that a simple amplitude slope
equalize would provide a substantial {mprovement in
availability. To confirm this, a2 linear analysis
prograa(8) vas employed to compute the eye opening
with and without a linear amplitude equalizer for each
data record which showed a significant distortion on
the combined channel. The probability distribucions.
Figure 10, show that the improvement in the 0-~10%
range of eye opening is approximately 20, which
indicates that a linear amplitude equalizer in
conjunction with the space diversity combiner would
provide sufficient improvement to meet the long haul
availability objective.

Adaptive Equalizer Field Trial

An adaptive linear amplitude equalizer vas
developed and during the summer of 1976, the perfor-
mance of a protocype vas evaluated on the test hop.

In this period there were several periods of anomalous
fading. This fading was characterized by prolonged
sinultaneous signal depressions on both antennas on
the main digical channel and oa both polarizations

of the cross=polarization experiment, 80 MHz away. In
one {nstance, both main and space diversity antennas
were continuously faded below 20 dB for 84 minuces,
22] times the nean fade duracion reported by
Vigantt(J). Such periods are, of course,
characterized by poor space diversity improvement and
excessive fading on the combined channel. Since the
fading behaviour during these periods is different
from anything encountered during the rest of the two
years of experiments and is different froam that repor-
ted in the extensive literature on aulctipath fading,
it i{s concluded that a mechanism other than aultipath
fading was responsible. . Rain can be excluded since
the fading exhibits frequency selectivity, The
results of an experiment conducted concurrencly on an
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anceana 15 dB below grazing show tial tnese aveals are
not caused by acmospheric subrefactivity. In view of
chese facts, che daca were analyzed separately, with
and vithout these anomalous events.

with the anomalous fading included, the overall
pecformance of the RD=3 radio bday with adapcive
aqualizer i{s satisfactory. The effective fade margin
of the equalized combined channel for the daca set vas
40 dB which exceeds the objective of 37 dB. ite
of this, the outage exceeds the objective bY(S.5 ;
because of extreme fading on the combined cha (28
cimes higher than in the 1975 experiment). The cause
of the excessive fading was low space diversity impro=-
vement caused by high cocrrelation of the fading exper-
ienced on the main and space diversity ancennas. These
observations reflect cthe presence in chis daca set of
a disproporctionace amount of deep flac fading. Both
cthe combiner and adaptive equalizer fail to show the
axpectad i{mprovement during such fading and che effec-
tive fade margin appears better chan it would be for
sore typical fadirg. The 4 GHz system also suffered
abnormally long outages on these evenings. Since anom=
alous fadiang does not creacte a problem oa the 4 GHz
nectwork we conclude that it is a sufficienctly rare
occurance on a network wide basis to not have a major
impact on system availabilicy.

With the anomalous fading activity excluded the
fading on main and space diversity antennas was only
slightly less than for che hypothetical reference hop
down co approximately 40 dB. The combined chamnel
exhibited fairly cypical fading down to approximacely
30 dB afcer which the probability falls off rapidly.
No fades greater than 33 dB wvere experienced. This is
typical of che original experimental results of
Vigancs. The effective fade margin of the unequalized
channel is 30 dB which is equal to the value for the
1975 experimenc. Ia the selected data sez !34 seconds
of fading induced outage were recorded oan the unequa-
iized combined channel compared to 0.8 seconds on the
aqualized channel. The calculaced improvement of (67
is probably not an accurace estimace of the average
improvement because of the small amount of equalized
channel outage on which {t is based. However, since it
is an order of magnitude better than required we zay
safely conclude thac the improvement is sacisfactory.
A separate axperiment to evaluate the performance of
che linear amplitude aqualizer on a non=-diversity
channel yielded an effective fade zargin of oaly 30
dB. This indicaces that the combiner plays an essen-
tial part {n dealing with inband distortion and chat a
simple amplicude slope equalizer is not sacisfactory
for a non-diversity syscem.

Cross-Polarization Discrimination

Results from the cross-polarizacion discrimin=
acion (XPD) portion of the experiment confirmed the
severe deterioration of XPD on a non~diversity systea
reporced by Bsrnecc(2), Howaver che XD performance
on a combined channel obtained numerically by proces-
sing cthe simultaneous measuremencs on the two antennas
shoved chat the XPD was considerably {mproved by
combining. The performance was good anough to suggest
cthat, with some further work, co-fraquency cross-pola~
tized operacion would be possible permicting increa-
sing the capacity of che 8 GHz band from 6 to 12 chan-
nels.

Conclusions
An experimental invescigation into che effects
of msultipach propagation on a wideband digical radio
systes over a 51 ka hop has “een carried out at 8 CHz.
It was found chac the effacts of frequency selective
fading result ia unacceptably high syscem unavaila-
bility unless adaptive equalizacion and space

diversity acre employed. 8«5
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opetates over long hops using a two dimensional
modulation sysces such as QAM or aulciphase PSK.

Specifically it is concluded chac:

1. Multipach induced outage i{s auch higher chan
predicted from the ansasured flat fade margin of the
equipment. For a non-diversity system, the probabi-~
licy of outage for a single hog in che worst fading
sonth is approximacely | x 10°3, This ts 700 times
cthe objective for a loag haul syscem and cocrresponds
to an effective fade margin of only 27 d4B.

2. The primary cause of outage is inband discortion
caused by che frequency selectivity of the mulcipach
fading process.

J. Phase adapcive space diversity combining is very
affeccive in reducing the amount of fading. In add-
icion it affords some increase in che effective fade
aargin of the radio i.e., it reduces che severicy
inband distortion for a given fade depch. Probability
of oucage for the system with space diversity com=
bining was 2.6 x 10™3 which is about 18 zimes the
long haul objective.

4, A simple adaprive linear amplitude equalizer in
conjunction with phase adaptive space diversicy coa~
bining provides an additional improvement of approxi-
aacely 20, reducing che muylcipach ocucage to levels
compatible with long haul availabilicy objectives.

S. This same equalizer when applied co a non~diver~
ity channel provides an improvement of about 2.

the preconditioning effect of the phase adaptive space
diversity combiner is necessary to reduce discortion
sufficiently chat they can be dealt with by a celaci-~
vely simple adaptive equalizer.
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ATMOSPHERIC STRUCTURE AND MULTIPATH EFFECTS

Owen Cote'’

Staff Meterology Office
Electronic System Division
Hanscom AFB, MA

NOTE: The materials provided in this section are copies
of the visuals used with the extemporaneous remarks
given by Mr. Cote'.
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ADAPTIVE EQUALIZATION FOR CORRECTIQN OF MULTIPATH DISTORTION
IN A 8 PSK DIGITAL RADIO

NOTE:

Paul Hartmann

Collins Transmission Systems Division
Rockwell International

Dallas, TX

The materials provided in this section are copies
of a 1979 International Conference on Communications
article used as the basis for the extemporaneous
remarks given by Mr. Hartmann.
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AN ADAPTIVE EQUALIZER FOR CORRECTION OF MULTIPATH DISTORTION IN A 90 MB/S 8 PSK SYSTEM

Payl R. Hartmann
gddie W. Allen

Collins Transmission Systems Otvision
Rockwell International

ABSTRACT

Digital transmission over LOS microwave is now
3 well established technique. As the number
of digital microwave systems has grown, there
has been an increasing need for an adaptive
equalizer to correct for the amplitude distor-
tion that arises during multipath propagation
conditions.

This paper describes a series of lab experiments
designed to verify the nature and extent of
degradation to the 8 PSK signal arising from

a two-ray muitipath geometry. [t also describes
the performance improvement that can be obtained
with an adaptive aqualizer.

INTRODUCTION

The use of digital microwave for transmisssion
of PCM voice signals is expanding at a rapid
rate. As the data rate and bandwidth efficiency
of digital microwave systems has increased, the
distortion effects of multipath have become an
increasingly serious problem., Adaptive equalizer
circuits have been developed that correct the
more serfous distortion effects.

This paper describes an adaptive equalizer,

a multipath model, effects of multipath on a
digital radio system, and the system performance
improvements that can be effected through the
use of an adaptive equalizer.

MULTIPATH MOOEL

Myltipath propagation studies in the past have,
in general, concentrated on the received carrier
lavel for analog transmission. [n analog
transmission systems, the distortion effects of
mulitipath were not so important because the
degradation from the distortion effects were
graceful and the loading conditions on the
analog system were often light during multipath
propagation.

[n digital systems, however, the distortion
mechanisms are more critical because the system
has data scrambling, which means that the loading
is constant at all times. With scrambling, the
transmit spectrum is well defined and, therefore,
nultipath distortion conditions:can be much

REFRACTING LAYEA

ILPRACTED RAY

Figuyre 1. Basic Refraction Geometry that
Results in Multipath Propagation.

more readily measured and corrected than in
analog systems.

Over the years many multipath propagation models
have been proposed. These models vary from
simple two- and three-ray models to elaborate
multi-ray models. The two-ray model is the most
understood mode! for multipath propajation and
it accounts for most of the distortion effects
that are seen in muitipath propagation. There-
fore, the two-ray model was used for this inves-
tigation. This model is shown in Figure 1. [t
consists of a direct ray, and a single reflected
or refracted secondary ray. These two rays add
at some frequencies and cancel at others. The
amplitude and group delay effects that are caused
by the two-ray multipath are shown in Figure 2.
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Figure 2. Amolitude and Delay Characteristics
in Multipath.

Reprinted from the 1979 International Conference on Communications Record,

pp. 5.6.1 - 5.6.4.
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The spacing between ampliitude nulls is inversely
proportional to the absolute delay difference (1)
detween the direct and reflected ray. The null
depth is determined by the relative amplitudes
of the direct and reflected rays.

EFFECTS OF MULTIPATH ON DIGITAL SYSTEMS

In digital radio systems, the bit error rate (BER)
during multipath is controlled by intersymbol
interference resulting from frequency dependent
amplitude and group delay effects. To evaluate
these effects on'digital transmission, a series
of experiments was conducted which measured the
threshold degradation resylting from linear
amplitude slopes, linear group delay slopes and
symmetrical parabolic group delay. These measure-
ments were conducted on a § Giz 90 MBS radio
system operating at 3 bits/Hz. Figure 3 shows

the threshold degradation resulting from linear
amplitude effects (gain slope). Figure 4 shows
the effects of linear group delay slope and
:i?ure 5 shows the effects of parabolic group
elay.

To evaluate the importance of each of these
effects, it is necessary to understand the degree
to which each of these effects is present in
multipath. Figures 6§ and 7 show the calculated
amplitude and group delay slopes in a 30 MHz
bandwidth resuiting from two-ray 10 d8 fades at
various absolute delays. It can be seen from
Figures 3-7 that for a given delay and fade depth,
the effect of amplitude slope on threshold degra-
dation is more drastic than that due to delay
slope or parabolic delay. This impiies that
amplitude sigpe is the primary source of perfor-
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Figure 3. SER Threshold Degradation for (inear
Amplitude Slope on DR-6.
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Figure 4. BER Threshold Degradation for Linear

Group Jelay on 'DR-6.
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AMPLITUDE SCOPrE (uu)

ABLATIVE ARIVAL ANGLE IN DEGRESS

Figure 6. Amplitude Slope vs. Phase Angle of
Reflected Signal for 10-dB Fade.

DELAY SLOFE IN 30 MHZ BANDWIDT 1IN NSEC

ANGLE (M OSGAREES

Figure 7. 0Delay Slope vs. Phase Angle of Reflected
Signal for 10-d8 Fade.

mance degradation during myitipath. Also, it can
be shown that when the amplitude slope is removed,
the next most serious problem is a symmetrical
nuil at the center of the passband.

ADAPTIVE EQUALIZER

The adaptive equalizer circuit is incorporated

in the receiver 70 Mhz [F ampiifier. [t consists
of an amplitude slope detector which controls an
ampliitude slope correction circuit and a symmetri-
cal null detector which controls the null correc-
tion ¢ircuit. The slope detector operates by
comparing the ampiitude near the high end of the
passband with the ampiitude near the low end of
the passband. The linear amplitude slope correc-
tion circyit maintains the desired passband siope.
The null detection circuit operates by comparing
the energy at the center of the passband with the
total energy in the passband.

10-4

e 18 38 Se T2 90 108 126 tes 162 180

[] 18 e [ 72 90 108 126 144 163 180

The amplitude slope correction circuit can correct
for positive ar negative values of amplitude

slope of up to 12 4B over a 20 YHz bandwidth. The
null or bow correction circuit can correct for up
to 12 48 of amplitude null.

The amplitude slope correction circuit has essen-
tially no group delay effects. The null correc-
tion circuit provides the reauired group delay
characteristics necessary to compensita For the
group delay associated with the amplitude null.

SYSTEM PERFORMANCE

To evaluate the performance of an adaptive
equalizer under myitipath conditions, a series

of experiments were performed that simulated

the passband distortion arising from two-ray
multipath. The results of these experiments
verified that amplitude slope is the most serious
distortion that arises in multipath. Thus, the
most important part of the adaptive equalizer is
an amplitude slope correction circuit. The
effectiveness of this circuit is shown in Figures
8 and 9. Figure 8 shows the BER threshold
improvement using an adaptive equalizer in the
presence of amplitude slope. The upper curve is
the result of a severe multipath condition which
resulted in errored performance at all signal
levels. When the adaptive equalizer is turned on,
the threshold performance returns to within 0.5 d8
of its normal value.

w8 ® e e 8 & 6 w e
200V E0 HORL LEVER, e

rigure 8. BER Threshold [mprovements Using An
Adaptive Squalizer in the Presence of
Amplitude Slope.




Figure 9 shows the 3ER threshold improvement with
an adaptive equalizer in the presence of a
symmetrical null. Errored performance at all
signal levels is again present in the upper curve
and normal threshold performance is obtained when
the adaptive equalizer is turned on.

The cumuiative effects of amplitude slope and
nulls are shown in Figure 10. The two outer
lobes show the performance without adaptive
equalizers. The peak of these two lobes corres-
sond to the arrival angles that result in maximum
ampiitude slope. when the slope correction cir-
cuit is applied, error free performance is

obtained at all arrival angles. As the fade depth

is increased, the next region of degradation that
is encountered is the point where the amplitude
null is exactly at the center of the passband.
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Figure 9. BER Threshold Improvements Using An
Adaptive Equalizer in the Presence
of a Symmetrical Null.

This point is shown in Figure 10 as the center
Tobe centered on 180°. Note that the fade depth
needed to produce this effect is 5 dB deeper than
that originally needed to produce the amplitude
slope problem. When the null correction circuit
is turned on, error-free performance is again
restored at all phase angles. Now the depth of
fade is again increased until errors are present.
This region is shown by the two narrow spikes

in Figure 10 and correspond to an in-band ampiti-
tude null halfway between the center and edge of
the passband.

10-5
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Figure 10. Polar Plot of BER Improvements Using An
Adaptive Equalizer.

The importance of this data is twofold. First,
the usable fade margin in muitipath has been
increased significantly. Second, the relative
phase angles of the multipath at which transmis-
sion errors resuit are greatly reduced. Both

of these factors help to reduce the outage time
on digital systems. [t is anticipated that
adaptive equalizers used in conjunction with
space diversity will allow digital systems to
meet Tong-haul muitipath outage objectives. This
particular adaptive equalizer is now being
evaluated under actual fieid conditions.
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i 11. ADAPTIVE EQUALIZATION
o Robert Wallace
! Ratheon, Inc.
{

Sudbury, MA

NOTE: The materials provided in this section are copies
of the visuals used with the extemporaneous remarks
given by Mr. Wallace.
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NAME

Paul Hartmann
Tom Giuffrida
Stephen Matsuura

Andrew E. Hooper

Henry C. Merhoff
Adrian Eley

Steve Barber
Arvids Vigants
Larry Hause
Robert W. Hubbard

James L. Weblemoe

John Osterholz
Matthew Blanding
Jyoti S. Sharma
John M. Reardon
Ralph Morris

Ed Lyons

John J. Knab
Pete Plotkin
Dennis Buck

C. H. Blackerby
J. A. Rose

APPENDIX A

LIST OF SEMINAR ATTENDEES

ORGANIZATION
Rockwell International
Bell Labs
USACEEIA
NUWES

PACMISTESTCEN

Ft. Meade
Bell-Northern Research
Bell Labs

DOC/NTIA/ 173
DOC/NTIA/ITS
PACMISTESTCEN

OCEC/R410
DCEC/R210

Western Union
Western Union
Western Union

Ft. Meade

Digital Comm. Corp.
DCEC/R310

1842EEG Scott AFB, IL
OCEC/R710
OCEC/R710

A-1

PHONE
(214) 996-6359
(201) 229-6850
VON 879-2187

(805) 982-8971
VON 744-4963

VON 351-7881

(301) 796-6835
(613) 596-5036
(201) 229-6850
(303) 449-1000
(303) 449-1000

(805) 982-8971
VON 351-8971

(703) 437-2453
(703) 437-2266
(201) 825-5148
(703) 790-2248
(703) 790-2350
(301) 796-6835
(301) 840-3468
(703) 437-2261
VON 638-4185
(703) 437-2237
(703) 2236

x2485

x2450
x3945
x3414
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NAME

Walter Cybrowski
Victor Weill
Harris A. Stover
John J. Cormack
M. W. Horowitz
Jim Vest

Joe Mensch

H. L. McKinley
0. 0. Schultz
Allen E. Post
John K. Webb
Owen Cote'

Tom Shimabukuro
Robert Wallace
J. A. 0'Brien
Gayton Yancay
George H. Hagn

David R. Smith

ORGANIZATION
DCEC/R220
DCEC/R230
DCEC/R220
DCEC/R220
DCEC/R220
DCEC/RS40
DCEC/R220
DCEC/R200
OCEC/R201
MITRE
MITRE
MITRE
DCEC/R710
Raytheon
DCEC/R210
Raytheon
SRI International

DCEC/R220

R ar e e 1 e SRR NG S s DR, -

PHONE

(703)
(703)
(703)
(703)
(703)
(703)
(703)
(703)
(703)
(617)
(617)

437-2316
437-2416
437-2316
437-2316
437-2316
437-2441
437-2316
437-2466
437-2466
271-4885
271-2596

VON 478-3237

(703)
(617)
(703)
(617)
(703)
(703)

437-2348
762-6700
437-2266
762-6700
524-2053
437-2316

N e




