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There has been cons1derable activity over the past few years in
" +the development and testlng of vehicle prlnters and two-way data

>5term1nals for use in law enforcement communications. Although the

':'X{moblle v01ce-rad10 channel has an audio bandwidth similar to that of

the voice telephone network, for which reliable data transmission rates ”
‘up-to 10;000 words per minute are now routine, 1t_has proved. to be‘a '

- much poorer channel for digital transmission, and many tests have ’

- experienced high error probabilities even at data rates corresponding

to only 100-300 words per minute--substantially voice rate.

This report presents the results of a one-year technlcal study of
“digital data transm1ss1on over land-mobile radio channels. Much of
- the report is devoted ‘to description and analysis of the two major
problems of the radio channel-;multiépath fading and ambient impulsive
 ,no1se--and their relative effects on error rates for various types of
data modulation. It is condluded that multl-path fadlng is the dominant
limitation,‘and that both space and frequency diversity-transmission
sholild be investigated as means of combating its effects and improving
the reliability of high-speed data transmission. A:dété rate of
2,000-2,hOO words per minute is suggested as a reasonable<goal for
law. enforcement digital commnnications, both to speed up ca1l-response.'

cycles and increase channel capacity as compared to voice transmission:

Other topics dlscussed are codlng for error detection and correctlon,
‘Qpecatlonal and spectrum utllization 1ssues, the role of portables in a
dlthal world, and economic factors. Several appendices contain infor-
mation and v1ewp01nts gained in discussions w1th equ:pment manufacturers

‘and pollce departments, and a glossary of terms.
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| CHAPTER 1

INTRODUCTION

" The rapid progress over the past ten vears in computerized data
" bases and in direct, on-line man-computer "conversations" to access these

data bases-has opened new horizons in law enforcement. The value of being

: able to. qulckly check if an auto reglstratlon is "hot", 1f a suspect is on

‘a wanted llst or if an 1tem is on a list of stolen artlcles, and so forth,

is attested to by the growing use of the interconnected local reglonal and
. national law enforcement information systems. |
Po date, this rapid direct access to data bases has developed around
sﬁlahd-line"-technology and thus has been restricted to fixed terminals with
wired connections to the computer(s). Despite the greatly improved inquiry’
response,time £hat has been attained by placing computer terminals. at the
. radio dispatcher's eibow, a mobile unit mgst sti;l‘state its inquiry‘tb the
‘dispateher by‘voice radio, and receive his response byythe same meaﬁs. There
-obviously could be further reduction in'respoﬁse time,'pluS»considerable
: reducﬁion in air time and dispatcher load, if mobile units were able to
communicate directly with the data base by high—speed digital radiovtransf};
-im1531on, bypass1ng the voice conversation with the dlSpatcher. deme trials s
.of this concept are already underway. |
~D1g1tal radio communlcatlon 1sfals0 attractiVe for‘other reasons.
Perhaps the most w1dely pub11c1zed experlments over the past few years have yrf‘
fbeen w1th moblle prlnters that prov1de a hard copy'prlntout of dlspatcher-
'igenerated messages to the moblle unlt be they’base statlon 1n1t1ated dlS- :
’5Llpatches or responses to mdblle 1nqu1r1es. Some: departments have felt that

-




»;fhé‘héra ccpy p£intout df all messages represénts an imporﬁant gain; even
7?-if?the'dispétcherrmustrkey in‘all messaées. Adventages cited are the hard-
:féééy fecord.itself, the security aspect (the greatly increased difficulty
6f channel monitoring and the fact that at thé vehicle messages eannot be
7 1’heé£d'byvéuspects within earshot of the radio or external speaker), and
‘fhe unatteﬁded receipt of messages. waever, there are some préblems when
' pfintérs are used’for ali communications. ‘The main problem is that the
patrolmén in aione-man car cannot safely read a received message while he
: af is driving. Others have cited the fact that in digital systems, each
 printer message is usually addressed ohly to the one vehicle for which it
ié inténded, whereas voice communication can be heard by all units on the
channel. While some feel that this improves operations by eliminating
"message sorting" by the mobile units, others feel that this "private"
- communication between a dispatcher and each of his ﬁhiﬁs loses‘somefhing‘
in generél aﬁarehess of all units on duty as to what is going on. Thus it
'might be said that printers represent an important new ﬁechnologykwhose
" proper role in law enforcement communications remﬁins to be worked out in

*the future.

Another potential advantage of digital transmission is its great

speed compared to voice transmission, which can permit much more information

“to flow over the same channel bandwidth, greatly reducing'spéctrum COngéstion'
Tf  For exampie;fé'data rate of 2400 bits per seddnd,kWhich séémé feasible over
”7l:a‘vpice;bandwidth channel, represents a l6ffqld improvemestt évef voice rate
 (150 words per minute), which corresponds to 150 bits per s§cond’when tratis:
: 'fmittea in ccded-characyteifom. The reason that the word potential is

. emphasized above is that present printers operate at 100-150 words per

..2_’




f::mirﬁre;ﬂsﬁbsﬁehtialiy no- different then voice rate. Alﬁhough'the‘use of
sdlgltal message address1ng and acknowledgement procedures in prlnter systems :
r:has 51gn111cantlv reduced channel overhead (compared to voice procedbres),

- thevmessages themselves are stlll golng at voice rate, and only part of the
‘P§ténti?l;0f-aisiﬁal communication for relief of channel and spectrum con;
geStion‘has,yet been realized. -

k This brings us to the main topic of this report--the technology of
‘digital cormunication over mobile radio channels._ The‘particular problem
"_ which underlies ell else is the questionkof digital errors, brought‘on by
“thecfact that radio fading and noise conditions that are perhaps merely
»irritating in voice‘transmission can ceuse data errors in digital trens-
“misgion. The reason for this is’that noise spikes can look Just like data.
@its to the receiving equipment (or mask them), and signal losses of only a
small fraction of a second (due to fading) that are unnoticeable in voice
‘reception can cause»missing data bits. These sources of error cannot be‘
completely’eliminated, and actually, an occasional error is not disastrous
,since‘messages~can be chedked for errors and retransmissions requested as
'necessary. The real questions'are: what is an acceptable error rate,
’under‘what conditions”cah it be‘obtained, and what are‘the,possibilities

for improved digital transzmission over what is possible today?

' Chapter 2 of this reSearch report analyies the mObile redio'communi{'
. catlon medlum to determlne the effects of moblle radlo 51gna1 propagatlon

’v‘and random 101se on dlgltal communlcatlon. The approach is technlcal and ‘::

B ,mathematlcal but the results are stated in general form in the chapter _‘r
:1summary Chapter 3 dlscusses the other 31de of the communlcatlon 001n-—

1virrthe economlc and operatlonal aspects of such a new dlgltal moblle communl- |




?ééﬁidn §yétém;‘ Chabtér é_builds upon the understanding gained in Chapters
féfandJ3g£o preséntaspecific~methdds forlachieving'rapid,.réliéble‘digital‘
ymbﬁiie»fédio commﬁnication. “Particular topics disgussgd are the pfoblem
‘_£¢f link;discip1ine in many—to-pne digital.syStemskoperating on a common
”:éhéﬁnél,‘the>possibiiities for use of diversity reception techniqueé to

ﬁ:jreducé5ér eliminate‘channel fading and thereby improve the channel for

:7jfdigital tranSmission, and the tradeoffs between simple error-detection

‘coding and more complex error-correction coding for improvement of channel .

o

. efficiency in terms of net throughput of correct messages.
Appendix A discusses one additional technical topic--the minimum . &
"';f,digitalydata'rate and maximum error rate for acceptable transmission of

" yoice in digitized form. The required rate turns out to be 30,000 bits per

second, considerably greater than the data rates of 100-2500 bits per second
. Qdiscussed for digital radio channels.

,During the course of the project, a number of visits were madde to

],mbbile radib equipment manufacturerS'to discuss their preéent activities
;;énd future pléns iﬁ digital transmission. Also, visits were made to several
_ police departments to discuss their present operations, future plahs,‘and
 the role that they fofesaw for digital communications. These‘variousrvisits"
 arevréported in Appendices B, C, and D. A brief glossary of @eimé‘used in
‘theireportvis,giVen in Appendix'E.‘ | |

| The general‘summary and éonclﬁsions_from ﬁhe study are given in

~ Chapter 5.




shadow falling, but the effects differ with frequency.

'chanhel as 1t effécts dlgital signals transmitted over 1t. he‘two primary

CHAPTER 2

- THE MOBILE RADIO CHANNEL

The mobile radio communication medium is the VHF/UHF electromag-

netic specﬁruﬁ; with~present bands from 25-50 MHz (VHF low-bena), 1h44-17h
MHz (VHF high-band), and 450-470 MHz (UHF band). In 1971, the FCC added &

fourth band from 806-947 MHz (re-allocated from UHF-TV and Government

services), but actual use of this new band is still at least a year or more.

" off because of the time required to develop and produce new equipment, and

the continuing study by the FCC (Docket 18262) as to how this new 900-MHz

band will be used. The FCC also in 1971l granted permission for mobile
users in the top 10 urban areas to shere the bottom 7 UHF-TV channels o §
(470 to 512 MHZ) on a not-to-interfere basis. These freéuencies are con-’
tiguous to the present UHF band and may be‘lumped'with it for'purPOSes of
this diseussion.j | |

Each of the four mebile bands represents & unique cembination of
Prbpagation.and noise prdblems;-for instance, the lower bands are more sub-
‘ject to impulsive noise inﬁerferenée’from vehicle ignition‘systems and other.
man-made sources while the higher bands have more‘difficulty with multipeth

propagation effects and thermal‘(Gauesian) noise. All bands experience

 In this cnapter we consider the properties of the mobile radio

: effects are amplitude variations caused by propagation anomalies, and addi- o
v tive n01se‘ Both of these dynamically effect the signal-to-noise ratio (SNR)
E a+ “the receiver and thus the quallty of transmission, which for digital

‘ve.‘transmission may be(characterized by the probability of errors.

.




“k'Iﬁ Seeﬁioﬁ,A ﬁe discuss both shadow and multipafh fading in mObile
”;ieaio siénal‘propagation, carefully distinguishing between the two; Multi-
: path propagatlon is analyzed in some detail from two points of view--time
:;domaln (pulse echoes") and frequency domain (superposing 31nu501ds)~-and

A itilsvshowp that the Raylelgh probability den51ty is a suitable model for
fe‘multipath‘amplitude fading. However, frequency‘seiective fading and direct
”f:traﬁsmitter;radiatioﬂ are noted as exceptions to the general Rayleigh dis-
3 fribution."Finally, the Doppler frequency shift is examined, and it is
’jshown'that for landgmobile vehicle speeds the shift is’so small that it may

51 'usua1ly bevneglected. ‘ @

Section B discusses noise. The»well-known Gaussian model for ran-
b’jeedom noise is discussed briefly, but most of the section is devoted to im- '
?1, pulSive noise; both the measurements that have been reported and the models
‘ﬁhat have been developed to deseribe it. The results of Sectione A and B

are used in Section C to calculate error proﬁabilities for combined‘fading
: ,and heise. Secfion D summarizes some general observations about'fading and

~ noise effects on digital transmission.

2 A Propagatlon Effects

In thls sectlon, the empha31s is on base-to-mobile propagatlon.

+

g N :
*1Note however that by the general reciprocity theorem as applied to mobile
'gradlo communlcatlon, tne transmission characterlstlcs from base ‘to-mobile

are the same as the characteristics from mobile-to-base, i.e.,‘the same

: ﬁrepagation mechanisms (shadowing, multipath, Doppler shift) work both ways.

* Ramo, Whlnnery, Van Duzer Fields and Waves in Communlcatlon Electronlcs,
(Wlley, New York 1967) page 587

-6-




1. Shadow fading

k-‘ The'major identifving characteristic of "shadow fading" is a more-
boféless:uniforn neducfion in’signal 0vef an area whose dimensions arehmany
f tené7¢f vavelengths. Wavelength of course depends on signal frequency, and -
“:‘inlthe mobile hands,varies from 1.05 feet at 950 MHz to 37.6 feet at 25 MHz.
V’The;shielding or attenuation which causes shadow fading may be due, for
' instanoeg fo large huildings in urban areas or geographical features in
-graral areas.,‘. | 7

| A second characteristic of shadow fading is that all signals within
8 given mobile band are usually "shadowed" together. This is because the |
lshieldlinge:f'fects of metal~-frame buildings or the attenuation of obStructing
geografhical features change so slowly with frequency that signals over the
- relatively narrov range of any one mobile radio band are all similarly’
-reduced by shadowing. From one band to another, though; the shadowing
~effect may differ significantly. For example, metal-frame structures can
only shadow‘signals whose wavelengths are larger than or‘oomparable to the’
rspacing‘of the structural members, and a buildingdwith large glass_windows
of, say; six-foot dimensions may effectively shield out lOw-band sigrnals

(wavelength 35 feet) but pass 950-MHz signals (wavelength = 1 foot). In

general high frequency (short wavelength) signals prov1de better penetra-,
‘ t10n~and,more complete coverage 1n,the presence of structural ‘shadowing. 8 o

The varlatlon in shadowing effectwveness of gentle geographlcal

“features can also vary from band to band. H1gh~frequency 51gnals tend to
; Jfollow line-of—sighh‘paths and pass over'the shadowed area ‘Whlle low fre-
:Lf;quency 51gnals "flll in" and provide better area coverage around gentle «

:fhgeographlcal varlatlons."

52041870 + 74 =2




:'1n nature (as opposed to multlpath fadlng, whlch is probablllstlc in nature)
From the phys1cal processes whlch cause shadow fading, it 1s oulte clear that
: shadowed areas are permanently determlnea byelocal geog:aphy‘and structures
fdend shat those shadowed (i.e., "low-signal”) areas can be uniquely located
gaE eﬁd identified.ﬁ_lt is tﬁen clear that statistical.messures are‘unnecessery”
- for the description of shadow fadiﬁg situotions, or in the design of mobile

systems which will opefate in the presence of shadow fading.

2. Multipath propagation

Multipath propagation exists whenever radio signals arrive at a
receiver via multiple, presumably distinguishable, paths. 1In the multi-
path geometry of Fig. 1, for instance, the received signal is a superposi-

~ tion of three versions of the transmitted signal, one "direct" signal

TRANSMITTER

“p RECEIVER
( ECHO 2
ECHO { -

DIRECT &GNAL

Plg. 1. Slmple multlpath propagatlon geometry show1nq
@ direct signal and two echoes ' :

A thifd characteristic of shadOW-fading is that it iseﬁon-Statistical




??;aﬁdetﬁoereflectea, delayed'signéis. The relative attenuations of these three
; versionezdepend bn»the'particular circumstances. If the transmitted 51gnal
,wefe,a short pulse the receiver output would conmtain a "direct" pulse signal

> .;Plus two'mUItipath'"echbesﬁvas shown.

The'simple‘geometry of Fig. 1 may not seem very realistic, but

| actual pulse measurements that have beenvreported for such complicated

propagationeenvirohments as Manhattan,l the Chicago 1oop,2 and the San

‘bFrancisco financial district> show the same type of delayed,‘attenuated

echoes as may be predicted from our simplified multipath model (See‘Fige.E).

~In‘practice'the'path delays and path attenuations vary randomly with mobile
-~ position and thus have to be described by their Jjoint probability densities;

Wote also that relative time delays of more than ten microseconds beyond the

direct signalvare‘very rare so that the maximum multipath time delay may be

safely taken as 10 microseconds, corresponding to a maximum path-length

- difference of 3 km.

The frequency domain description of multipath propagation is based

on the probabilistic superposition of several independent sinusoidal carriers

~of the same frequency, but with random amplitudes (individual path attenua-

i tions) and random phase (path delays). ILord Rayleigh# in 1880 analyzed the

limiting case of an infinite number of randomly phased, equal-amplitude

(1nf1n1tes¢ma1) 51nu501dal 51gnals. Aithough the'Rayieigh probability- i

;1den51ty is very convenlent for calculatlons the assumptlon of an lnflnlte ‘
.number‘of s;gnal components might seem tQ rule it out for mobile radio

1eepr0pégation. ‘However, it'turns‘ouf to be»a good model, as Will"be,deScribed.ﬂ

In l9h6 Slack5 analyzed ‘the more realistic (and more dlfflcult)

: 7cases of w to seven. equal-ampllﬁude, randomly phased 51nus01ds and her ‘

T fresult1ng amplltude den51t1es for N=2 through,N-T are replotted An Flg° 3.‘
.:"_,’9:__"
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_~Thekcorréspehding Rayleigh density, whose mean hasibeen adjuSted ‘to equal

*the N—T case, is also plotted and 1t is seen that the N—T curve is-a close

'*vfapprox1mat10n to the Raylelgh den51ty for all values of the resulbant and ,

733;that even the N=3 curve varies llnearly with the resultant (Just llke a
: :Raylelgh dens1ty) for small values of the resultant. From this we conclude
'bl,that -even for a small number (N=3 to 7) of combinlng equal-amplltude sinu-~

R 501ds, the ensemble of resultant amplltudes is closely approx1mated by the

."l‘Raylelgh dlstrlbublon.

The equal-amnlltude assumptlon also does not seem to be an issue
‘1n the use of the Rayleigh model. A number of recent au.’chorsT’8 9 . have
lr-experimentally measured carrier amplitude Variations in the mobile bands
over a,wide”fange of mean cafrier«amplitudes andifound that these’experis T
"y mental mesns can be closely modeled by the Rayleigh distribution. Thus the
E ‘frequent references to the ideal (and mathematically tractable)vRayleigh
statistic for'earrier'amplitude fading seem'Justified, even though the
‘assumptions of equal component_amplitudes’and an infinite number of inde-
pendent com@onents which lead to the Rayleigh statistic obviously are not
often satisfied. |

| | One failure of the Rayleigh amplitude statistic is‘itsuinability
£0'account for frequency distortion in multipath‘propagation. ‘Schmartzlo has
'ushown'that»Signals whose bandwidth, B (Hertz), satisfy the relation K

; B'I‘>10 _ ,

- where T is ‘the max1mum dlfferentlal multlpath time delay (seconds), have
Ed,the property that the amplltude statistics of w1dely separated frequenc1es
"ivwlthln:B-are 1ndependent.u Thls-condltlon‘ls called ﬁfrequency;seleet;ve

;fd,fadingﬁ;;_As,previously stated, the pulse.measureﬁentSminltypieal:urban’




f;env1ronments 1nd1cate a‘ worst case time delay of lO,microseconds foriurbEn =
i‘multlp 1th propagatlon. If it is desired to insure*independent fading of two
’H71s1gnels (for example,iforkfrequencyvdiversityvreception), the necessary
fidifrequencyeseparaﬁion may ﬁhen be'calculated as:

‘ =1 10

',: > oL - : =' . ;.A' R B
A £ > 10 - EE'ﬁEEE 1 MHz (for independent fading)

Schwartz s results also show that if, 1nstead
BT < 0.1

then the statlstlcs of the frequency components of the signal are clnsely
correlated and the amplitude of the otherw1se undistorted s1gna3 will be
Raylelgh-dlstrlbuted. This is called "flat" or "non-selective"” fading.

Using this relaﬁion and the 10-psec delay figure, the bandwidth over which
’>there should be no frequency-dependent multipath effects‘is about equal to
the normal channel bandwidth:

- 1 0.1

“ < . ol - ———— = - . .
B ’O 1 - 10 Jisec 10 kHz (non-selective fading)

Besides the fact that it does not account for frequency selective
distortion, the Rayleigh model apparently is not always accurate at very
lOW‘amplitudes relative fo’the median. This is illustrated by experimental ‘

- measurements that have been reported, which are plotted in Fig.‘h; The -

| 11.2-GHz measurements are seen to fall‘right‘on the Rayleigh curve,’wherees

;the 836-MHz-andf150;MHz points are-respectively higner and lowerQ One~‘,r~

,reason for the measured dev1at10ns from.Raylelgh at 150 MHz mlght be that

the measurements 1ncluded some shadow fadlng effects, whlch would tend to

bd‘; decrease the s1gnal amplltudes. The 836-MHz measurements, on the other hend,:;_‘

'mlght have rncluded a weak dlrect 51gnal component distortlng the measure-vr -

!c}ment upward. Thls second p0551b111ty (dlrect component plus a Raylelgh-‘«f '

fgfdlstrlbuted component of random phase) has been examlned analytlcally by

.'_13_ :
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'?vﬁorhonjet al;llanhose resulﬁingyprobabiliﬁy distributions ave shown in
"{fFiggr5. ‘In Fig. 5, the yarameﬁer'K is the ratio of the power in‘the random
b’;fcomponent relative to that in the constant component, in dB; The analysis
Jd:?shows that the Rayleagh distribution in unaffected S0 long as the average
fdpower 1n the random (Raylelgh) components is greater than the total power
o in the dirEct component but that the distribution rapidly becomes non-
‘iniRaylelgh.for ¥ less than O dB (equal pover).

To sum up thls section on multlpath propagatlon, multrpath propa-”
'gation can,manlfestvltself_as delayed, attenuated echoes (tlme domaln) or
;fi anplitnde fading (frequency domain). In can also be conciuded fhaﬁ for
‘mobile radio carrier fading‘due to multipath propagation, thekRayleigh"
distrihutiOn is a simple and accurate'statistical model for amplitudes
w1th1n approx1mate1y 20 dB of the 31gnal mean. In contraet with'shadow-
fadlng, multlpath fadlng is a random phenomenon whlch is not llmlted to
speclflc loCat10n5¢ Multrpath fading is also short-term- ‘the 31gnal level
. may not remaln faded over distances much greater than a half-wavelength

(rather than tens of wavelengths as in shadow fading) and, as'we'have seen

for frequency—selectlve dlstortlon, the statlstlcal varlatlons of multxpath‘
| amplltudes within a narrow frequency band may be as dlfferent as shadow
fadlng s effect from one band to another.

S 3. Doppler shJ.ft

| Radlo 31gna1s to and from moblles are affeCued as one would
1expect by the fact that the moblles may be in motlon, cau51ng a Doppler
: fifrequency shlft or random frequency*modulatlon. The shlft may be upward
ii;or downward 1n Irequency,‘dependlng on the dlrectlon of. motlon, and 1n »
f;fmagnltude 1s equal to - L
el = e e
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Awhere f ’ls the unshlfted frequency (Hertz), v is the relatlre radial speed 5
ssbetween transmltter and ‘receiver (meters per second), and ¢ is the radio
f:propagatlon ve1001ty 1n air (3 x lO8 meters per second). Assumlng 100 miles o
{per hour as a worst-case radlal speed for the land-mobile serv1ce, ~the ,

| f‘correspondlng Doppler shift at 450 MHz is only 67 Hz, cons1derably less than
o the frequency tolerances for state-of-the-art (1972) moblle radlo 050111ators

: whlch are standardly O 0005 percent or, at addltlonal expense, O 0002 percent.c
?ﬂ The latter of these corresponds to a pos51ble mex1mum.frequency varlatlon at
. 1;50 MHz of:

|Af] < (450 MHz) (0.0002%) = 900 hertz.

| An 1nterest1ng property of Doppler shift is that it is 1ndependent of 51gnal
power. Due to 1ts small absolute effect however, it w1ll be 1gnored

hereafter.

. Ba. = Channel Noise

l. Gaussian noise:

A nnmber'of authors have’made‘detailed analyses of Gaussian noise

‘and its effect on dlgltal transm1s51on for several forms of dlgltal modula;
"we:tlon. The analy51s of Gaussian rather than some other dlstrlbutlon of n01se B

is‘justified both by the Central LimityTheorem, which asserts that the sum
o of a large’number of-noise.sanples_tends toward a Gaussian noise distribu-
"*tlon,_and byvinformation'theoretic channel capacity argumentsiwhich state r
:lthat Gaﬁsslan noise is a l:'worst possible noise in the sense that the
'fGauss1an channel capac1ty is less than the channel capaclty for any other
tén01se dlstributlon of equal noise power. Addltlve Gaussian n01se’haS‘the '
ifl}further advantageszlor analysis purposes ‘that (1) signalsvandjadditire

;gfnoiSelmay beASeparately analyzed'(superp0sition) in linear‘systems; and -

et :




”?(2) GaﬁSSias nOise remains ‘Gaussianly distributed after paSSing tnrough a

f;linear system.:“

‘ o A typical result for three types of digital modulation, frequency-

»i :Shlft keying (FSK), phase shift keying (pPsK), and differential phase-shift

‘:";keying (DPSK), is. shown in Fig. 6 (from Schwartz, Bennett and Stein, 1966,

Liy'lpa'ge‘ 299)l . These error probabilities are appealing in their simplicity

| and;theyrhave been ﬁsed to rank digital modulatiens eccerding to,errqr
probsbility3 but seﬁeral cautions should be borne in mind:

(l) The error curves of Fig. 6 are only valid for Gaussian noise;

other types of noise such as co-channel interference, tele-

phone switching noise, or vehicle ignition noise, which have
. decidedly non-Gaussian distributions msay ha?e»quite differ-

ent error characteristics.

(2) In Fig. 6, the signal-to-noise power ratio is assumed to be
constant. For cases in which the signal is randomly fading,

an‘integration'over the power probability‘density is -

necessary to arrive at the new average error pfdbability

(see below).

(3) The overall system is assumed to be 1ihear; Nenliﬁear
systems, esPecially bandwidth exchange systems, Will
distort +the error distribution.

The special case of Rayleigh-fading signa%sxin'Gsussian neise

’i,ti(item 2 above) has been examined by Stein ( ref. 10, p. 408) and his results

a‘ifisre'shbwn in Fig. 7. Comparison'with Fig. 6 shows that theferror probabili- ‘

'ties are greatly increased over the non-fading case for a given Signal-to- ‘

'noise ratio. The relative ranking of the three types of digital modulation

- remains the same, however. UM PR “‘*- IS
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Impu131ve noise

Desplte the tractablllty and general valldlty of the Gau551an model
v  :f§rjcerta;n,k1nds of nolse, as dlscussed above, the class of noise called
“i@pﬁlsiveﬁ is so diffefent‘from Gaussian'noise~that the‘GauSsian-p:obébility
lff‘dist‘r’iblﬂfcion model cannot be used to predicf its effecf oh communication per- -
- .fofmance~(in our case, digital error probability). Impulsiﬁe ngise includes
- such mén-made noises as powef—iine'corona, vehicle ignition fédiation, arc
 ﬁe1ders, and power switching, and naturally occurring atmoSpheric noise.

The reason fOr'the inaccuracj of the Gaussian mOdei when impulsife noise is
présent is’almosﬁ-common sense: only rarely does a zero-mean Gaussian random

' variable have a very large amplitude relative to the square root of its vari- .

- ance, but an impulsive~noise is expected to have large amplitudes. For equal
noise powers (i.e., for the same mean square amplitudes), Gaussian and impul-
sive noise random variables have very different probablllty densities, as

‘shown in Fig. 8. Impuls1ve noise is especilally important to digital communi-

 ¢atioh because the probability of digital errorvfor signals in impulsive
noise isilargef fhan’ﬁhe probability of error in Gaussian noiée of~equal‘
‘noisé power. In'ofder tb show this analytically, however, it is first
necessary to discuss experimental measurements of impulsive noiseé and the
,_’"x_nodels that have been developed £0 describe it.

‘a, - Urban noise measurements

Impulsive noise appears to be the predominant noise in urban and

‘suburban areas. As shown in Fig. 9, man-made noises mask the weaker Gaussian =~

 ,i$ also'interesting to note that naturally occurring atmospheric‘rgdio‘ndise

A prlvate communlcatlon from Motorocla 1ndlcates “that the man-made back-
ground n01se in New York Clty is as hlgh as- 50 uvolts per meter.

_20_‘. ;

: : : ‘ L% T
“thermal noise at freguencies below 500 MHz (suburban) or 2 GHz (urban) . It
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‘lso an 1mpuls1ve ﬁ01se) exceeds‘ﬁhe background 1eve1 of Gaus51an noise i
fbelow 30 MHz.~>" | e |
To use dlgltal errer érobablllties in the deslgn of a moblle radio
';transmlsslon system 1t 1s _necessary to determlne the existing n01se powerr, -
;elevels and to speclfy 51gnal powers whlch will result in acceptably 1ow
serror prebabllltles. Rule of thumb handbook estimates such as 1n Fig. 9
- could be used, but a more extensive analysis of ambient man—mgde noise in
 the rangefEOOQSOO MHz has been made by E.N.,Skomal21 whose summary is re-

V ,produced in Fig. 10. He has tabulated the average ambient noise power

:tgv‘(thet is, its mean square amplitude) into a matched dipole, using units of

‘dBmi(geciEels relative to one gilliwatt) which simplifies the issue of units
',and pefmits a guick calculation of the mean signal-to-noise ratio for error
‘prediction.

b. Ignition noise

'Being especially interested in mobile eommunication, we should also
consider in detail the contribution of vehicle ignition interference to the

ambient urban noise. The ignition spark of an automobile engine is. a very

H:tj‘short surge of high current (about hbnanoseconds at 200 amperes)23 which

fcontains significant frequency components through the UHF range. Figure 11
-~ shows that the‘magnitudes of the power spectral maxima df a‘rectangular"
Pﬁise (aﬁ f = 0, 3/T2, 5/2T, ...) decrease as £7° of‘at =20 dB/decade. It
'is’reaSSuring to note that the handbook cﬁrves for urban and. subﬁrbanrman-
‘flfmade n01se of Flg. 9 decrease at -23 dB/decade, supportlng the clalm that
~ 4man-made noise is 1ndeed 1mpuls1ve. |
In_order tq measure “the amount 6f‘radiatedbignition hoise, deteiledl

;f7\meaégrement‘procedures have been established by thenSAEeu end the IEEEEE.

- 2e-
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{:Fron several souroes, Mcdoy has assembled measuiements of ufban radio noise
';and rescaled them to dBm/kHz, as in Fig. 12 It is not clear that ignition
‘ln01se was the only noise component present in these measurements, however. 1t
'probably'was the predominant one. Assuming this to be the case,fthe curious

shape of those curves may be due to both resonances in ‘the vehicle's body

: and chassis w1ring (a frequency-selective system response) and/or to power
. spectral variations in the short ignition pulse (non-whlte dr1v1ng input),
_For example, the noise minimum at 400 MHz implies an ignition pulse duration

uk‘[‘of 1/400 MHz = 2.5 nanoseconds, which is close to Schildknecht‘s cited value
‘ ~of 4 nanoseconds.
~ These peak noise measurements (i.e., the maximum instantaneous
;noise poner) are considerably higher than Skomal's ambient levels. However,
| yfhe'peak power of an impulsive noise distribution may be LO dB above its |

mean power (see Fig. 13). If this is taken into'account, these ignition

measurements are comparable to the ambient level of urban man-made noise.

3. Impulsive noise models

The staﬁistical snalysis of impulsive noiSe has grown fromvtwo
starting points and tne two resulting'models} although similar, are not
identical. The first model, the "telephone' model, was‘develdped at tne
| sBell Telephone Labdratorie512 to describe the ampliiude probability diStri-
"-bnfion~(APD) of impulsive telephone switching noise.vl0n1y~the amplitude

 @istribution is important in digital trensmiSSion because the time spacing

between‘telephone?noise‘pulses is much greater than modem tone periods sol

the "phase" of the;noise was assumed to be uniformly distributed between

.7/ 0 and 2m; similar arguments apply to digital mobile radio communication

*dsm/kﬁ . +’20'1"‘ B(pv/m) L
2= T+ 20 Logy BV/m) - 20 1ogyq Dy,

.-2)4-“ '
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iéﬂd;ﬁanéﬁaae‘radio noise@ The’telefhone mooel‘is'artwoséarameﬁer hyperbollcf
dehsiuv‘fuhotionewhOSe paramehers can be adjusted to the'average,ﬁower and
vlmpu151veness .of an observed n01se sample.

| The second model thev atmospherlc model was developed at the
“'Natlonal Bureau of Standards 13 to descrlbe the amplitude dlstrlbutlon of
ibffadlo h01se' crashes (e.g. llghtnlng) whlch 1nterfere w1th 1onospherlc
h radio eommunication. ‘This model is also a two-parameter model, but 1t is
‘l;efaj"péﬁer~ﬁayleigh" model, so-called because the Rayleigh distribution may
l‘be ohﬁained’by a partiCular’choice of model‘parameters (x = E(x ), a= 2).

Both the telephone and atmospherlc models are summarized in Table l.

lhu?The derived parameter Vd in Table l is, admittedly, unmotivated, but it is- |
ri,“suggested as a convenient measure‘of the 1mpu151veness of avnolse distri--
.‘i;'hution;' It isfalso‘independenf of the'average,noise power of the,distribué

- tion. The reverse problem is:  given Vd, calculate a and m. Typical

'r‘values aresgiven,in Table 2.
- Bruokert'and Sangst’erlh Titted the telephone model to man-made

noise measuremenﬁs at 150 and 450 MHz and obtained the following parameter

 values:
Frequency Band | Parameter Value
150 MHz m | 248
7 : h 1,81 pvolt
1450 MHz m o | Lk.ook
h 2.62 pvolt |

o The”parameter Vd'cahnot be ealculaﬁed for the lSO-MHZ values abovevbecause

m is less than 3. However Vd and E(x ) can be calculated for the 450-MHZ

f values and are 6 4B and -98 6 dBm respectlvely.‘

: -26-, ‘ L




mable 1

Impulsive Noise Models .

Atmospheric Model Telephone Model -

.Amplifude‘diStribution;

| (@PD), Prob (y > x) = exp [~ (ﬁ),l

| Amplitude density »
5 ’ ‘ ax® x, 2
Ex = };.(;{- exp [-() ]

First moment,* E(x) = KI'(1 + 1/a)

e

| Second mement,

o ‘E(kgi} average power = KZF(I +-2/a)

T (i%2/a; ‘
| - 01 r2(1+1/a)

=E_(£2_)__

Cvae]
' E(X)v2

10 loglo

| T(x) - is the gamma function =




o Table 2

w ‘ | A,Teléphqrné, (m) | ,A”cmosphleric (a) 1 ;

undefined  infinite .
undéfiﬁed' r o 1;2621  :
infinite ~.~’1.062h:'.fj7 -‘
C6ugot2 | o;7uhb' 
bol02  0i5866
u6Th 0,187k
32560 ‘,1, - 0.3880
12 : B 350 SRR :' 10.3532.4’
.14_, - 3.0986 | »
16 - 3.0935
18 - :,“3.0885:1' 
o 083

infinity ~ 3.0000




: ‘iFlgure l3‘shows measurements for atmospher1c and man-made noise
f;:taken from Matheson.s)+ The values of Vd have been calculated as 16 4B and
: 'lh dB respectlvely, and are shown on the cCurves. The sinilaxr shapes of
3 ',these dlstrlbutlons and the nearly equal values of Vd 1nd1cate that atmos-
'1pher1c and man-made noises are 51mllarly dlstrlbuted 1mpu131ve noises.

The choice between the atmospherlc ‘or telephone APD models for
‘man-made UHF/VHF radio noise is a matter of modeling judgement; it is less
imporﬁant to dwell on their differences than to note their similarity as
contrasted‘with the Gaussian noise;disuribution (see Fig. 14) and to realizé

that either model may‘adequately describe man-made impulsive noise distribu-

tions for digital error calculations. In this research report the atmos-
‘phéric model will beyemphasizedvdue to the larger body of literature which
deals with the atmospheric model. Also, the nominal value of 6 4B will
usually’be assumed for Vd but, when possible, comparisons will be made With‘
tho telephoné model and/or with Vd = 16 dB to test slightly different degrees‘
of "impulslveness". ib
C. Calculation of Error Probabilities

The calculatlon of error probabllltles for blnary-encoded signals

in the presence of noise is not a dlfflcult process if one uses the simple
geometrical.techniques of G. Franklin Montgomery.l8 His fluctuation noise
is simply zero-mean Gauséianknoise, leading to the error curves of Fig. 15
which should ‘be compared with the similar curves of Fig. 6.-)-6 But these same
techniques are also valld for any non-Gau551an n01se amplltude statlstlc and

several authors 15,16,17 haveylndeed calculated binary error probabllltles .

. for various digital,modulations in impulsive noise (usingbthe atmospheric

: model) for both fading and‘noh-fading signals as shown below.

*On page 19.
SR -29-
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‘Modulation |

PSK
. DPSK

FSK

- Fading?

yes

e oy

yes

yes

| Non-Fading? Vd, 4B - Reference
yes 6‘ lS,'lT
" yés 6 17

no 1 to 10 16

- To cbmplete‘ﬁhese results for all three modulations, the simple

Montgomery sta.tesl8

Adopting Montgomery's notation:

FSK non-fading

S
o}

2

next page:

signal amplitude (constant)

“and Rayleigh signal fading on error probability.

‘signal power (constant)

instantaneous noise amplitude

average noise pover = E(Ne)

instantaneous noise power

case of an FSK signal (both fading and non-fading) in impulsive noise has -
'7‘been_evaluated by‘the author. TIts explicit solution allows us to compare
the atmospheric and telephone models with respegt to error predictions and

" to investigate the relative effects of "impulsiveness" (as measured by Vd)

that no error can occur in FSK modulation so
‘long as the‘signal amplitude exceeds the noise, but that errors will occur

with probability 1/2 whenever the noise amplitude exceeds the signal.

probability N > N' (noise APD of Table 1)

prdbability,of binary errér‘

3

b Using this notation, the expressions for Pe(SO) and SNR are shown on the
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These values of Pe are plotted against SNR in Fig. 16 for both the‘telephone

" and atmospheric models (Vd = 6 dB, m = h.OlOQ,.a = 0.5866 from Table 2, and )
. in Fig. 17, for Vd = 16 dB (m = 3.0935, a = 0.2793).

L FSK Raylelgh fading

s' 1nstantaneous 51gnal amplitude

o
5, mean s1gnal;power

P, average Pe
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: o ‘ =(s/8)
£(S) Rayleigh probability density = 5 e
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L For'the,FSK Rayleigh fading cése, it was necessary to numerically integrate
to obtain the error curves of Fig. 18 (Vd = 6 dB) and Fig. 19 (Va = 16 aB).
 "Conda's curvevfor fading FSK signals in impulsive noise (Va = 6 dB) is also

plotted in Fig. 18 for comparison.

JoHe Halton and A.D. Spaulding2o have also performed‘similar fading
- and non-fading calculations for both FSK and DPSK modulations using thé S
atmospheric model (VA = 6 dB) and their results are replotted in Fig. 20
| (non-fading) and in Fig. 21 (fading).
5 D. Summary
From Figs. 16 through 21 it is pogsible to recognize some general
characteristics of digital error probabilities:
(1) in the absence of Rayleigh fading, the signal-to-noise ratio
 (SNR) required for a "low" binary error probability (in the

4 to 10_5) is about 20 dB greater for impulsive

range of 10~
noise than it is for an equél Gaussisn noise power (see
Figs. 16 and 17);

(2) 4in the presence of Rayleigh fading, the error probability
curve for Gaussian nolse shifts so as to require as much
as & 30-dB increase in SNR compared to a much smaller
increase (about 10 dB) for iméulsive noise; and the two
binary érror probability curves become almost'identical (see
Figs. 18 and 19); |

 f ”,‘ ' (3) the error performances predicted by either the atmospheric

or ‘telephone models for impulsive noise are so similar (at

least for FSK modulation) that there is little incentive to

determine which is the "better" model of impulsive noise
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(6)

(10

. *(éee Figsf 165andv17);

ey

the-FSK'error"probabilities for impulsive,noiSe do not seem

to be affected by an increasevin "impulsiveness™, Vd, from

6 dB to 16‘dB, apparently being more sensitive to this type

~of noise distribution per se than to the relative degree of
e  "impulsiveness" (compare Figs. 16 and 17);
(5)

‘whenever there is fading, a mean‘signal-to-noise ratio of

at least 4O dB is necessary to obtain "low" probabilities

* 4o 10’5), compared to a SNR of 30 dB in the impulsive,

: non-fading'case,and of only 10 dB in the Gaussian, non-

fading case (see Figs. 16 and 18, 20 and 21).

thus if fading could be effectively eliminated by some form |

of diversity (see Chapter IV), a reduction of 10 dB in
réqgired SNR could be achieved, or better error performance

could be achieved at the same SNR.




CHAPTER 3

~ EXTERNAL FACTORS

' This chapfer brings together a few of the non-technical factors

E ;ﬁhat affect the design of digital mobile radio systems. Economic factors are
: ¢on$idéred first,vthén the question of‘spectrum utilization, and finally the
>icharaqteristics’of conventional voice FM equipmenﬁ for digital use are

i discﬁSsed.‘ Each of these factors will indirectly affect»the technical

designs of Chapter k.

A.: Economié'Factors :

* The economic factors which are considered here cannot be intimately
- related to ¢osts--pricéschange too rapidly in the electronics’market for
that--but they are related to the structure of mobile radio equipmeﬁb (trans-
mitﬁer‘power/cost ratios) and the fact that there are many more mobiles than
base stations (the "times N" factor).

The first economic factor is the‘curious shape of the'transmitter
‘power/cost curve, shown in Fig. 22. Baséd on 1972 ;iSt,prices for base and
mobile fM transceivers in the loﬁ-VHF, high-VHF,rand UHF bands, these figures
show,that through the 100-watt power range for mobile transceivers and the
hOQ-watt range for,base equipment, costs are a1m§st constant and independent
. of trénsmittér power.’ Above these povers therevhas not been enough proéUc;
ition experience to justify a prediction of cost for very'high pOWefveqpipment.
Theéé figures shoyw thaﬁ with the present price structure, mobile radib‘signal

power is almost "free" over a wide rahge‘for the'power‘levels shown, and that

! a design goal of minimizing signal power wculd'ﬁot yield the same savings in

. mobile radio communication that have been realized, for instance, in minimiz-
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ji':’_;l.ng communlcatlon power (and therefore, welght) for spacecraft.
The "tlmes N" factor represents the fact that in the classic mobile
radio_system‘w1th one base statlon;and N mobiles the economic strategy is to
conceﬁtrate as much as possible of the necessary cost at the bgse’station, so
Jong as, fOr the same level of performance, the cost of the individual mobile's
_equipment is more than 1/N of the alternate cost for base station equipmenﬁ.
This is especially true when the number of mobiles become quite large as in
many large pblice departments or taxicab companies.  When N becomes even
1érger yet, as in thek"one man, one radio" systems which have been projected,
'the "times N" factor would seem to call for mobile units of minimum complexity
,that.could be standardized and mass produced at very low.cost. On the other
hand; techniques to improve the radio channel for digital transmission
(diversity reception, for example) and to imérove spectrum utilization (multi-
channel trunking, high-speed digital signalling, etc.) tend to increase the
'Complexity of mobile units, and therefore their cost. Thus the tradeoffs
between cost and performance must be continuously examined as technology
advances. ‘
'B. Spectral Utilization
’ It is quite well known that there has been a shortage of available

- land mobile spectrum, especially in large metropdlitan areas, and that this
fact hés‘ﬁeen of growing concern to users and the FCC alike over théblast 15 |

years. Quoting from the FCC Annual Repor’bts:‘?7

1958: 'es the Commission's objective is ... td relieve, . to the ‘
greatest extent possible, the frequency congestlon that
yrevalls in most of these services.

1962: "The various industrial services grow within the confines
'~ of a very small portion of the usable radio spectrum.
This situation bas led to extremely congested operatlng
conditlons in many areas.‘

bs- ,;'




2 "One of the most pre351ng problems faced by the Comm1s31on
~is to. find frequency relief for the publlc safety, indus-
~ trial and land-transportatlon radlo services. These land
mobile radio operations ‘have grown in the past few years
~and frequency shortage has become acute An. many geogra— -
“phic areas. 5

- 1966: "he mejor problem facing the Land Mobile Radio Services,
~ | ‘as well as one of the thorniest confronting the Commission,
is the congestlon in the limited Spectrum space avallable o
%o these 1nten51vely populated serv1ces.

f;“ The FCC acted in: 1971 to allev1ate the short-term need for additional channelS“

VC;Tby permlttlng land-moblle use of up to two UHF telev131on channels in the
ii?f7470- tov5l2-MHz ‘band in each of lOkmetropolltan areas (e.g.,'Channels lh.andqnlvf‘
"Cal6pin-Boston<and Channels 1k and;ls in Nen York) on a fnot ﬁo_interfere" -
e;bssis wiﬁh television reCeption in neighboring'metropolitan areas (FCc~
| c Docket 18231) As of a year later (September 1972), only about 35 applica-
’:: tions for the L70-512 band had been received by the FCC, and about 30

licenses granted,* but use of this new sllocatlon is expected to accelerate.
Vf;The long-term response, &lso in 1971 vas the permanent allocapion of 115 MHz.
i;elof spectrum (808- 902 and 928 947 MHz), to land mobile use, as compared w1th _b
bonly hO MHz in the existing mobile bands comblned. The exact subd1v1s1ons qu

of the 900-MHz allocatlon as between prlvate systems and common carrlers. ‘:

 are still under study (Docket 18262), as are a number of.techn;cal_lssnes

,such~as phe use of geographicsl frequency reuse (cellular) systems; CWhileQ .
C'vit w1ll take some tlme t0 exp101t the. 900-MHz band, the 3 1 1ncrease in {f
‘.ptotal land-moblle radlo spectrum would appear to meet foreseeable needs for . ;‘“
.gemdbile communlcatlon;,_ 7 “ &
i In addltlon to the questlon of frequency allocatlon for land-moblle;ujiq
lﬁvis-a;v1s other radlo services, the FCC is equally concerned Wlth problems of

gpectrum~u#;lizat1°n“;nuthe land-moblle;bands-as’shownmby the;FCCfsponsored_,c*f'i

*Electronics, September 25, 1972, p. 85



study of land mobile channel occupancy in New York, Detroit, and Los Angeles,28
by its sélicitation of comments on the use of teleprinters in the land mobile

services (Docket 19086), and by its present Chicago experiment in decentrali-

Zatibn of frequency allocétions between mobile services on a regional basis
‘accdfding~to local needs rather than according to the existing national block
allocation system. The Chicago Regional Spectrum Management Center is
cﬁrrentlyvbuilding a data file on all users in a 100-mile radius (based on a
néwvand much more comprehensive license application), and monitoring actual
usage on all channels as aids in futuve sub-allocation and aésignment decisions.
Individual users, too, have long been concerned with improving

channel utilization as their communications requirements have grown. The ;
common use of short code words for frequent, low-entropy messages, such
as "Roger'"for "I understood your transmission"”, yields a 5:1 reduction in
transmitted characters and similar reduction in voice transmission time. A
further gain in channel efficiency has been realized by users such as the
San Francisco Police Department who have experimented with digitallyvtrans-
mitted codes. In a digitally transmitted code the "Roger" message can be
represented by one T- to 1ll-bit character such as the ACK (acknowledge)
character of the ASCII code. If transmission is at 110 bits/sec (teletype

- speed, this reguires 0.1 second rather than the 1/2 second or so to say
"Roger", a further improvement of 5:1 in channel utilization. At higher
digital transmission speeds, say 1200 bits per second, the iﬁprovement is

: éyen more dramatic.

Digital transmission, then, permits a very rapid communication of

coded messages and the important question is ome of bandwidth: "What band-
width is required for rapid digital communicatiOn"? The older answer to

- this question is Nyquist's channel capacity (for no intersymbol interference- - S
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" and no noise)

‘there Ci'is the maximum Nyquist communication«rate,(bits/sec) and W is the
 r-f bandwidth in Hertz for double-sideband modulation. The more general
‘u ‘result is_Shannon's‘equation for channel capacity in the presence of white
Gauséianinoise

C, = % (W) log, (1 + s/N)
where S is the mean signal power, N is the Gaussian variance (meesn noise

power), C, is the maximum Shannon communication rate (bits/sec), and W is

2
as gbove. Using biﬁary (two-level) modulation it is not possible to signal
faster than Nyquist's rate of W, and maximum rate depends only on bandwidth.
If, however, it is possible to use a multilevel modulation such as discrete
PAM or m-ary PSK, then it is possible to exchange & high S/N ratio for

reduced bandwidth or vice versa.

The exchange of bandwidth for higher signal-to-noise ratio (band-

width exchange) is a recognized characteristic of FMImodulation3o and it is
naturai to wonder if digitally modulating an audio signal and then trans-
‘mitting this audio signal over FM equipment ("multilevel submodulation")
tfesults in a net improvement in data rate'compared to the.increased band-
‘width requirement of FM. Figure 23 shows graphically what Shannon proved
‘mathematically: no modulation or submodulation "trickefy" can reéult in a
data rate greéter than C2. In Fig. 23, spectral efficiency is‘the Shannop
channel capacity per r-f bandwidth and is measured in bits/secondvper Hertz.
; The parameter B is ﬁhe modulation index. Note that increaéing,thé,modulation

index to improve‘S/N’in FM submodulation reduces rather than improves

spectral foiciehcy because the bandwidth increases faster than log?’(l + 8/N).
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= the also the threshcld effect in FM, which rapidly reduces channel S/N, and

r'i{ ‘therefore efficiency, for receiver input levels below threshold.

In mobile radio equipment designed for 25-kHz channel spacing, the
second IF bandwidth in the receiver is typically 10 kHz between 3 4B points,
1 only L4O percent of thé actual channel width. Using the 10-kHz figure feor

on channel rate is:

W and a mean /N of 20 dB,>" the Shannon limit C,

C, = 3 (10 kHz) log, (1 + 100) = 33,200 bits/sec

2
‘This limiting rate is, of course, based only on Gaussian noise in a non-fading

" channel and therefocc represents a goal that is unachievable in practice}"

It does however indicate that the rates of 100-2,000 bits per second now

being used in 25-kHz land-mobile channels are far from efficient, particu-

larly since the Shannon rate for the full 25-kHz channel is 83,000 bits/sec.

Much more efficient use is made of L4-kHz telephone channels (3-kHz audio

bandwidth), for which the Shanﬁon rate is 20,000 bits/sec and rates of 9,600

bits/second‘are regularly achieved with multi-level coding. Although the

telephone channel is much better behaved than the mobile radio channel, the
desirabiliﬁy of better utilization of the land-mobile channel should be obvious.

| N A ratc of 100 bits/sec over a land-mobile channel represents the

‘samc spectral efficiency as normal speech, which is equivalent to about 100
bits/sec in coded character formm* Even at this’rate, channel utilization

'is improvad,scmewhat over vcice because of the time savings that digital‘

‘adcrcssing techniques can achieve in the base/mobile "handshaking" that must

kprecede actual message transmission. However thecgoal should be to use

rates of 2,000 bits/sec or higher to achieve a significant improvement

*(lso‘words/min) x (5 ieﬁters/words) x (8 bits/letter) x (1 min/60 sec) =
100 bits/sec.
_ o -50-




(2051) in channel.utilization and reduce the need for more channels as

message traffic grows. |

o Thevdiééussiotho this point has considered digital transmission
over the existing channels that have evolved for voice transmission. If it
were possible to set aside higher bandwidth channels for high-speed digital
transmission, there might be a net gain in spectral utilization. For example,
if two adjacent 25-kHz channels could be combined and used as one channel,
the r-f channel bandwidth could be 30-35 kHz with the same adjacent-channel
guard bands as at preseht. Other things being equal, this might permit
transmission of 6,000-10,000 bits per second, which would represent a utili- .
gation improvement of 50-150 percent over the same two channels used sepa-
rately at 2,000-bps each. Several of the manufacturers interviewed indicated
the desirability of obtaining wider bandwidth chanﬁels for high~speed digital
transmission instead of constraining digitél transmission to fit the exist-
ing voice-channel standards. In the long run, various classes of channels
might be @llocated for various speed digital services, with license fees

proportional to tLandwidth.

" C. Digital Characteristics of FM Equipment

It might seem artificial to discuss the characteristics of regular
FM volce communication equipment as it is now being used for digiﬁal trans; |
mission because, as thé argument goes, "Why concern yourself with digital
transmission over one specific type of radio system, especially a system
which has been optimized for‘voice, not digital, communication?” The reaéons,
‘.are simple. First of all, M radio systems afevin‘widespréad use:and the '
fleld testingkofknovel digital devices is facilitated if those devices are

able to operate in conjunction with FM voice equipment; also, existing FM
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_;*Systemsfcan be. found operating under almost any desired test condition. The

flex1billty of. belng able to operate experlmental digital equipment under

f?;: varled test. conditlons is certalnly one reason that the designers of digital

. mebile equipment have retained the feature of "plugging into" FM voice

equipment.
The prospective user of digital equipment,ktoo, benefits from this
"plug in" symbioéis. He is concerned with his particular communication

,requifement at hand and the two most important questions, (1) "Can digital.

o - equipment be of help to me?" and (2) "Wwhich digital system works best in this

_application?" can be partially answered by letting him try a wide range of

‘digital accessories such as teleprinters, voice digitizer/scramblers, and

S facsimile copiers in his system.‘ These devices can be tested under his own

operational conditions and introduce him to the possibilities of digital
Acommunication.
Besides the above operational advantages, the strongest reason for

using FM-voice equipment for digital communication is of course the existence

: of'a substantial investment in that equipment. As one manufacturer advertises,

"self-liquidating" digital accessories "extend the capabilities" of voice
equipment, provide "increased efficiency", yet "in no way interfere with

normal voice communication capability". Communications planners,cah therefore'
ease into greater use of digital transmiseions as they prove helpful in H
‘poperation; | |

The use of voice-FMlmobile'equipmenttas epcoﬁmon.testing’grouod
“'forfboth the operationel usefuloess of digital commuhicatione (user's‘point L
ft of V1ew) and the development of technlcal spec1f1cat10ns for dlgltal eqplp-‘k3ol‘l

s ment (equ;pment de51gner s p01nt of view) is undoutedly a healthy 31tuatlon,
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.biJ._t" ‘the cdncomi’éant dangér is that users and designers might mistake the good
“or bhad digital ch&ra#teristics of M equipmerit for the true characteristics
of‘:the- radio channel. The true channel characteristics are from A to A' in

Fig. 24 but the digital "add-ons" depend on the equipment characteristics

Inoot ‘ Digital B  FM A
ANPUL el Modulator =" Transmitter

Radio
Channel

- Digital B’ FM Al
Output , Demodulator Receiver |

Digital Audio ‘ R-F
Signals Signals Signals

Fig. 24 "Plug-in" Digital Mcdulator and Demodulaf.or

from B to B' and these secondary characteristics may have compromised the
channel from a digital point of view due to the introduction of phase distor-
tion, threshold effects, and noise "clicks" in the FM equipment itself. These

: tbpics are discussed.below.

1. Phasp distortion

FM equlpment is usua_L’Ly des:Lgned to have a fla’c audio amplltude ‘
: response from 300 ’co 3,000 Herbz, but: the aud:Lo phase is dellberately d:.s-
i g 'torted by pre-emphasn.s and de-emphas:.s circultrywhlch J.mproves the audJ.o s:.gnal-— :
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'T'to-noise ratio; ‘Unfortunately, this is a case in which voice and digital

- design criteria conflict. As shown analytically beloﬁ and graphically in
Fig. 25; digital pulses are sharpened by the pre-emphasis circuit and
smeared in a noncomplementary fashion by the de—emphasis circuit. No addi-
;tibnal filtering can remove these distorting effects so, in order to obtain
better digital characteristics, most diéital demodulators pick off the
received FM signal at the discriminator output (before the de-emphasis
circuit) and some digital modulators even bypass the transmitfer pre-emphasis
circuit, médulating with the digital signal directly.

The "elick” or "anomaly" noise in FM is an impulsive type of noise
with strong noise power components at high frequencies, and the anti-noise
strategy is to simply boost the audio "highs" at ‘the transmitter, while at
the receiver a compiementary filter attenuates the "highs" back to their
- proper level. In this way the audio'signal-to-noise ratio is improved. The
follqwihg frequency-domain analysis shows that the filter characteristics
Hl(s)'and Hg(s) are complementary over the andio range and do nbt affect
voicé qualiﬁy, while providing considerable attenuation of the channel noise

at the receiver:

A "
o R, (1 + R.Cs) e &,
H.(s) = % — o *»Re s
1 R1 + R2 + BlRQCS ; Rl + R2 | N

‘ 51 =" R®’Rg %27 -

E
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; H‘l(s)H2 (s)

2

: +
Rl R2+R1R2Cs

In the time domain, on the other hand, the pre-emphasis/de-emphasis circuits

are not exactly complementary, as shown by Fig. 26 and the following time-

o , Hy(s) (approx) 4
R, ‘ ; S
x 2 . 1 o , Im s
TR 1+R_Cs ‘ y
1 2 5 o  Re s’
E s Y- 5s
>>
R, ! R, 2
; L% « - 1 _ 11 OOVO‘ .
typical values: S, = —RZC = ’ /sec ‘ L
r
_ 1 ~ 1 _ :
S, = RC - 15 sl = 73Q/sec

o

domain (step response) analysis:

| u_v('b)‘

s

R

2

unit step function

: - R.R
12
+ R exp{-f , t}
1 _RlRZC,

1 - exp{- i t} u

(t)

RlC - -1

Derived from land mobile maintena.nce manual R, = 1. 62K C = .056 pf and |
_t M. Schwartz Informatlon Transm::.ss:.on, Modula'blon and No:.se, p. 305 ’ 1959
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e

‘T = l/s2 = RlC 15 T1 = 1.36 msec

r;These time-domain distortions--especially the smearlng of the de-emphasis -

s c1rcu1t--have a serlous consequence for dlgltal transm1ss1on. For example,

' 1f the dlgltal 31gnal is introduced into the normal audio channel (1nclud1ng

;7; “the fllters), it is only possible to send one bit per six ' smearlng “time

»constants T2 whlch is approx1mately one bit per 8 16 msec or 122 blts/seconé.
»{yThls compares to the Nyqplst rate for a 2700-Hz audlo bandwidth of oW = 5hOO
ﬁ]eblts/sec. The need for "data" Jacks whlch bypass the audlo fllters is there-‘
‘t‘fbre obv1ous 1f rates hlgher than ‘about 100 blts/sec are desired.'

: 2; Threshold effect in M

o The prdbabillty of error due to the ex1stence of a threshold 1n
;abandw1dth-exchange systems such as EM has already been analyzed in Chapter |
iué; Taklng a sllghtly broader view of the s1tuat10n, the brlef drops of
t551gnal below threshold (due,’for 1nstance, to Raylelghsdlstrlbuted multi-«-‘

,}path fades) cause actual gaps in the s1gnal output of the recelver. «There~,

”j1s~only‘a,sllghtaloss pf,v01ce‘1nrormatlon,due toythese g&ps,becausevof>£hei?a‘;;;‘




u:ﬁatﬁ?al;éﬁfuétﬁrevbfliangﬁégé which permits the listenef to "fill in" the
J;::shoff’ggps mentélly; <Digita; receivers'are‘not‘so”sﬁart; when a few bits
§  ére'missedxduring:aafade‘ﬁhey are gone‘forever. ‘Inbfairness,fsome reaund--
ancy can‘be‘deliberately introduced by coding (an idea to which we shall

‘ retUrn,in Chaptér b)but the point is: brief fades below FM threshoid are
‘only irritating in voice transmission, but cause special digital difficulty
becauée theybcause bits to be missead.

- 34 Click noise in FM

As has been discussed above, click noise in,FM'is,impulsive, and
from our.previous analysis of impulsive noise, we might expect it to cause
digital errors. The charactéristics of click noise can be derived from

32

.raﬁher intuitive geometric arguments~  but for our purposes it is sufficient
to note that these clicks remain present even at high éignal-to-néise_ratios,
jbecoming‘less frequent, but if anything, more sharply peaked. We then

réalize that, by électing'to digitally modulatesFM voice equipment (digital
;»'submodulation), we are left with the essential ékistence of impulsive

“click" noise above threshold. For the near future, these digitai disad-
",7vantages af M eQuipment (click noise, compléte’lbss of signai béiow thres--
 hold, aﬁd phasé distorfion) are unimportant when compared wiﬁh'the'operaf
tional édvantages‘of‘"plug in" digital equipment. It seems probable however -
.ﬁhat when~digital mdbile radio usage has matured to the pointkwhefe'itkho

longer need be handled on an "add-on" basis, FM submodulation will be

-frép;acéd by"some form, of direct modulation for high-speed digital transmission. ~_73




CHAPTER 4

DESIGN ISSUES IN'DIG'ITAL SYSTEMS

. Thedpre&ious twcvchapters have outlined first the "facts of'iife"
élecncerniﬁg.tﬁe easie mobile radio channel’as it de facto exists today and
= t;i§S’effectsvon digitel’ﬁransmission, and second, the external constraints
'}(sunk‘iﬁvestment in existing equipment, sPectfum management issues) which
i‘;daffect what mlght be done about the channel to improve the speed and effl-
T’e;c1ency of dlgltal transmission. This chapter discusses a number of technl-
cal 1ssues‘that~must be considered in the design of a digital mobile
communicationsvsystem. |

The first issue, discussed in Section A, concerns the problem of

"maintaining‘communications discipline in a digital qaery;response system.
Humaﬁs qperating on voice channels can easily resolve the conflict problem
on shared channels, but machines are not tha+ adaptable--the link dlsc1p11ne

'must be carefully thought out ahead of time and de31gned in. Section A

'-s discusses two general strategies and the tradeoffs between them in regard
~‘?to response time as a function of the number of mdblle unlts.

| | The next two sectlons,,B and c, descrlbe two technlques for reducing

‘}the4error rate cf‘a digital channel and thereby improving its.efficiehcy—- |
'.bdiversity transmission aﬁd message'coding. These‘may be'used separateiy of
in comblnatlon, and again, there are many tradeoffs to be made 1n des1gn1ng

woa system for a partlcular application. One form of dlver51ty, use of two or

.‘recelved almost no attentlon in the land-moblle llterature, probably because o
"bof the spectrum congestlon that prevalls. With the recent augmentatlon off.‘
:}the land-moblle;spectrum, it should perhaps‘be given coﬁsideratidn if'digitalx

_60;

. more frequenc1es, appears to be the only practlcal,one for portables but has S




;*communicationvw1th portables is env1saged.

| Flnally, Sectlon D presents a 51mp11f1ed comparison, of dlgltal

 efrof rates for two forms of channel modulation--direct FSK and FSK‘Smeedu-'

iiaﬁieh'of’FM-—and points up the ﬁradeoffs to be made between channel rate

~endvchannel error ra£e~in ﬁrying to-optimize channel efficiency, measured

‘in.terms ef the rate of cofrect messages communicated. |
;Oneiedditional‘systems issue is discussed in Appendix A. This is

“the Questionvef the reverse problem of transmitting a digitized analog

: signel, pertieularly'voice, over a channel designed and optimized for

:digiﬁal data. It is shown that about 30 000 bits per second with a blnary

. error probability of 10 -3 would be required to achieve acceptable voice

’transm1831on with an audio SNR of 30 dB.
T:‘w VIA; Mobile Interrogation
| ~In communication between fixed and mobile wnits it is usually not
a precedurel problem to "talk out" from the base station. In voiee systems
. the base communicator (dispatcher) often has his owﬁ channel and he maintains
-'"telk in" discipline by‘directing‘individual mobiles to reply es directed.
Eroblems arise‘only when two or more mobiles try to initiate messages at
;vthe'samektime so that none of the messages getS‘through'the‘mutuai‘inter_
ference. o | 8
| A’similar_organizational pattern is found'in‘most digital mobile
1\radlo systems. Due’to the "times N" factor discussed»in Chapter 3, most of
the organlzatlonal authority is concentrated at the base station to transmlt —
l' ,‘in sequence to des1gnated mobiles and, as much as possible; dlrect the

v'moblle units to reply 1n a spec1fied sequence.
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Mbblle polllng

The role of the base station controller as puppet-master , con-
;effolling every transmlsslon:from the base station as well asvfromvthe moblle
‘.ﬂ“euﬁifs, can,eesily be expanded to allow for base station control of riobile-
;7‘; originated messages. In such & "solled" system each vehicle is usually
\>aeeigned its own time slot in which to send a code indicating whether or
-nOt‘it'wishesrto originate a digital message. Once the intent to send a

' message has been registefed, the base station directs the mobile to send its

message &8t a deeignated time. Polling has the advantage of conceptual simf
& §licity and itvis also impossible for one mobile to interfere with anothef

because none of the mobiles "speaks" until it has been "spoken to" by the

‘base station (unless errors in control messagesvcauSe more than one mobile

to transmit simulbaneously).

More exactly, consider a fleet of N mobile units in which each

mobile originates a message every M seconds on the average (M is the mini-

-f ’mum.average tlme between message orlglnatlons for any one of the mobiles).
Suppose the base station polls each vehicle every NT seconds so that N time

"sloﬁs, one for each mobile, are available every NT seconds; that is, the

i - time slot for any one mobile is available‘evefy NT seconds. In order for

- ’the time slot occurrences to keep up with the most rapid message drigina-

‘ tion rate on the average it is necessary that

N < M/N : ' , | (1)

where N = number of mobiles o
. NI = ‘time between a partlcular vehlcle s tlme slots ; R
R M = i

minimum average time between message orlglnatlons for anye
one mobile,: :

" Furthermore, since each mobile may originate a message with uniform
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iprobablllty‘over the 1nterval NT the average delay tlme, D, for each mobile
f?~w1ll be :

‘D=z ‘ | S (2)
**i'ﬁhere D =’averageotime delay between a mobile's message origination‘

- and its next time slot.

2. Random,origination
Before examlnlng a different 1nterrogatlon process (random 1nput)

1we should pause and consider in more detall the statlstlcs of moblle message

orlglnatlon. We will use the Poisson dlstrlbutlon to descrlbe the time
::intervals'togbetWeen message originations at a mobile.
Prob (t, < T) =1 - exp (-T/M')

‘where M! is the average time between message originations for all mobiles.

Note that.

Prob ‘('t i T) <_ /M | (3}

which boumdsthe probablllty that a message 1s orlglnated at a moblle durlng

,the 1nterval T.

Random input interrogation substitutes'unaddressed'tiﬁe,slotssfof’

- the addressed time siots‘of'the pollingvsystemQ In a random input system
Jiae moblle can 1nd1cate that it has orlglnated a message durlng any time slot
-~ and +he only danger -is that two or more moblles may try-to transmlt durlng

the same tlme slot 1nterfer1ng with each. other s transm1551ons.’ If such
flnterference occurs, the moblles must have some random1z1ng" factor built o
lln tO‘prevent.them all from agaln trylng'to transmlt durlng the very next Lg‘ﬁ
dvtlme slot (when they would agaln mutually 1nterfere), or the follow1ng time‘,ds g
't ‘slot etc.egi v' o L | '
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Barrlng such a hangup, we: are concerned w1th the probablllty that

;two or more moblles may transmlt durlng a partlcular tlme slot and 1nterfere.

.Transmlsslons : Interference? Probablllty

(l-P)

]

'no mobiles- ‘”‘ no P(0)

'onefmobile no P(1) =P (2 - P)N"l
two mobiles yes P(2) = (g) p° (1 --,.P)N'2
' N mobileS' , yes P(N) =N

o The probablllty, P, that any one moblle w1ll originate a messaée )

uxdurlng the per1od T between tlme slots is less than T/M' from Eq. 3. By
bjmaklng T sufflclently short we can adgust P so that P the probablllty

fjof any 1nterference is approxlmately' o

Pi = Z‘P(j) = 7 &pda-pV
B §=2 3 ]
Vv N(N-1) T2 el
= 2 (M,) ‘ fcr T f< M

?bP can be made less: than € only if

':N-!N_e—_l)' (Ml) <~

€

:?which requires that | f o e e
PEMVEmD S N\/Z? SR x;,i‘(4)“:v”‘f;;.

where € 1s the maxlmum probablllty of 1nterference. N

: Thls requlred txme 1nterval T between tlme slots leads to an
Aaverage delay tlme between message orlglnatlon and 1nterrogatlon because ;csl'ﬁill

:(l) 1t is’ ntlll necessary to walt untll the flrst tlme slot just as for



fpolllng but also (2) 1t is pos51ble (probability~< € )‘thatfanother mobile

;qmlght 1nterfere snd force a wait of T seconds for another tlme slot,‘etc s

I

' Probcbilify '.l-—P | P(]»‘P)', P2(1-P) P3|

tl'as shownsln_Flg.,27.v

Start

\ TfP l
T

R 1 3
Delay Time —2- S 5

- °"‘“°f‘*ﬂ'

2
2

NI\]

]-P)‘

D-—TU-P)+—TPH-P)+—TP% P)+-

Fig. 27 = Queue Delay for Random-Input Interrogation
with Probability of Interference P

From Fig. 27 We can caleulate the average time delay D.

‘D = ] (time delay) (probability of that delay)

1 -3 .5 2
= = T(l-g) + =" - = ~€) + ...
5 (1 s)_ > Te(l g) + > Te™ . (1-€) + .

+ €T + €2T1+ e3T +‘..;
- (5)

Comparlson of polling and random 1nput

Using Eqs. l through 5, we can compare polllng and random 1nput

s:finterrogatlon technlques as shown 1n Table 3 for the same value of NT (1 e.,’”’

d;for the same 1nterrogation overhead ) and for equal message origlnatlon ns og7

‘ {;?rates (M M'); In the polllng system the tlme slots are addressed for \flld
’frandom 1nput they are unaddressed. e | | B e o
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Table 3

‘Parametersvfor Polling and Random Input Systems

Parameter Polling Random Input

M oM
N N 28

T o= »maximum period between any two time‘slots

M- = minimum average time between message orlglnatlons
. for any one moblle (polllng)

M' = »ensemble average “time between message orlglnatlons
' for all mobiles (random 1nput)

€ = maximum probability,of ihterferenée (random input)
D = ‘average time delay between a mobile's message
: origination and its next available time slot at.

a slot rate of- 1/T

N = max1mum number of moblle unlts




o f:Table 3 éhows that'allowing the interrogétioﬁ time slots to remain
V,:yunéadfeésed (andltherefore allowing for a gertain pfobability of inteffereﬂée)
'f‘treduées tﬁe maximum nﬁmber df mobiles. This happens because the time slot
occurrences‘mnst be mére frequent in order to reduce the probability of inter-i
,férence. So, for a fixed time slot spacing, the maximum number of mdbiles

is reduced. FOrtunately, the reduction'in mobile capacity is notvdrastic:
 for a maximum interference probability of 1072 (i.e., only one message out

of a hundred does not get through on the first try) the maximum number of
mobiles is reduced by a factor of /.02 = .lhl, or to about 1/7 of the
‘polling capacity. For digital mobile radio systems in which maximum mobile
éapacity is very important or in which the mobiles originate messages ét a
steady rate (such as vehicle location systems), the polling technique might

" be preferred.

Oh the other hand, the random-input system has a much shorter
average time delay, especially for large numbers of mobiles, and for digital
mobile radio systems in which response time is important (such as public
se?vice systems),‘the random input techniqué might be preferred, Random
input and polling techniques are cbmpared in Table 4 for two hypothetical
mobiie‘radio systéms having 20 and 200 mcﬁiles for M = M' = 5 minutes and
e = 1072 In Table L, two polling columne are shown. The first one has

the SIOt time calculatéd as pervthe polling column of Table 3, ﬁhich,ﬁroduces
‘rather slow pblling rates and long delajs.v The second one has the slot times
set the_same‘as for random input so-that polling and randqm input‘can bé more
readily compared onxanveqﬁal slot-time basis.‘ It is seen thét under‘thé’
| ~assﬁmed coﬁditions; the random input énjoy§,a 20:1 improvement in avefage

‘deiay D for 20 mobiles, and a 200:1 improvement for 200 mdbiles.
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Table 4

Random‘Inpﬁt'anddelling Techniques for
Two Hypothetical Mobile Radio Systems

M = M' = 5 minutes = 300 éeconds
e =102
T = maximum period between any two time slots

D = average timeidelay between a mobile's message
‘ origination and its next available time slot

N = 20 Polling (1) Polling (2) Random iﬁput‘
T i 15  sec | ’ 2.i’sec 2.1 sec
D - 2.5 min 21 sec ‘ 1.05 sec
N = 200 | Polling | Random Input
T 1.5 sec 0.2l sec 0.21 sec
D 2.5 min 21 sec 0.10 sec

~ B. Dlver51ty Technlques 7
, In Chapter 2 we have seen that multipath propagatlon causes ampll-r‘
'_;tude fadlng of the s1gnal and that this fadlng can be described analytlcally:-e
ﬂ tby ‘the Raylelgh prdbablllty density fUnctlon. We have also seen that there |
 is a 81gnif1cant probabillty'that a Raylelgh-dlstrlbuted 51gnal amplltude
'e’mlght fade to a very low level resultlng in a sharp 1ncrease in the proba-v}'
eblllty ‘of dlgltal errors. k | |
| S Assumlng digltal errors are only due to Raylelgh-dlstributed szgnal
ifades, one way to 1mprove the dlgital error probablllty would be to reduce

‘“the probablllty of signal fades below a glven level by the "brute force
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' approach-gsimply,increase the transmitter'power until the probability'of

digital error is acceptably small. This strategy méy seem especially attrac-

C tive considering the low additional cost of transmitter power, but for the
Réﬁleigh probability dist:ibution, évery factor of ten reduction in the
probabiiity of fade and, therefore, every decade reduction in digital error
probability requires a ten-fold (10 dB)increase in signal power. This méaﬁs,
for example, that to reduce an error rate from 1073 (for 10-watt base and
mobile transmitters) to 10"6 by increasing the transmitter power would
require transmitter powers of 10 Kw for the base and mobiles! Such #ery

high powers are obviously impractical, not only from a cost viewpoint, but

on the basis of geographic frequency reuse.

1. Theory of diversity

Diversity transmission is often proposed as an alternate solution

to the problem of digital errors in mobile radio communication due to multi-
- path fading. The idea behind diversity communication is to transmitbthe'

same signal over N stétistically independent Rayleigh-fading channéls énd

to rély on the fact that all N channels will be faded at once with very

small probability. Stated more precisely, the probability density fpr the

signgl power of a Rayleigh-fading signal is lafgest for small values of
.éignal;power as shbwn in Fig. 28 and derived analytically‘below. As thé‘

nnmbér of diversity chaﬁnels, N, increases, the probability density‘of the

signal power becomes sharply peaked (i.e., signal fades become less prdbable)» ‘:f?f
and the:exa¢t distribution tends towards a Gaussian distribution. In %hé“v e

limit of infinite N, the probability density becomes impulsiVe,and the

‘ ;signal;is no longer fading.
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- “'The probability density function for ‘the power of a 'Rayleigh-fa.ding

. signal is

fll(r) = 22

® [

mean = a

exp (- =)
_ a variance

- and its moment-generating function (Laplace transform) is

- S U
Fi(s) = LI @] = $5—

;”Thé ,ynibﬁ_lent':genéi'aﬁing ﬁznétvion for the‘iotal”ysignal' power of N independent : o

. channels (i.e., thesum of N independent idérit’ic:élly—diét}ribﬁt‘ed4 random f

variables)is

ol ek 1+as™
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- so the probablllty den31ty functlon for the power of an N-branch dlver81ty

‘s1gnal is™
| | -1 rN—l r. mean = an
£ (x) = L [F (S)] e o] exp (- =) - -
N ; N at (n-1) 1 a variance = -a N

Aﬁy N indépendently fading channels would form a legitimate diver-
sity arraﬁgement and some of the candidates are time,vpolafizatién,,space,
' and frequehéy separation of signals. These will be discuséed in Section 2
below. | )
In using any oné‘of these diversity methods,‘the problem always
_?arises: ﬁhat is the best way to combine N independenﬁ diversity signals?
/ Brennan37 has shown that, for linear ﬁodulations, a proportionately weighted
- sum yields the highest signal-to-noise ratio while a simpleAsummation is |
only slightly/inferior. Figure 29 shows Brennan's resﬁlts for N = 2 (left
 graph) and N = 4 (right graph). For non-linear modulations (such as FM and
digitél modulaﬁions), seleé¢tion diversity ("select the signal with the |
highest 31gnal-to-n01se ratio at each instant of tlme') is superior to

sumation although the optimal combination rule is unknown.f

U51ng the power probablllty densities whlch led %o Flg. 28, we can

Avérify the similar results of selection and summation on N-branch_diversity.;

Selection: P

Prob(r_irro)v= Prob(all N signal powers f;ro)"

r . ! .
(@) r ‘ T
= 1 f fl(r)dr]N = [L-exp (-=2)1 = ="
s , . - a
Summation: P = Prob(r <x ). =  [0, femar = Fr21"

x:L  Sinéé thesé.two methods are so similar for small N, and conSidering the ease
”5 .fof 1mplementat10n for selectlon dlver51ty and the superlorlty of selectlon

l“;diversrty for non-llnear modulatlons, selectlon seems to be preferable for ;"'

"f7lf,if‘ .
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:fqigital mpﬁiie radio divereity communicatien,

2. Which type of diversity?

Tlme dlver51ty can be ruled out in moblle radio communication by »
the fact that a mcblle may. stop momentarlly 1n a signal null. If the multi-
path geometry remains fixed, all the time-repeated signals will be identi--
eally faded and no diversity is achieved. |

Polarization diversity hae received some experimental attention
and it seems that the electric and magnetic components of the electromegnetic
s1gnal fade 1ndependently enough that effective dual diversity is pos51ble.
The dlsadvantage is that two separate receivers and a compllcated antenna
(a so-called "energy density" antenna) are required for all mobiles.

Space diversity has also received considerable ‘theoretical and

- experimental attention. Lee has shown theoretically35 that for receiving
-antenng spacings greater than 0.2 wavelength the mutual coupling among
‘antennas is unimportant and that the receiﬁed signal amplitudes may be

36

muﬁually independent. Experimental studies~ of space diversity reception

- have shown that antenna spacings as close as 3/k to 5/k wavelength yield
effective diversity reception (see Fig. 30). Although the receiving
antennas may be simple’whips, N antennas and N separate receivers are re-
quired‘for each mobile for N-branch diversity. Furthermore, the mobile must
be largno enough.phySically that N antennas can,be‘spaced‘up‘tois/h wave-

- length apart a factor which rules out space diversity‘reception’for hand-
‘held portables at least.

. The last dlver51ty technlque, frequency diversity, has received

finsufficlent experimental attention. In Chapter 2 the requlred frequency

separation for independently fadingfsignals“was etatedfin terms of the
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'-,Z:i;laﬁiz;ﬁm,mﬁifipat‘h,,time delays and it is always ’possible:t:o obtain N inde-
,"p.énde'r‘ﬂ:rL s’i’gnals in that fa>shion.‘ Frequency diversity does require an N-

: 'Chann_erl‘ r’eceiver but :only one ariltenna.‘ It therefore appears to be the only
:'practical diversity ai'rangement for portable units. It therefore warrants
sei'ious consideration although it does require N times as much spectrum as

‘the other diversity methods.

i
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Before leaving the subject of diversity communication, it is

important to note that all of the improvement credited to divérsity trans-

" mission is due to the assumption that digital cOﬁmunication is solely limited
by Rayleigh éignal fading. For digital mobile radio communication it is not
“at all clear whether experimentally observed digital errors are due to signél
fading which is amenable to diversity improvement or to ambient noise which
is immune to diversity improvement. This determination must be made before
great hope is placed on any reduction of digital error rates in mobile radio

communication due to diversity techniques alone.

€. Coding

| In digital mobile radio communication our major concern is data
integrity. We would like to be sure that the information which has been
transmitted is received exactly as sent because, more often than not, it is
better to coﬁpletely miss a message than to accept one which contains an
errdr. "No data is better than wrong_data".

Digital coding techniques can provide Jjust this kind of assurance.
Generally speaking, digital codes are of two types--error-detecting codes |
and error-correcting codes. The purpose of an error-detecting code is simply
to flag a message that is found to have‘been received with one or mbre bit
errors so that a retransmission can be requested. An error-correcting code
will bothmdetect‘and»automatically correct a given number of errors, and.
act askan‘error-detecting code for éome.number:of errors beyond that which
1t 1s able to correct. Both code élasses require message fedundancy (extra
;fif rinfprmation bits derived from the message contents and added to it for trans-
misSion)and this "overhead" reduces net message rate over a channel 6f a

ssngliven bit rate--more so for error-correcting codes because of their greater

'lkreduhdahcy,
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‘It seems ciear that a mobile digital communicatipns system cannot
épérate without some form of error detection, and at least some level of
iiedundancy must‘theréfore be accepted. Note however that a message with
éven absingle error must usually be repeated, effectively halving chahnel
:rate for that message. The question is then whether the added redundancy{
of an error-correcting code that will save many such message repeats results
in & net improvement in correct message rate over the chamnel. The greater
"~ hardware complexity of error-correcting coders and decoders must also be
considered.

In this section on coding we will discuss three broad classes of
codes which can introduce error detecting or error correcting "grammar" into
jbinary sequences: parity check, cyelic, and convolutional codes. They will
be presented superficially, but sample circuits have been included for
definiteness and to demonstrate that all three classes of codes have modest
circuit requirements. The material in this section borrows very heavily

from Information Theory and Reliable Communication by Robert Gallager (1968)39

and from Principles of Communication Engineering by John Wozeneraft and

Irwin Jacobs (1967).32 The following quotation is of interest:

"Perhaps the most important point about coding techniques is that
they are practical in a variety of communication systems. This
point can be easily missed because of a strong human tendency to
confuse the familiar with the practical. This point is also
sometimes missed because of the large number of digital opera-
tions performed in a coder and decoder. Such operations tend
to be highly relileble and easy to implement, even though diffi-
cult to understand.” '
: -~--= Gallager, p. 305

1. Parity check codes

Parity check codes are the simplest of the block error-control

-76_




codes, and the Hamming parity check codes with minimum-distance two or three

' are,especially‘popular. For example, a minimum-distance-three Hamming code

has a block length of seven digits and there are four information diglts.

The coding/decoding circuitry for this (T7,4) parity check code is shown in

Fig.‘3l.

' The minimum-distance-three Hamming codes all have N-L check digits

'bsuCh that the block length, N, and the number of information digits, L,

satisfy38

=2 | | (6)

" and each such minimum-distance~three code is able to

detect up to 2 errors or

detect and correct 1 error
in the block of N digits. The ratio of check digits to information digits
(the code's fractional redundancy) is & measure of how severely the net data
rate is reduced by the additicnal coded check bits. From Eq. 6 the redund-

ancy is ‘
log, (N+1) log, N
L L

N-L

1 for N >>1.

Because some -(but not all) sequences of more than two errors can be detected,

*%*
the probability of an undetected error in a block of N digits is less than

~ the probability that more than two errors may occur in the block.

% ;
"Minimum distance" is the smallest number of binary places in which two
coded sequences must differ and it is & good measure of the error control
power of a block code.

**Calculatlons of undetected error probabilities in this sectlon presume
~independent error occurrences.
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Prob (undetected error) < Prob {more than 2 errors in a block)

D e | P (no errors) + P(2 errors)]

< _ 3 .
N(N l%gy 2) 3 + higner order terms

w3 p3 |
-?;—— for N >> 1 and NP << 71‘

A

2. Cyclic codes

Cyclic‘COdes’are another class of block codes which have gained
“‘popularit& due to their very simple circuit realizations and powerful error
: detécting abilities. Flgure 32 shows the shift register encoder/decoder
c1rcuit for a cyclic code of block length 15 (11 1nformation digits and L check
| digits) whose minimum distance is also three. In operation, the 11 informa-

. ’tion digits are clocked 1nto the encoder one at a time and the shift register
is then clocked 4 more times to generate the lS-digit code word. All the
shift registers are set to zero and the process is repeated for‘the next |

Vmessage,v Decoder operation is similar. Each 15-digit code tord‘isvclocked a
through the shift register to obtain ll ihformation digits and L check‘digits._

, The information digits are accepted as correct only if the check digits are

'zeros. If any one of the check digits is non-sero, an error is presumed to‘

vhave occurred and the entire message is rejected.

Por: the general class of binary cyclic block codes, the block length

N, must satlsfy39 : ;

we o1 @

)for'an arbitrary'm > 1 andkthe number of check digits, N-L, is. | k

. W-n=a-1 (dod) R AT e (8)

if‘where_d is the minimumrdistance’of the code. ln other’words, these codes can)ﬁ)'

detect up to d-1 errors or

detect and correct up to 5 (d-l) errors '
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'in a block of N digits. The fractional redundancy from Eqs. T and 8 is |

N-L_d-1_ da-1

L bl

"vNote that the number of check digits is arbitrary. Any number of check

. digits‘can be infentionally added to a message sequence in order to reduce
the probability of an undetected errof‘which could hot be done with’a parity -

check code. The probability of an undetected block error can be adjusted

(byyvarying d) to be

P (undetected block error) = 2'(N - 1) _ ot - d

3. Convolutional codes

Convolutional codes are very different from parity checlk and cyclic
codes because convolutional codes are non-block codes. They are attractive
because they also have simple circuit realizations and strong error-correction
abilities and are therefore especially appropriate for digital mobile radio
communication. |

The specific convolutional encoder/decoder of Fig. 33 has been
extensively analyzed by Gallager39 (pp. 258-261) and it demonstrates several
general characteristics of a convolutional code.

(1) The convolutional coder/decoder does not require block
structure or block synchronization. Tt operates on data
"ag it comes".
(2) 1t efficientiy corrects errors with short shift register
v circuits (here any combination of two or fewer errors among

ten or more channel digits will be corrected).

if_ ' - (3) More check digits are transmitted thén would have been
s transmitted for an error detecting code (here there is
one check digit per information digit, a fractional

redundancy of 1).

=81
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(4) The convolutional error correction circuitry is very simple--

simpler than either parity check or cyclic correction circuits.

- . A suggested two-stage coder/decoder
In order to apply these simple, powerful codes to the mobileiradio
‘channel we should first isolate those channel characteristics which will be
important in error control. Firstly and most importantly, the channel is a
two-way channel over which ARQ (acknowledge/request repeat) techniques can
be used. OF course, we might include some error correction to improve
efficiency, but we need not rely on error correction alone.
"The need for a two-way system appears to be unavoidable if
communication that is both accurate and efficient is to be
maintained over actual communication channels. The parameters
of most channels are time-variant, so that thelr reliability
functions fluctuate. A system without feedback must be ,
designed to operate reliably at a data rate commensurate with

the worst channel condition, which is inconsistent with
efficiency when conditions are good."

-~ Wozencraft and Jacdbs,32 p. 456,

The second important channel characteristic is its model for
digital error occurrences. From physical considerations we have identi-
fied two quite different types of error patterns in mobile radio communication.

(1) Long series of random errors. These correspond to signal
loss due, perhaps, to shadowing or multipath fading. Either
kind of signal fade would result in such a longAstring of
errors that an error correction circuit would be very
difficult to construct and ARQ would be used instead.

: (2)‘ Isolated; independently occurring errors for which con-

volutional error correction methods are very effective.

In fact, considering the simplicity of digital error control circuitry, a
two-stage error control system 'such as that in Fig. 34 could be recommended.

At the decoder, isolated errors are corrécted‘by the first-stage convolutional .
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. ‘decoder and'do not require retransmission of a large block of data in order

to recover a few missed digiﬁs. Cyclic error checking at the second stage
serves a double purpése: it asks for retransmission of data blocks (ARQ)
which contained a greater density of errors than could be corrected in the
first stage and it verifies the accuracy of the received information to what-
ever confidence level has been specified.

It is intéresting to note further in Fig. 3& that the convolutional
decoder need not process sequential check digits. If the one-bit shift
registers of the convolutional coder/decoder of Fig. 33 were replaced by
R-bit shift registers, the decoding operation would proceed as before exneptv
that the error correction of a digit would be based not on the values of the
last five check digits but on the values of five check digits spaced R digits
apart over a time period corresponding to 4R+l. (For other interlacing tech-

39

nigues of this same sort, see Gallager,>” p. 287.) Applied to moving mobile
units, this interlaced code could correct the clustered errors which are due
to multipath signal fades. This would serve as a convincing demonstration
that simple error-control coding can overcome’many kinds of channel varia-
tions without direct measurement of the channel and that appropriate error

control coding can even substitute for diversity transmission in reducing

multipath errors. This however would be at the cost of reduced channel

efficiency due to the added redundancy required.

D. Typical System Error Calculations

In Chapter 2 we saw that impulsive noise causes higher error prob-
ability in digital transmission than Gaussian noise and that the majority
of ambient mobile radio noise is impulsive in nature. We would now like to

determine signal and noise levels which yield a "typical" signal-to-

«(impulsive)-noise~ratio. With this signal-to-noise ratio we can refer to
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.fFlg.,l6 (p 35) and vead off the "typlcal" prdbablllty of dlgltal error for .
fithat s1gnal to-nomse ratlo and FSK modulatlon, both for non-fadlng and
jffading cond;ﬁions«»v SN
‘ Tﬁo cés¢s‘f6r which "typical" signal-fb-nOise ratios have been
‘kcaléﬁlated’in-this’ﬁay aré: direét’digital modulation, and digital FM‘sub-
'f modula£idﬁ;‘ Téblé Sipresents a signal~power budget and "typical" efror‘
‘u3probab111t1es for a dirs ctly FSK-modulated hSO-MHz signal without an 1nter- ;,
{! med1ate,submodulatlon, while Table 6 presents a power budget and error
'gzi'probabiliﬁies'for FSK submodulation of voice FM equipment. Note that the
 ‘signal¢to-hoise'factor assumed for FM submodulation results in substantially
~16ﬁér.prdbabilities of‘digital error. under both non-fading and fading condi-
‘tions.‘ waever it should also be noted that with an FM modulation index
‘i'sufficient to attain such improvement, the modulation bandwidth is consider-
abiy less than the availsble r-f bandwidth.’ Digital channel capacity |
measured in bits per second is thus actually reduced by using ™M Submodula-

tion, although the output signal-to-noise ratio and the corresponding digital

' error probability are improved.

Two items in the power budge+ tables which require explanation are

"free space loss" and "excess path loss". Free space loss is the attenua-

 H_  tionyof‘signals with. distance between two dipoles, neglecting the effect of

" in decibels is:

 terrain between transmitter and receiver. The formula for free space loss

43

aB ) f 20 - loglo(d ; )

Q). o= =33 - 20 - loglo( Vit

miles
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. Table 5

R Poﬁet’Budgétifdffﬁiréqﬁ Digital_Modglétién e

Ttem -~ mypical  gtandard Deviation

»Q5TréﬁsmittérNPOWer (50 watts) . . 47.0 dBm-
N T e " IR A (s D ) i
| Transmitter antenna gain (base station) . ~10.0-aB

-~Tfansmitter line losses (100’

.j‘of RGl7/g gg,45o wn - 2.0 -
_'?rée $pacé>loss‘(4jmiles) e ‘—v98-0:dﬁ
bExceszpgth'loss | R | ' 3O;O'dBV" #5 éﬁv
 Sigpal>powéf'étifeéeiver‘. ‘ » >?3;OvdBm ‘> : 5 :dBmf(A?k 

Mahfmadé hoisé-lévelz;fsl i ' ~102.2 dBm 6.7 idan(B)‘;';

‘".Signal-to—noisevratio (nonéfading)‘ - ; .-29;2‘dB o 'i8;4 dB* .

FSK Error Probability . Non-Fade Fading .

typical (20.24dR) . 2x10° 5% 107
" one s.D. high (20.8 dB) 3 xf10—4,

one §.D. low (37.6 dB) < 107"

T

T e T T e T T T
¢ - standard Deviation (A+B) .= ,V/;,D@(A)2'+ S;D.(B)?




;a5~‘Tab1¢=6iﬁ';' -

" power Budget for Digital FM Submodulation

" Typical

- gtandard Deviation |

Y

jiraﬁémittéi power;(50'Watts),'. - \‘_ ~47.0 éBm 0

“f5$rah$ﬁitterﬁantennafgain'(base'staticn)" . 10.0 @B

g}Tiéﬁsﬁittéfjliné iossesv(ioo'

' of RGL7/U at 450 MHz)

'FM signal-to-noise improvement

‘.faétor42 ",' Coml 13.0 dB
“| Free space loss (4 miles) 98.0 dB
"fEx¢esé path;lossb B .= 30.0 dB

g Sighal‘poWer at receivér (effectivé) v 60.0 dBm

;-dMah;madé,noise level ' - Lo . 102.2 dBm

;T\Véignal-td-ndiSe ratio (non-fading) = 42,2‘&B :

. FSK Error Probabilities

typical (42.2 dB)

'iohéés;Di high;(33;é dB)

' one §.D. low (50.6 dB)




'lﬁiéggs,ﬁéth loss is theiémpirica1 diffefenéefbetweeh prediéted_freév‘
iépace;atfenuatidn‘and actual‘méasured-signal attenuation over a baSe/mobile
;{fath; prééﬁmgbly due to the'effe§ts of tefréin and man-made Structuresf' As
vionékwouldﬁexpect, thiS‘lCSS Qaries from city fo city, urban to suburban con-
 ‘ ditiohs,:ét¢;‘ Somé‘values which have béen cited in the literature are shown‘r
E in Tabie 7. We have assumed ahvexéesé path ioss’of 30 dB with a étandard
1deviétion‘of'5 dB, consistent with the valuesvdf Table 7. The excess path 

>ailoss is a constant to which must be added the effects of fading.

Table T

Literature Values for Excess Path Loss

Excess path loss dB Reference Frequency
(Standard deviation, dB) ~
'  28-37 8 450 and 836 MHz
' 3.7 and 11.2 GHz
38 ‘ 22 450 MHz
32, (5) 31 450 MHz
17, (3.5) ; : Ll 836 MHz
27, (6) ‘ Il 836 Miz

Note also that Tablés Syand 6 do not includé antenna gain or feed~
kline losses at the receiver.. The~réason these wére omitted‘is that the
signal#to-néise ratio is unaffected by 1osses at the recei#er:SO long as
the inﬁernal receiver‘ndise is much less than the external maﬁ-méde noise;
:ﬁhich Fig. 9'(p‘ 21) indicates is usﬁally the case.’ i
| ' Digital error rates which have been cited in thé'literatﬁre'for

f'ftestSZOf mobile printers in urban areas are typically iﬁ‘theyrange 10*4‘to>




(references T, 45, and 46), cons1derably worse . than the values shown
;1n Table 6. Error probabilities in the range J.O,LF to 10~ -2 shoulo onlykoccur
T;durlng severeeSignal fedes‘(Rayleigh and/or shadow) or in local areas With
ﬁ?unusually 1ntense external noise. Although both multlpath fadlng and

ff'lmpuls1ve noise can interfere with digital communlcatlon, multlpath fadlng

' 1s_probably the dominant cause of digital moblle radio error levels such as

“;f‘those'reported in the cited tests. As has been discussed, dlver31ty recep-
?f,g‘tlon and/or error-correctlng codlng seem to be the best hopes for coping

L‘ih‘with errors when they exceed an‘acceptable level.

What is an acceptable level of error,probability? This is a

question that has no one unique answer, since it depends on what one is

fﬁ'trying to do with the digital system (i.e., how bothersome errors are in a
t7h particular circumstance); also error probability for digital radio has to be

~ . expressed as a distribution over time and/or service area because of the vari-

L:,'afions in signel-to-noise ratio with these same parameters. The expected
‘ hinary-error probability level in land-line data oommunications iS;lO;S
‘(one bit in error per lOQ,OOO), which corresponds to an average‘rate of one
oharacter error per 10,000 characters (assuming 10 bits per,charaoter),vand
;i h‘thistwohld clearly-be acceptable ae a goal for mobile communications. A
‘.hinary error probability of 10'2, which has been reported under certain
‘conditions”infsome mobile printer tests, corresponds to 100 charactefs in

S"f“error per 1 000 transmltted and would certainly be unacceptable as an average,

rate although 1t might be encountered say S% of the time even in a system ;

=

:,where;average rate was l(‘)‘5 An average binary error rate of 1070 (10

,{characters in error per'l,OOO transmitted) probably-repfesents the minimum
'1aoceptablefperformanoehfor law enforcement use, but the goal should be higher.

g0




. CHAPTER 5

SUMMARY AND CONCLUSIONS
VThe‘central objectiVe of this study was to examine the possible
role offdigitaiytransmission techniques for improvement of law enforcement
o mobileycommunications; both as regard to,operational advantages in
‘command/control”and automated information handiing, and to more efficient
use of the crowded‘radio spectrum. Necessarily, a change from present, ﬁell- .
established VOice'communications to the new, relatively unproven, -and littlegd
',understOOd digital devices inVolves a'complex mixture of technological,b
operationai, economic, and‘regulatory issues, and‘all of these have teen
tonched on in this report. Unfortunately the mixture of issues contains'so
many ramifications that despite‘the length of this report, it‘was‘not bossi-
ble to treat all in equal detail or even to include every one that wasm
identified in the study.

Ankoverall conclusion, which was sensed at the beginning and re-
inforced as the study progressed, is that digital mobile communication is’at
a very early stage of development, and the technological capability that is
| ‘available at present is but a small part of that which can be availabie in
the future. A parallel,vhich perhaps cannot be foliowed exactly; exists
in the transmission of digital data over teiephoneflines,‘whichistarted out
;haltlngly 15 or SO years ago at 1OO 300 bits per second and now is routlnely
conducted at 9600 blts per second. Also, proper eqalpment features and
operatlonal uses will take some tlme, includlng much more trial and experlgy
,ment to work out. It is therefore 1mportant +hat law enforcement communl-v

: cations planners not be too dlscouraged by some of* the adverse test reports;‘

“9lf m 7:‘

of the not too dlstant past by operational shortcomings which they may seev.*e}715



1Mipresent equxpments, or: even by cost (conplex dlgltal dev1ces in hlgh—
volume productlo can be very 1neypens1ve -- w1tness the electronlc calculator),
3,butr1nstead energetlcally J01n in a continuing dlalog4w1th eqplpment manu-

f:facturers to steer dlgltal development in the right dlrectlons for thelr

:ineeds. ‘
| ,‘Italso became clear early in tnefstudy that_beéause'of'the rapidly '.ul”
i'Changing-sﬁatus“of tne technology,»a simple survey of‘existing eduinments and .
'leusages whlle valuable for some purposes, would not really address tne central
”?obgectlve stated at the beglnnlng of this summary chapter. A large part

.-:;of the study and thlS report have therefore been devoted to 1uent1fy1ng
f.factors which presently limit the speed and accuracy of digital moblle communi -
;dcation, and to outlining,'where possible, techniques whicn~are Or'may-be
n;efavallable for ‘overcoming these limitations in the not-too- dlstant future.v
iMuch of the description of the problems and solutlons is necessarlly techni~
}l cal and mathemat;cal~1n nature,'but‘an attempt has been made to state re-
»'sultslin‘practlcalnform.v Briefly, the major‘conclusions may be Stated as

' rollovs: e | o c
z,al.:sDigital data transmission wiph acceptable error probability requlres“

 about the same mean signal-to-noise ratio as good- quallty vo;ce

‘jtransm1531on, however dlgltal error probablllty is much more

- sen51t1ve to the large, instantaneous varlatlons from the mean

”‘ that presently result from fadlng and man-made noise.

";é§ﬁ'Mult1path propagatlon leads to Raylelgh-dlstrlbuted amplltude.
o ,fadlng of land-moblle 51gnals and. analy51s of typlcal measured f
sfn01se levels and signal levels 1nd1cates that mult:path fadlng

-::lS the domlnant error-produc1ng mechanlsm.

ms3.f5E1ther of the two avallable 1mpuls1ve noise models (telephone or e

;atmospherlc) is a more reallstlc model than the Gau551an n01se



efare much worse in 1mpulse nozse than in Gau581an n01se.
n,Wh;le_there,are dlfferences between them, the partlcular digital
~ modulation method (PSK, DPSK, FSK, etc.) is of much less im- =

“vironment or the fading characteristics of the signal.

3"Since very‘little can be done sbout the noise environment for

' mobile commnnications, the only potentialbmeans of improving the

- Jointly in this way could have a signlficantl greater capacity

;*}mbae1~f6f-thé nrbanimobile radio~noise‘environment and, for ‘the

fﬂdsame mean 51gnal-to-n01se ratlo dlgltal error probabllltles

portance in determining error probability then the noise en-

,>’s1gna1 -to-noise ratio. of the radio channel for dlgltal transmission -
is to.use some form of dlver31ty receptlon to reduce the varisnce '
of multlpath fadlng.

Either space dlver51ty (multlple antennas) or frequency dlver51ty :
(multlple frequencles) should be practlcal for vehicular recelvers
but only frequency diversity has’ any possibility of use for
portables. Frequency diversity, which is common in fixed-base
radio communications, seems to have received almost no attention
for landfmobile use because of spectrum congestion considerations.i
However, userof two land-mobile‘channels (approximately 1-MHz |

separation) for frequency diversity might yield~snch an improve-

‘ment in‘digital data and error rates that there would be a net

1mprovement in spectrum utlllzatlon, i.e., two channels used

than the same two channels used separately. It is recommended ,
that both space and frequency dlver51ty be. implemented and thelr‘

error-reduc1ng effects- compared.

,‘As a mlnimum, cycllc error-detectlng codes w1th message

' yretransmlss1on as necessary are essentlal for assurlng rella-

ble receptlon of dlgltal messages. More complex, but stlll

ﬂ~relat1vely s1mple convolutlonal codlng can correct isolated

‘errors, and w1th code 1nterlacing, even the burst errors caused

o Trby multlpath fadlng It is recommended that experlments be -

Zs,fconducted to denermlne whether an 1nterlaced error-correctlng

,coder on a single channel can substitute for multlple dlversity S




7[:,presen$ dlgltal systems, nas operational advantages but digital

>",fperformance is compromlsed by the bandw1dth threshold, phase,

‘Qf be necessary for full reallzatﬂon of dlgntal capabllltles.

;éhannels and yleld a 51m11arly 1mproved error rate w1thout ‘the e
faddltlonal sncct”umi or equxpment reouwrements of dlverslty

v 'transm1551onu~'””

i%nggltal submodulatlon of v01ce FM eoulpment radios, as in mosﬁ

‘?and n01se characterlstlcs of the FM equlpment Other forms of

emodulatlon, perhaps requlrlng new channel speclficaticns, may

>~~Vo1ce transm1531on with a 30 db- 81gnal~to noise ratlo 1s pos31ble
over a dlgltal channel with a data rate of 30,000 bits per second
‘ and;a binary error probablllty of only 10 3. This could be achieved ‘
 with a SO-kHZ'r-f'channel i.e., two adjacent 25—kHZ channels :

used as one channel. If such high-speed digital channels were
. available, it could result in a net improvement in spectrum v

‘utll;zatlon, plus the possibility of alternate voice/data usage.

Randoméinnut interrogration of a mobile fleet appears to

give a much faster access time than sequential polling inter-
- rogation, but it also reducesvthe number of‘mobilesvwhich-can
’be;aCCOmcdated in a digital mobile network. The questionrof»

best polling‘procedure for a given system thus depends on the

particulars of the system and its desired functional performance.




“APPENDIX A '

| ANALO(}»‘ TRANSMISSION OVER A DIGITAL CHANNEL,

The main body of thls report is entlrely concerned with the trans-
”mlssion of dlgltal 1nformat10n over analog channels, such as voice FM equxp-‘
ment.’ Thls appendix examines the reverse problem: given a dlgltalAchannel
laas”characterized by its data rate, R bits per second, and its’binary errer
probabiliﬁy,bP; isrit possible to transmit analog signals suCh’as voice over

vtherdigital channel-and; if so, how much distortion is introduced by the

. digital conversion/transmission,process? Also, what are the bandwidth

requirements? The answers to these questions are central to determining
°J7ﬁhether it is better to construCt an analog system which sometimes carries
‘digital data or to construct a digital system which might carry analog signals.‘,?:
- The starting point is the uniform sampling theerem for band-limited
signals:33 LT
| "A band-limited signal whlch has no spectral components above a
frequency B cycles per second is uniquely determlned by its values
at uniform intervals less than 1/2B seconds apart.
"To represent these continuous analog sample values w1th a‘dlgltal
’signal it is necessary to discretize the sample values and transmit them as
‘N bit binary numbers. Figure A-1 illustrates the operation‘of the digital |
‘sampler/quantizer. :
| VVIt is possible to calculatelthe'mean square error.of the quantizing:;'
‘A?rocésse(i.e,;'thenaverage quantization noise power) when the quantization is

_ due to roundoff as in Fig. A-1.
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| _In:édditionhto the quantization noise, a second source of noise
"» _is du§,t9~the probgbiiity of binary error. An error in the Jjth most sig-
‘f-nifiqanﬁ‘bit of an N bit number produces an amplitude error of 2™ ora
" noise power contribution of 39, (P is the probability of binary error. )
N

1-4
3 )

5 N
Elnll = ] pd? = op
‘ j=1 :

 AddingAthese two noise powers we obtain the total noise'due to binary quan-

tization and bit error probability.

: -N
2, 2 2y _ 1 N 1-4
E{n‘} = E{nl} + E{n2} = 334 ¢+ P(’ T )

This is the analog noise power caused. by digital transmission of a unit

. amplitude signal. If the signal is sinusoidal, its time average power is 1/2 ~~7 

and the resulting signal-to-noise ratio can be calculated.

-
(average signal power)
10\ average noise pover/

; B 1/2
10 loglo N " - M'N ]
B v e -)

-

NR(dB) = 10 log

6.4
|1+ k(s - 1)

n

10 loglo

’ U81ng Eq. A«l constant-value loc1 of SNR . have been plotted in:
w’ F:Lg° A 2 as a functlon of P and V. Also shown in Flg. A- 2 is a dashed llne«“°5

1,obtalned bv settinp E(m1 ) = E(m22).~ Above thls line blt error n01se

‘.(A_}) .
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. 'y domlna'tes, ‘qnantizat-ion noise dominates below it. Since the best bit error.

probability that can be expected is 1077, it is seen from Fig. A-2 that there

is no advantage in'using-more than seven bits of quanﬁization; ‘ |
With these reéults we have already'determined-quantitatively the

distortion‘(i.e., noise pover) introduced by‘the digital transmission of -

: analog signals. To determine the required bandwidth we musﬁ recall the |

- results of Chapter 3: a realistic bandwidth for the transmission of'R‘bitshd

ner second is R Hertz (R =W where W is the r-f bandwidth or the two-sided f

baseband bandwidth). , | | -

- Given the bandwidth B (Hertz) of the analog signal and the accept-
able signal-to-noise ratio we can find the required binary word length N from
Eq. A-1 or Fig. A-2, From the uniform sampling theorem we find that a'dafaj
'rate R = 2ZBN bits per second is needed, and the resulting realistic bandwidtn
is ZBN Herbz. |

In tnis fashion we can compare PCM voice transmission over a land
mobile radio channel with FM analog transmission.v Assuming B is 3 kHz for
voice signals and that a 51gnal-to noise ratio of 30 dB is de51red (equlva-
lent to FM quallty above threshold), the required binary word length is flve

blts. Therefore the required data rate is 2BN = 30 000 blts per second and

. the two-sided r-f bandw1dth is at least 30 kHz, which would requlre a channel .

: spaclng of 50 kHz. Thls is the same sort of wide-band dlgltal channel (two :'
present 25-kHz channels merged into one) that was dlscussed in Chapter 3
Off-hand dlgltal uransm1551on of v01ce does not look attractive
‘vbecause of thls bandw1dth requlrement.\ However 1f w1de-band channels are
| ;ever establlshed for hlgh-speed dlgltal data (30 OOO bps), the poss1b111ty fd;id
would ex1st for alternate transmlss1on of dlgltlzed voice over such channels. ;‘
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'APPENDIX B

DISCUSSIONS WITH MOTOROLA

. Introduction

‘ o Tnis‘is’akcombined,report of two separate drscnssions with repre-
‘fééntativés of,Motorola Communications and Electronics, lnc:? In>the flrst
,meetlng, J. E. Ward v151ted the Motorola plant in Schaumburg, IllanlS, on
9f0ctober 27 1971, and met w1th Mr. Steven Adler, Englneerlng and Sales Manag-
‘s;er for State and Local Government Markets, and Mr Warren Henderson, Systems
j?Resources Marketing'Manager. In the ‘second’ meetlng, Mr. Adler ‘and Mr Wllllam
lBornan (Manager for AVM Systems) v1s1ted M.I.T. on November 11, 1971 and
'5;ﬁmet:w1th Professor J.F. Relntjes and Messrs. J.E. Ward and T.C. Kelly.

| Thesevtwo meetings covered the emerging field of digital transec

“'53~mission and computer-based information handling in law-enforcement systems,

“'{f_both in the mobile/portable radio environment and in local, state, and feder-
“al 1nter-computer networks. Also disoussed were tne~technical issnes in
fvdlgltal radlo transm1551on, automatic vehlcle monltorlng (AVM) systems,‘and
:liprobable equlpment development timetables for the new 900-MHz band recently

”'»allocated by the FCC.

‘,~2,-,General System Issues

'Toflay the groundwork‘for our’meetings we described»the Electronic‘lv
fSystems Laboratory s project w1th the Natlonal Institute of Law Enforcement
fand Crlmlnal Justlce to study exlstlng dlgltal communlcatlon and 1nformatlon— -
lhandllng technlques as well as to 1ocate communlcatlon/lnformat1on bottle-
fnecks where dlgltal technlques may be especlally helpful in law enforcement. L

fIn turn, the Motorola representatlves descrlbed Motorola s 1nvolvement 1n

Jlaw enforcement communlcatlons at both the component equlpment level (mobllev*;‘




n?;edies,'handfheld porteﬁies, mobile teleérihters) and at the system le&el‘
J(eutoﬁetic vehiele_lqcation-—both fixed’route and randbm,'microwave com-

_ ﬁupications, computer—based dispatching, end iﬁtegrated'networks),

a - A particular sfstem.discussed in the latter context wasrthewSMARTS
(San Matee Automated Rapid Telecommunications System) Comﬁunication Network
which Motorola is installing. This is avself-eontained, computer-based,
Stere-andeforward message system utilizing both wire 1inksiand'the-sen Mateo _”
Coﬁnty mieroWave (Moterola) network for transmission: The system currently
hae 19 teleprinter‘terminals, but will be expanded to 40;' SMARTS epetetes
as‘é‘sub-system of CLETS (California Law Enforcement Telecommunications
system) , and thus provides ready access to the 450 CLETS terminals, and -

. through it to the FBI'svﬁational Crime Information Center (NCIC).

‘Tﬁe tone of this part of the discussions indicated that Motorola‘is
very much involved at all levels of the law-enforcement communications‘prd-'
blem, and has spent a good deal of time in exemihing the problem from an
overall system viewpoint. They indicated their feeling that existing local
police communications equipment is in general quite adequate end that the
biggest problems for the immediate future‘are:

(a). how to coordinate the multitude of local, state, and natlonal
communlcatlons and information systems into a smoothly operatlng

whele (i.e., the network problem),_and
(b) how to provide the needed expansions in radio communications
' capabllltles {mcbile and portable) in the face of spettrum

congestlon and llmlted flnanc1al reqources (best utlllzatlon

,of spectrum resources, and cost effectlveness).
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:f_Some rellef 1n the 450-MHz band w1ll belreallzed by the FCC
aSSLgnment of the lower UHF—TV bands 1n the major CltleS but the
AMotorola people felt that the non-lnterference rules would seldom ”-_;

permlk;operatlon anywhere near the max1mum power and antenna helght

lmltatlons (1, 000 watts and 500'), and that performance may thus be
‘marglnal compared to the present 450-MHz band |

The new 900-MHz moblle band (reass1gned from UHF—TV Channels
;70-é3l* offers a real break in the spectrum log-jam for the future,
:but 1s not lmmedlately useful. One problem is that of low power output

:Of solld state dev1ces at these frequencies, although thls is now belng

ffcffectLVely solved. Another factor is that the planned use ofythis;
faneW‘bandfis'still'being considered by’the FCC under Docket 182621

Wlth varlous organlzatlons pro9051ng everythlng from exten51on ‘of the

s:.nple channel pa:Lr ‘conce pt (as in the present 450~ -MHZ band) ’ base stat:.on o
lchannel trunklng arrangements (managed groups of channel palrs), and

Vrate regulated common - carrler systems for an entlre urban area, u51ng

3both trunklng and cellular concepts., Flnal.equlpment de51gns must

;awalt‘the resolution of these~1ssues;,namely,‘how this-new‘band is to

Slnce spectrumrspace rellef ‘as dlscussed above w111 be slow 1n
omlng, Motorola is also actlvely looklng to. the use of dlgltal technlques"'

}to lmprove the use-eff1c1ency ot present channels, as dlscussed below.,fg

This prov1des an add1t10nal =

:*Actually 806-902 MHz, and 928—947 MHz.v

'15 MHz, about a three—fold 1ncrease 1n moblle spectrum ,;:;'




= Digital Technology

(b)

850:418°0. 5 74 ~ 8

In the two meetlngs, the Motorola people discussed a number of ‘

issues in connection With,digital transmission;v

There is a severe RF noise problem in cities~-as high as 50 micro-

~volts per'meten‘in New York City-éandustrong transmitters‘on'

adjacent channels cause intermodulation distortion. The + 5 kHz,

FM deviation limit in a 25-kHz channel is intended to.keep adjacente

channel'interference7within acceptable limits, but the resulting

"deviation;ratio is often so small that the advantages of the FM

capture and threshold effects are_minimized (increasing the )
possibility of adjacent—channel interference,.and decreasing.signel— '
to—noise ratio, except under very strong signal conditions. Further |
channel splitting (to 12.5 kHz) would increase the severity of
these problems. Motorola's approach to these channel-noise pro-
blems is to use best possible receiver designs--sensitive receivers

with FET front ends and sharp quartz IF filters to reduce adjacent -

; channel interference--but this is of little help against noise

and interference components (including*multipath)Vthat are "on-

frequency

The gist of this part of the discu551on was that the radio channel
often-represents a peor medium for digital transmission, and that
work still needs to be done in modulation and coding teChniqueS’to

improve the immunity of digitalssignals to noise and interference;

and in cellular and/or diversity arrangements to improve the,channel.p'

‘They said that they have used or are 1nvestigat1ng at least a half—‘

dozen digital modulation techniques. They mentioned one technique

‘which yields ‘satisfactory transmission of 100 bltS per second at
*s1gna1-to-nOise ratios as 1ow as 6 db (12 db is cons1dered the
,;mlnlmum acceptable for voice, and most dlgital techniques need at
"_least 20 db) : ThlS technique uses’ sequential dec1mallyvcoded tones;;“

transmitted at quite a slow rate--30 per second-—but since a dec1mal;m37
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;QlePs'

The effectlveness of thls tech 1que

shanltlon tlme per 1tem of transmrtted 1nformat1“ i'
. NS

’etas agalnst 10 ms.. 1f the - bltS were transmltted lnlbinary“:'

lffform, The problem w1th thls te-hnlque is’ that lOO'bps'is
too slow for many purposes, and it 1s dlfflcult LO do multl- B

'jitone recognltlon at any faster rate.

‘ff The CTA/Monltor bus locatlon system for Chicago system operates

'~7at 2000 bps, using a form of pulse-w1dth modulatlon., There

‘fyhave been numerous dlfflcultles w1th errors 51nce the tests
V;began in mld—1970 but many of these were due to electrlcal
:Cn01se ‘sources 1n the buses and moblle radlo component problems‘
5- whlch have 51nce been corrected. More recently, it was
lf:dlscovered that the telephone—llne connectlons from the
;fsatelllte receivers were dlstortlng the dlgltal signals, and

- these are in process of belng 1mproved. (Desplte a number

- of 1nqu1r1es before, and after these meetlngs, we' have been -
'unable to obtaln any 1nformatlon from Motorola on the error

i rates actually being achleved in practice 1n this system )

’Motorola feels strongly that v01ce and dlgltal srgnals should
ofbe on separate channels, i.ed, that overlay systems w111 be

:unacceptable because of the annoyance of hearlng dlgltal ‘
«,Ltones 1nterm1xed w1th v01ce. ‘This of course gets into the -
'fspectrum congestzon questlon-—does thls double everyone s:

: jchannel requ1rements°‘

rttMany feel that lOO bps (lO characters per second) 1s too slow f{yf”
7'for moblle prlnters, partlcularly when lengthy prlnted re-. ’
tsponses result from an 1nqu1ry, and that much faster output .
:“ates are needed., Motorola feels that a lOO—bps rate may ' ,
5:fstlll be satlsfactory 1f a more judlclous ch01ce of operatlng e
fmodes 1s used, such as generatlng a full prlnter response onlya

o . on a "h:l.t" .

ok




Natlonw1de, about 80 percent of patrol cars are operated on a
"one-man ba31s, thus complete rellance on prlnter= or dlsplays -

for dlspatch 1s dlfflcult because they can't be read whlle the‘r

"car is in motlon.‘

h'(f). Portables represent another problem for dlgltal systems, and

”tthelr use is on the 1ncrease (already, eight U.S. c1t1es use

v___y_portables) Dlgltal 1nput from portables will soon be S
jfea51b1e, but,dlgltal output capablllty is a long:way off.
«‘Computer-generated'voice response appears to be the only im-
medlate solutlon, and Motorola mentioned they had heard of some

tests. of ‘this technique in a police ‘radio system.- Response “only

on hlts"’Was mentioned as de81rable‘to;reduce channel time.

(q) Motorola's stated position is that they are actively pursuing
digital mobile radio technology,tbut that they‘are not°selling
it as the answer to all_communications problems. They interact
with each system requirementlas it arises and feel that it mill
gradually galn acceptance in appllcatJons where 1t clearly is of

: advantage as compared to all—v01ce technlques.
1. - 5. AVM Systems

51;' BN Motorola has developed a new AVM system (first announced in mld-

"1971) whlch operatés on a phase-ranglng basis. The base—station tranSmits

f(u51ng FSK modulatlon) the code of the vehlcle 1t w1shes to locate. The{]

vehlcle then responds by transmlttlng 64 cycles of a 2700-Hz tone, which 1s.
‘plcked up by several satelllte recelvers ‘and transmltted to the base statlon
‘3’over telephone llnes for phase comparlson. “A demonstrated accuracy of 800"

was crted.y The'tlme per f1x is 30 Ms, 1 e.; 33 dlfferent vehlcles can be  "
ve,located,per,second.‘ The system may be callbrated at any tlme (even as often f,lu‘

‘as every “flx“) by 1nterrogat1ng one or more flxed radlo transcelvers.
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“' (N§£é; This new Motorolé AVM syétém seems cdnsideraﬁiy éimple?‘
 :thah tbe §éytheoh‘system thét was'tésted in Boston. That systen had the
““ﬁehicléS'répeat--on’andther channel——a'toné transmitted‘by the‘baSe sﬁation,,
” ‘mad§ phase compa:isoné at each satellite receiver site bétwéen the master
:?:.5ase-station tone And’the vehiclefrepeated tone, and transmitted these

measured phase differences digitally over telephone lines to a base—station'

A':vyvi computer for location calculations.)

' 6. General Comments

Motorola sees the need for independent organizations to look ob-

jectiVely at the land mobile "bandwidth-modulation-channel assignment" pro-
blem and recommend improvements such as digital modulation to alleviate

the congestion and interference. They are most interested in the results

of our work, and in further discussions later on.
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APPENDIX C'

 DISCUSSIONS WITH GENERAL ELECTRIC

74]i,-’ Introductlon T

On January 27 1972 Messrs. Jd. E. Ward and T. c. Kelly of the

”!" Electronlc Systems Laboratory v151ted General Electrlc s Moblle Radlo

b Department'ln Lynchburg,cvlrglnla, hosted by Mr. John A. McCormi ck with
vfwhoniseveral letters,had beern exchanged earlier. |

ﬁost of the‘morningiWas deyote& to a roundtabie discuSsion of
’recentideveicpnents’in land‘mobiie,and:énhlic safety yehicuiar.conmunica-
tionsrnith the followingbéeneral Electric personnel:

John A. McCormick - Consultant
~Robert T. Gordon

Manager, Advance Development Eng.
N.-S. Cromwell - Manager, Major Accounts

V:Ralph,rs Abrams - Manager, Major Direct Markets
James'E. Ardery - Manager, System Products Plannlng
‘Paul E. Perrone - Public Safety Systems - -
Ronaid SisSion - Super1ntendent~0f,Englneering (Toronto‘System),
'Robert Fruin - Diginet 1600 software (Toronto System)
“Fred Arnold - ~ GE Pac 30

Mr. Ward briefly summariaed the Electronic SystemsyLahoratory'ss
'activity in digitaluvehicular cdmnnnication‘through.the Project CARva
";(Dlal-a-Bus) ~program and,’more recently, through the study- grant from the‘
- Natlonal Instltute for Law Enforcement and Criminal Justlce for p0351b1e
~yflaw enforcement applicatlons of dlgltal COmmunrcatlon technology. The GE,r‘

' people were lnterested in’ the present status of Progect CARS (a copy of the

'cifflnal CARb report was left W1th them) and they would apprec1ate a copy of

f;gthe f1nal report of the NILECJ report. S
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2.

ftSfStem?Toéicelyf
aGenetal=Eiectric.iafone QfA?hékaPf 1argeetgnannfaCtuners;of
kbcnobiie‘jnebicle)'and poftable-(hand;held)»xadios. bThey stated that portable'.
?radlos in partlcular have been a rapldly growmng f]eld and that the concept
‘i of "a radlo for every offlcer“ is reshaplng law enforcement communlcatlons.’
'FMosturecently, GE,~like most mobile equipment manufacturers, has developed
Va digital‘communication capability as demonstrated in thein installations
. ofor the Los Angeles County Mechanical Department and the Toronto Poiice
Department. | |
The Toronto system is currently under design and con cructlon,l.
"’band is expected to be‘operational in early 1973; The heart of the concept
is dynamic management of channel usage, both to provide maximum utilization
bofvtheolz available channels under any situation, and‘also to permit -

- "channel-hopping" to increase the difficulty of clandestine monitoring of

police'conmunications. All radio equipmentyin the system will have 12—
channel capability, with provisions for remote control ofythe transmitting
:’and the receiving channels for a particular unit at'eacb instant of time
4by meane of digital signais from the control center.
There will be six base—station transmit/receive sites,located_inb
B oifferent parts>of the city, and each will have two transmittersvand two
v ieceivers. All base stations can be operatlng 51mu1taneously on. ‘the same
i»or dlfferent channels. A total of 713 vehlcles will be equlpped, of whlch -
,about 80 bercent may be 1nruse at one tlme. The moblle radlos w1ll be o
1estandard 12-channel unlts, w1th enternal dlgltal output and 1nput eqnlp- o
nzment connected th:onghnthe}normal,audlo:mlcrophoneband dlscrlmlnato; Jacksof




‘1‘Thefedhtrol center will use a GE Diginet 1600»controller in com-
glhinatioh with a,matriXVSWitéh to assign the 12 available channels among
’Q;eéeratibns eonSGies and mobile unité} and its channel-switching tommands
:itﬁiil be‘seht'outhasva differential phase-shift tone burst (200 millisecs
}atﬁ2400 hits/eec) at’theyheginning of a'voiee transmission. A GE Pac 30
computer‘wiil handle channel allocation and can command the controller to
scramble’the ehannel assignments and/or to assemble eertain groups on a

',_Single channel. The radio operators will not have to concern themselves

with channels or digital data —fthef will be properly connected auto-
‘irmatiealiy;
| | This computerized switching syetem is a significant advance in

thetfield,‘but it should be noted that this is not a digital cqmmunica—;
tions system; it:is a voice sYstem with digital channel control. Since
only the brief control bursts (200 ms) are digital, GE has not felt that

: it was necessary'to use polling technigues to avoid mutual interference.

" Also they are not very concerned aboutverrors in. these control bursts,

: feeling that they will haVe good signal-to-noise ratios everywhere..
T Although each city zone has its own base station, they’expectvalmost city-

' wide coverage from any of them. The prime consideration in the choice of

'2406 bps 'as the diéital transmission rate for the control bursts was to

bshorten the "beep" ‘tone that precedes each transm1531on so that it w1ll be,‘

o hbablllty of erroxr at. 2400 bps, and said that 1f it were not for the human
:fjannoyance factor, they would have preferred to use a slower dlgltal bit rate
wlthka»IQWer errOr’probabll;ty. We galned the 1mpre551on that the actual

. error rate in practice remains to be measured.

hA,heard as a "clock" rather than‘as a tone. They recognlze the hlgher pro-"




vj ihé7GE’péople said thé£ they are,notApuéhing'digital mbbi1e
v5 iaai6 aﬁ:this'timé, excePt,Possiblyiptinters and audio;éﬁcoded data for
Aégé;few special=app;icéﬁioné;’ The'reai'problemSjﬁhicﬁ they‘sée_facing digital“;
bf‘ééﬁmﬁﬁiqations ére a lack of convenient input and output devices,for busy
'Véhicié drivers»(aS convenient as microphones and loudspeakefsf, necessary
-digital_compatibiiity fqr'hand-héld,portables, and frequent data fadeouts
’i(sﬁadowing‘dr;hﬁltipath). On thé other hand, they hope rapid digital
signaling'methods will eventually be able to reduce the 88vpercentkof
’deicé.transmitting time now used for routine reporting and thus ease chan-
hel congestion.

‘The longer-term future of land mobile radio was seen to balance
:on the new 900-MHz allbcations which contain three timés as much/bandwidth
as is now in land—mobile use altogethexr. GE has done extensivekfield tests
at 900 MHz for the FCC and their final report will be available soon. Major
 prob1ems are low power output and'multipath fading, but GE feels that it is
a’usable band for short-range communicatioﬁ; vThere was some discussion‘of
the varicus filings by AT&T, Motorola, and GE under FCC DoCket.No.’18262,
: which wili determine the rules for use of the 900-MH2 band. GE wbuld.like
- to seélchannél trunking on a user4by-user basis,_ratheiythan large_common?_

user systems such~as»prdpo$ed by ATST.

‘ _3; Teéﬁnigal Discussions with Mr.'Robggt'Gordon_

|  In thé‘aftérp¢on ﬁé_met_with Mr. ﬁqbert Gordonbtotdisguss the',
n“.:Vdétéiled~technical:pxdEIems which Were.sét.asidg a£ the largér potqing‘
fT  @eéfingéivSﬁqh’;oPics ind1uded éi§na1 fading, ﬂoisefand‘banépaés'Chéra¢t§r+_ >;
‘Q}'iéfic§ §£ EM ééuip@éﬁt; éivérsiﬁyftechniques;jénd'5pe¢trum cbﬁéeivatiOn.:ﬂ?
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"fTo aooount foi;iandom‘signal fading,hGE7nses a,prohahiliStic"
;speelflcatlon-: a log—normal probability disttibﬁtion;foi the median
V«Slgnal levels (long—term "shadow" fades)‘and a Rayleigh probabilit§vdis—
tltrlbutlon (short—term:"shadow“ fades). With these assumptlons, they |
";calculate that an 8 dB medlan SNR w1ll prov1de an adequate 51gna1 90 per~ -
‘ficen£‘0f~the’time and essentially no signal for 10 peroent of the tine
”khecause>of theeFM threshold effect) . Increasing power to raise the
‘mediankSNRlimbroves the 90 percent figure, btt the impronement quickly
‘: heeomes‘uneconomioal;'especially at 900 MHz where power is at a premium.
| | The magnitude characterisfics of the audio bandpass in FM
"‘ﬁmoblle equlpment are qulte similar to those of telephone channels, but
Vnthe phase response is much smoother and group delays are smaller. Mr.
vGordon promlsed to send actual measured magnltude/phase plots for our use
lln calculatlon.* GE has analyzed’no;se in FM receivers using the anomaly
sror,ﬂclick"'method#in'which periodic pulses appear in the feceiver output
o even fof very strong signals (backgroﬁnd hiss). Mr. Gordon has verified
- the,eXistence of anomalies even on strong signals and he‘feels thatrthis
"‘chanacteristic of FM receivers may lnterfere with high-speed digital comé.
~nmﬁnications. He said that their tests to date indicate that impulsive
ignition.noise is no more severe at 2900 MHz than at 450 MHzZ.

The last general areas of discussionhwith'Mr. Gordon were di&ers-

"~ity teohniques and,spectrum conservation. GE has'experimented with‘space,

diversity to improve the signal-to-noise ratio in voice communications, but

e ; ;
-'This‘graph was received and is shown in Fig. C-1l.

#For an explanatlon of the "cllck" method; see, for example, Wozencraft
and,Jacob Pr1nc1ples of Communlcatlon, P. 661._ ‘
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ffﬁagféénéiuded}thaf fér‘voiéé communidétidn,bthe imprbvément iéknot worth

f ;thé additibﬁai cbst. For digital communicatiéné,~howevef{ the improvemeni-'

fvmay'bé néééssarffahd then, as Mr.vGordon said, "Diversity must bé‘con"

"»sidéred an expénse»of digitalvcommunication." He said that another problem

4*; Qi£h;SPaCé diférsity is the neéa to,adjust'for REF ggé_modﬁlatién phése
coherénce,‘citihg GE experience iﬁ the New York Thruway’FM microwave system

 ‘in which bothibhase delays’and phase equalizers have been~fouﬁdvto'be‘ |

"hecessary.

The diséussion of spectrum économy focused on chahnel separations

“in- the land ﬁobile service. Mr. Gordon feels that fﬁrther channel split—
fing (i.e., to 12.5kHz) could raise severe problems if it results in smaller
’FMndeViations (this would almost eliminate the FM threshéld). Aléo, fre-
rquency stability could bé a problemkbecausevthe best‘available»crystals<
are t 2 parts in a‘million,‘Or + 2 xHz at 900 MHz. ‘Other methods of~spec;
trum reuse, such as time or zone switching may be used, but further fre-

- quency subdivision appears undesirable. Finally Mr. Gordon‘pointed out -
thét étraightforward transmission of digitally encoded voice requi:es’wide |
béndwidths (from 6 kHz to as muChAas 40 kHz for’a 3—kszvoice’si§nal, fqr

. exaﬁple). Thus unless some form of data compression can‘be éﬁployed, tﬁé
bandﬁidth requirements are 2-13 times that foryanaldg voice transmissién;
‘H¢ ¢ou1d,see little prospect that digital transmission of voice, such as
.is nowbgaining~favor in the feléphone systeﬁ; will be employed inlmobile'
radip. 

_4. _ Plant Tour

After our technical discussions, Mr. McCormick took us on ayﬁour
§f the prodﬁcti§n facility>where we were‘able to observe‘all stages Of kk'
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.‘j§Sé;ﬁ51yiofvmobiié aﬁd pbrtable radios, microwave.repeaters, vdting’
*f:receivéré; and thé.integréted>cif§ﬁit.aéd,quartz crYstal facilitieé{

- ,Fihaily;‘wé‘met 5riefly wifh Mr. Glenh Peterson, General.

i Mghager, GE Mobile Radio Departmént; Chairman, Land-quilevsectioh, EIA
5bahdle#pressed‘pur appréciation for thé courtesies extended.to_uS»oh‘this

ovisit.




APPENDIX D -

DISCUSSIO].‘\]S WITH REPRESENTATIVE GREATER
‘BOSTON POLICE DEPARTMENTS

This appendix describes discussions that were held with four Greater

i~ . - Boston police departments. The purpose of these visits was to find out

- about their present‘radio communications operations, and to elicit comments

‘o oﬂ,how digital redie cormmunications might fit into their plans for the
';futﬁre; The four departments visited were: the Boston Police Department, the
‘Metxopolitan District’Police, the Cambridge Police Department, end the

Lexington Police Department.

-l; Bosten Police Department

>0ne October 14, 1971, Professor J.F. Reintjes and Messrs. J.E;‘Ward‘
and T.C. Kelly visited Boston Police Headquarters end met with Mr. Steven
RQSenberg, Director‘of‘Planning and Reseafch. The purpose of this meeting
was te discuss the present communications setup of the Boston Police Depart-
‘ment, any particular cemmunications problems with the present setup, and the

role that digital communication techniques might play in the future. On.

' December 16, 1971, Mr. Kelly met with Sgt. Leroy "Bud" Hunter, the Com-

munications Officer for the Boston Police Department, who is also the New
England Prequency Coordinator for law-enforcement communications. Topics
diseussed'ineluded«more details on the BPD radio System, plus general dis-
Cussion of radio coverage and frequency allocation problems.

a.) Communications Research Projects

Mr._Rosenberg mentioned five locel communicationprojectSof importance(
all funded to seme;extent by the Law Enforcement Assistance Adminisﬁrationi
(LEAA) thfougﬁ the Governor's Committee on Law Enfercement‘andfAdministxation .
of Justice.
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(The Boston Pollce Department was 1n process of upgradlng
d,ﬂflts'command center and radlo setup (see paragraph b below)
‘ﬁ'and 1ts consultant organlzatlon, Urban Sc1ences, Inc., has

: ;:recommended 1nstallatlon of . an AVM system. T

‘The Greater Boston Pollce Counc1l (Boston and 13 nelghborlng

ftporlce departments) had contracted w1th Urban Sc1ences to

study the feas1b111ty of coordlnatlng dlspatchlng procedures»lii;q ff

i and radlo channels among the partlclpatlng departments.

'The Massachusetts State Pollce had contracted w1th Mltre Corp.

- to-recommend 1mprovements in thelr moblle radlo ccmmunlcatlons., i’

:*;A mun1c1pal Radlo Pro:ect was assess1ng the radlo communlcatlon

requlrements of 01t1es in western and central Massachusetts.

5.) Present BPD COmunications _and Plans

‘Mr Rosenberg and Sgt. Hunter 1nd1cated that the BPD communlcatlons
l'capablllty was pretty good, although they were in process of maklng a number

ﬁbifof needed 1mprovements. "Boston. had been u51ng two dlspatch channels w1th

::_lc1ty—w1de coverage (46 squaretmlles) but was in process of expandlng to

"anvelght-channel zoned setup, us1ng some of the 38 new channel palrs that
fy;have become avallable through the 1971 FCC reallocatlon of UHF-TV'channels‘
ef14 and l6 ;n.Boston. The new channel setup is part of a new computerlzed .
;';command?control console belng'lnstalled:by Motorola. In‘the elght-channel :p
:«fsetup they w1ll use four for moblle unlts (one each for three geographlc
fgzones and one clty w1de), and four for portables.a There w111 be all-call
f\wcapablllty on all channels.y‘ | | T
Boston has a total fleet of 364 vehlcles, of whlch about 150 are .

;t;actiVe*at one;tlme.l The BPD presently has 400 portables, and has plans

fffto acqulre about 300 more.' Mr. Rosenberg said that they would llke about

“‘5.2800 portables (one for every duty patrolman) but that the cost per portable
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fwould have to drop from the present $960 1evel to about $250 before such a :r;‘
fmass equlpment program would be feaslble.‘li . - ’ .
The BPD has been operatlng both 150-MHz and 450—MHz equlpment, w1th

;flve lSO—MHz channels and 14 450-MHz channels (four of which are shared
;W1th other c1ty serv1ces) They w111 probably drop use of 150-MHz in. the‘ |

?future ‘as the addltlonal 450-MHz channels become avallable, and as- the older

1§‘150—MHz equlpment is retired (the replacement cycle is flve years) They '

h;experlence some 1ntermodu1atlon 1nterference, but multlpath fadlng has not

wﬁpbeen alproblem, prlmarlly because of high transmltter powers (20 watts for

Tp'moblles, 100 watts base). and a good satelllte receiver arrangement (three

‘at lSO—MHz, five at 450-MHz) . 'Mr. Rosenberg said that he could easlly s

- communicate from his home 25 miles south of Boston with a portable.

A'studyrperformed for the Bostoanolice Department by Urban Sciences,
rl_Incl, recommendeéfinstallation of an AVM system;'yboston had participated'
initeStsfof a Raytheon”phase-ranging'AVM system, but felt that its‘performance |
'h,was 1nadequate. 1t ylelded 1200' accuracy 90% of. the tlme. ihey also' | |
1;j mentloned tests by ‘Sanders Associates of a trlangulatlon AVM system,whlchf‘
'V:apparently had some success at 150 MHz, but was: lnaccurate at 450 ‘MHz
"because of multi-path problems.; The new Motorola phase-ranglng systen
“?hpromises 800"accuracy’95% of'the time,hand‘Mr. Rosenberg feels that-this"l
xi_eaccuracy is the minimum that they w0uld want from an AVM system, and was: =

: hopeful that the Motorola =ystem could be tried out in Boston as part of
;;the new Motorola‘command an4 control sonsole 1nstallatlon. The hoped~for‘
liadvantages are 1mproved response tlme 1n gettlng a unit to the scene, and;y?ﬁ

't better management of the‘vehlcle‘ fleet.
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;also expressed 1nterest in eventuaily 1nclud1ng portablee 1n’eﬁ

f?AVM eystem so; that the locatlon of foot patrolmen can be establ¢shed. 4
i;partlcular problem mentloned 1n thlS regard is the control of large crowds
ftein,testricted areas.. When_demonstrations such as oceurred last yeer on
:;»béoéton Commeh are in progress, they weuld like to be able tokpinpoint’the,
'~1§¢a§iop ot,each‘qffieer to within‘SOflOO feet. This accuracy may‘be;poseible
»_Qith :ahging~trensmitters sited to cevexvjust the aesired area; euch as
‘j,eiEOStoﬁ.éqmmon.

c.) Discussions on Digital Issues

‘Mr. Rosenberg indicated that the BPD has had little interest in'vehiele ;
'{digitel printers. One of the major reasons'is~that ﬁnlike some other police
He éepartmente, theyAlike everfepoliceman on duty, whether in a car.or on foot,j
'itejheaf all dispatches, both to be aware of what's going on and also for
“ﬁutual eid.. Mr. Rosenberg cited the case where a footrpatrolman might be.
riéht a:ound the'corner from a hpldup end be able to respond;faster than
tﬁe vehiéies‘dispatched to ecene (Boston Will lose some of this "party line"
fte;,aspegt.aseitygoes,tp.a three-zone system; but caﬁ still issue generalyalerts‘
",’i#~sueh cases by using the‘ail-eall cﬁannel.) |
‘>Other problems cited in eonnection'ﬁith printers»are‘the difficultykk
f of‘theif use in one—man,vehicies; where it is impossible to read a meSSage
i;’fwhen the vehlcle is. in motlon, and the present 1mp0551b111ty of dlgltal
1eommun1catlons‘w1th portable radlos.
tlerf Rpsenberg'menthned a number of‘ether‘issues‘in connectiohfwiths‘
’digitaiicommunications: P | -
",directﬂaccess of computer infoimatipn frbmﬂa_patrdivcax‘is;

desirable bﬁt‘he felt that existing systems need improvement,
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t*?partlcularly a shorter transm1s51on t1me (hlgher dlgltal
.Ttransm1s51on rates) and better user~or1ented _design of-
‘kvmoblle dev1cesv(keyboards, prlnters, dlsplays,fetc.),
- . ‘the security advantage of digital communication is considered
yunimportant by the BPD except‘in'burglarly’or narcotics

operations;

. the desirabiiity of completely separating voice and digital

L : communications to prevent both voice listener irritation from

digital Signals and digital errors from voice interference

(apparently he was rullng out an “overlay“ dlgltal system for

‘Boston) ;

i
i

. the cost of digital equipment. represents a barrier to its use;

« -and finally, he felt that’digital erroxr ratesyshould not be a
problem in Boston because of the excellent radio coverage

they now have as a result of high base-station power and the

number of satellite receivers.

d.) Freguency Allocation Problems (Sgt. Hunter)

High band (150 MHz) is filled throughout New England but outside

the Boston area there are some available channels in the 150- MHz band and

several in the 450-MHz band. New uses of low band (30-50 Miz) are being
’ .~ discouraged because of skip problems and ignition interference. In fact;

: ‘afnumber of present low—band'users will probably'shift to the 450—MHz,

7,band for these reasons (Mltre s study for the Mass. State Pollce recommends

o shift from low-band to 450-MHz) .

In'Greater Boston, every~available’channei’in ail bands is présénﬁry[
,iallooated; and many users must share channels; Sét. Huntér'said:that’thet
‘fjusedofstoneEsquelehingsis being recommended for‘shared'channelsftoreiiminatei
‘tfreception~0f unwantedktransmission;‘~He‘aiso'mentioned'one/undeSirable

: {‘51tuatlon 1n New England where two large cmty pollce departments only 50 mlles
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,éééifiﬁﬁstaahafenaaEOmmon;channelabHartferdaand New Haven;k

’:'f  Relles (for a tlme) from thevpresent channel congestlon Qlll be
jiafforded by the FCC 's reallocatlon of UHF-TV channels 14 and 16 in Boston
flwhlch will prov1de 38 channel palrs, it is estlmated that these new channels
v-lwill satisfy demand for at most five years. For the long term, thereeis
'};fhe’possibility,of further channel splitting (the,subdivisien of the Qresent'(‘k
"25;kHz EM ¢hanne1s into 12?5-kHz narrow-band FM or’single-sideband channels)*,"
',,.1,_p_1us use of the new 900-Miz band.

"l2.f*Metropolitan District Commission»(MDC) Police

On December 2, 1971, Messrs. J.E. Ward and T.C. Kelly visited

Captain Tobin at the MDC Lower Basin Police Station, BoSton, to discuss
" MDC radid communications. The MDC police jurisdiction covers the entire
Greater Bosﬁon Area (a radius of 12-15 miles), but except in general
'emergeneies or "hot chases", only on the system’ofkpaikways, parks, and
récreational facilities that are under MDC juriediction. Each of the eight
\MDC stations has its own vehicle fleet, but all shareaone'central diepatch
center,and,base station R/T. ~For Captain Tebinbto transmit a message to

one of‘his vehicles, he must use telephone or teletype to Sendﬂthe‘message
“to the dispatch center, whlch will then put it out on the air when time

is avallable. ‘The statlons do not have transmltters, but do have recelvers,w
jtuned to “the base statlon and vehlcle channels. Vehlcles can usually be
wx“heard at the“statlon, but not always. The problem here is that the statlon
lii’receivinggantennas are not pattidularly high. Vehicles can always be heard.
‘ahlfhe diepateh'center,‘héwever,_andrthe‘nessages relayed to #he S£ations
ilae neceseary. ThlS can cause delays in fleld reports. It was not clearﬁ .
l7ynwhether the dlspatch center always relays vehlcle transm1551ons to the‘.i
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p?gﬁer;étatidns'via'phoﬁé or teletype,’ofvonlf upon'reQuést when’a statiqn',
g{iéTﬁnébie*to;hear a'partiéu1ér‘vehicla responée.

' Mbst‘MbC patrq1s‘aré one-man, and officers are oftén some distance
': 'frpm tﬁéi: vehiclés, partiéularly when working in the parks énd recreational
'éreéé. Captain,Tobin ié thus very inﬁerested in vehicle printers to'record
 més§égés,‘and ﬁade one test (inconclusiVe) a year orvﬁwo ago. At the

;#imé of the visit, he said thaﬁ he hoped to obtain a Highway Safety Project

g:antftb experiment with six vehicle reépeaters (Mobile Radio Extenders)

for out-of-car sitvations. He also mentioned the need for more portableé
for éommunication with MDC.patrolmen on traffic-direction duty. From his
voffiCe'window, one coﬁld see an MDC officer a half-block away in a traffi§
,box and Captain Tobin said that the only way to reach ﬁim was "open the
window and yell".
The MDC police use thtee low-band (39~MHz) raaio channels: dispatéhex
'  to vehicles, vehicles to dispatcher, and one‘simpléx channel for emergencies..
‘Thése7frequencies are distinct from those used by Boston and all the oﬁher
‘Sl‘towns‘and éities within the MDC‘radius of operation. Intercommunication
k with units of these other depattments and tﬁe State Police has been a
‘ problem on combined operations, such as the anti-war riots of the past few

years. The MDC base transmitter 'is located on Blue Hill in Milton and has’

" although there are some dead spots (see last paragraph below). Mobile radios =
ware'loo—watt GE Master units with public address speakers and electronic
'ft fsixeh.‘_These cost about $1,300 for the basic radio, plus $100'for the :

o ‘electronic siren and an ignition blanker.
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“_‘Captain7Tobin;mentioned the’fellowing‘peints: -

“Hard copy would be very . de51rab1e for management purposes and recelpt~

‘of messages in out-of-car situations. A prlnter would be quleter

‘than a blarlng speaker, also confusion and lost messages should be

minimized. A keyboard in ‘the vehicle would eliminate much voice

‘reporting. el |

"~ The MDC makes good use of its NCIC terminals, but system reliability
heis been a problem. He said down times of up to two hours had been

experienced when no NCIC contact was possible, which raises problems:

' when one has come to depend on it.

- He felt that radio security was very desirable, particularly in con-
nection with drug raids or crimes in progress, but said that '

jscramblers were too costly for general use in the MDC.

- The present MDC channels are not very congested for the message
load under the<present shared dispatching arrangement. However, the
necessary relaying of messages between the stations and the dispatch
' Center:does caduse delays (and errors on occasion).  He would rather

have his own transmitter to talk directly with his own_vehicles.
Sometime after this wvisit wiﬁh Captain Tobin, a further discussion
‘vﬁasvheld with Officer James Powers; the MbC radio man. He said that there
T were,seme dead spots due to shadowing (areas éerhaps 400-500 yards in

- diameter). ,The blankers'in the mobile radios effectively eliminate ignitien
“bnoise;.and coded-ﬁene squelch eliminates skipbinterference ffom.distant

“users of the same freqﬁeneies.' The,werst problem,as}far as he_Was concerned
1'.‘Was.hum:on?the telepheneVlines used to cennect the disPatch center‘with

a}the‘transmitter.' |

- 3 Cambrldge Pollce Department

On December 7 1971 Messrs.;Ward and Kelly v151ted the Cambrldge ‘
Akanlice Department;~repre5entat1ve ofﬂavmedlum~s1zed c1ty¢(pop. 100}000) .

(N
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fthateiSféert;Cé‘a[larcer metropolitan area. The initial}series of
frdiscussiohsfuerefuith‘ﬁetective Lt; George Powers, who proVided a good
dfhdealdoffihformation on general operations.' He then introduced a dispatcher
,h(J§séph Gould) who discussed the detailed operation of therradioiroomy
k'Bcth oflthem felt that they were getting alongvpretty well»with vcice
hcommunlcatlons (both mobiles and a fa1r number of portab1es), and had not
ﬁgithought‘much'about dlgltal techniques. Also, they use their LEAP: term1na1
; (to the State Police . computer, and through it to the NCIC computer) to the
'extent that they assign a full-time operator on thls terminal to handle
: induirieS'for the two radio,dispatchers, plus other input/output not
f,directly related to dispatch. They feel that this on-line service is in-
“Valuable,rand miss. it severely when the sYstem is down for maintenance’or
other’causes--ofteh for several hours at a time.

u;The Cambridge Police Department has 250 men and 27 vehicles, ten‘Of
Which'are,patrol cars: six two-man and four one-man. Therusual‘vehicle

strengthvon the street is six patrol cars plus a radar traffic car. City

. ~ area is 6.2 square miles (2 by 3 miles), divided into four sections, each

‘uhder a‘Sergeant. A good deal of patrol’is by foot, and most‘patrolmeh,f”
”carry portables. | | A | |

The department has 35 UHF portables (about $1,000 each) whlch receive
;f'on the two 450-MHz—band dlspatch frequencies transmit one channel hlgher..

]In addltlon, there are 10 hrgh-band (154—NHz) portables that ‘are used by

'fjhthe Tactlcal Squad ‘on specral operatlons. Tactlcal dlsplatch uses the

?{‘ﬂCambrldge Flre Department transmltter, and these portables are kept at the f‘_, |

',ﬁInman Square Flre Stathﬁ.;r

h Lt. Powers mentlcned several 1nterest1ng statlstlcs.-:They eStimatéf5i°




that 2 000 -3, 000 people regularly monltor the Cambrldge Pollce radlo,r
;and message securlty can therefore be a problem in certaln 51tuatlons.’
v;hepalsolmentloned that Cambridge 1ska good place‘to get your car stolen--
'ftheredwere’3;300 cars stolen in 1971.

v vbispatcher Joseph Gould (35 years with the Department);provided‘
f:norebdetails of radio operations. He estimated average radio activity at
H.i{lSESO oontaots per 8-hour shift, or about 10 per'hour, The:LEAPS terminal
l operatorvisvrightlin~the dispatch room, and we observed one patrol-

originated guery on an auto registration number being checked‘at both: LEAPS

. - and NCIC. Total elapsed time to return the report (in this case negative)

lbaok to the patrol was less than one minute.

e Cambridge uses two repeaters on tall buildings at each end of the. city ;

‘to improve coverage.of its tuo 460mMHz channels. Separate R/T equipment

ils used for the 1nter—c1ty‘network, which links pollce and flre departments _

: p:in'29 surroundlng cities and towns, plus the State Department of Publlc Wbrks,
.vonla common.frequency}(for some reason the directly adjacent c1ty'of Somerv1lle’
pls‘nothon this network and must be'contacted by phone). Finally, it was%

kamentioned’that allbphone»and radio oalls are taped recorded and saved for

’fdthree weehs; also all_calllslips‘are saved. The‘special telephone sztohing

"n”equipment setupsin the dispatdh room that is part of thisVrecordin§'0peration‘

v'tls qulte anthuated ‘and becomlng hard to malntaln. Mr. Gould said that |

l;he wasn t sure: what‘they would do if 1t really ‘broke. down. |

5»4;'Lex1ngton'Pollce Department"

Lex1ngton, Mass.; is" ‘an 1ndepnndent, affluent, suburban communlty
i(pop. 35 000 about 5 by 6 mlles in 51ze) that is part of the Greater

VBoston urban area.ﬁ Messrs. Ward and Kelly met w1th Chlef James Corr on ;
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_ynééémbér 7,’l97l‘andqfonnd that in Chief'Corr's words, "we have no
"conmunlcatlons problems with our present voice setup", gnd "we are watching'
ﬂidlgltal developments, but see no need for it in our operatlons‘at thls.
°';;me",_ It was ev1dent that what he said was® true.: They have an almost
;clearbchannel,(and tone squelch to eliminate hearing the one other channel ’
:,.user), allleéuipment‘is modern, there is a complete backup base station
ik",_'1:;7::=msm:|.tter at the pollce station w1th emergency power, and radlo coverage
‘bils such that vehlcle-to-vehlcle communlcatlons are possible between almost
o any‘two~p01nts.rn town.
It was of interest that in only eleven months since acquiring their
”ffLEAP~NCIC terminal, they had logged over 11,000 interactions, anraverage
vy',of'about 32 per day (about one/day/1,000 population). 'Echoinglthe Cambridge‘
and MDC’comments, Captain Corr said-that;this~system'had become so;much
”a part of their operation that any. system down time was a- problem to them.

| kLeX1ngton operates simplex on high-band (155 MHz). The base transmitter
..is 300 watts and is located on a water tower on a high hill near the center |
‘of town. 'The’mobile transceivers are modexn solid-state, 65~Watt units

(81,400 each),iand high~gain antennas arerused. Reliable base/mobile

'3at rangevis 15-20 miles, well beYond the.town borders. The department has

Vht45 men, and usually has 7-8 vehicles on . the street at a time on rOV1ng
'ypatrol or radar trafflc duty. Lex1ngton also has a separate‘R/T'fcr the
29-c1tyv1nterc1tyvnetwork. Chlef Corr. estlmate that there are hundreds
hof eavesdroppers on the dlspatch channel and would like to. have a secure‘;
5system, however, they have no plans to acqulre cramblers. He also feels;
moblle extenders would be a good idea. ‘Only a few men are ‘on- foot patrol;:"

for a551gned trafflc duty, mostly 1n the town center just n block or two

,from the statlon, These men carry portables.e .
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- Chief Corr stressed the fact that lack of good communications is

diééstrouSvto department. operations and morale, and that he had thus pushed.

: l hard to obtain their present modexrn equipment and clear channel. He feels
that communications problems in most small or medium=sized cities and towns
result from a lack of money for modern equipment, not a lack of eqﬁipment
technology, and that i£ is fherefore‘necessary for police departments to
emphasize to their town governments the need for reliable communications
undér all conditions, and maintain a continuing survey of matching funds
.or other aid that may‘be available. He said for example that Lexington
hadvacquired some of its base station equirment with the help of Civil Defense

matching funds.
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| APPENDIX E

GLOSSARY OF TERMS

This* glossary ¢overs some of the more important terms used in this

report. It is not intended to be complete or definitive.

PSK
PSK
DPSK

AM
FM
PM

SSB
VSB
Modulation index

Submodulation

Direct carrier modulation

- Shadow fading

Multipath fading

Frequency. shift keying (frequency corres-
ponds directly to binary value)

Phase shift keying (phase corresponds
directly to binary value)

Differential PSK (phase shift from previous
‘bit corresponds to value of present bit)

Amplitude‘modulatidn

Frequency modulation
Phase modulation

single-sideband modulation (one sideband
is entirely suppressed) '

Vestigal-sideband modulation (one sideband
is partly suppressed)

In FM, the ratio of the maximum frequency
deviation to the modulation frequency

Digital modulation of an audio carrier
(perhaps by FSK) which is then used to
modulate the radio carrier by AM, FM, etc.

Digital modulation in which no subcarrier
is used and the phase, frequency, or ampli- -
tude of the radio carrier corresponds direc-
tly. or differentially to the binary value.

Decrease in received signal amplitude in an
area due to intervening terrain or structures,

. Changes in received signal amplitude as a.

function of position, caused by summation: of
a number of reflections of the signal .which.

‘arrive at the receiver with different time

delays;

et




Rayleigh fading

Exeerspace,loss
' Excess-path loss
' Error rate

"5Ertor-detection coding

Cyclic code (or coding)

~ Polling

Exror-correcting coding .

‘. Parity coding- (or check)

Block coding (erscheck)"

¢ Multlpath faa1ng whlch can be modeled by the
“Rayleigh Probablllty Dlstrlbutlon )

Slgnal attenuatlon which varies as the
square of the distance between transmitter
and Yeceiver : - :

Attenuatlen of the mean received 31gna1 _
level over and above free-space loss due to
multipath and shadow effects. niL

Usually defined as the number of errors per
bit transmitted, i.e., one error in 100 000

’ bits would be a rate of 1075 -

The addition of‘extra (redundant) data bits

to a digital message which permitedetection ; 8
- of transmission errors. : ‘ B

Same as' above, except the codlng redundancy
is such that errors up to a given level can

‘be automatlcally corrected.

The simplest form of error-detection coding,
based on whether the number of binary "ONES"
in a given size data group is odd or even
(usually used for each character code, but
may also be used in block checklng -= See
below) -

Checklng over :a group of characters (perhaps
an entire message)

A partlcular form of block-check code with
simple implementation but powerful erroxr
detection capability

The process of sequentially addressing
.. 'mobile units to permit them-tO'transmit;' 5
one at a time on a non-interfering basis.
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.A. D. Spauldlng, “The Characterlstlcs of Atmosphexlc Radlo Noise and |
"Its Effect on Digital Communication Systems," IEEE Internatlona; Communl—c
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