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ABSTRACT

This report examines the use of Amplitude Compandored Single Sideband (ACSB)
and/or 12.5 kHz FM (NBFM) as possible solutions to the spectrum congestion in the
Government Land Mobile Service in the VHF bands. These narrowband modulation
techniques are investigated by looking into three different aspects of the
problem. These are: operation and use, spectrum efficiency and implementation.
In the operation and use area, the different capabilities and deficiencies of the
NBFM and ACSB are identified and compared with the conventional 25 kHz FM
presently used in the VHF band. Also, a review is made of both U.S. and foreign
operational experience 1in these mnarrowband techniques, In the spectrum
efficiency area, a definition 1is given for technical spectrum efficiency factor
(spectrum resource used by reference system relative to spectrum resource used by
evaluated system). Using this definition, the technical spectrum efficiency
factor of both NBFM and ACSB relative to a reference 25 kHz FM is calculated for
several different operational scenarios. Also, a discussion is made of the
laboratory and field measurements on the ACSB and NBFM  radios. These
measurements were made by the Department of Defense Electromagnetic Compatibility
Analysis Center, the Department of Agriculture, the FCC, and the Department of
Commerce NTIA. In the implementation area, a rather comprehensive list of
factors comparing the NBFM and ACSB to the 25 kHz FM is given. Also, a
discussion 1is made of several implementation schemes and spectrum management
strategies that the Government agencies might adopt in order to implement these
narrowband modulation techniques. The conclusions from this study along with a
number of definite recommendations for Government action are also included.
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SECTION 1

INTRODUCTION

BACKGROUND

The National Telecommunications and Information Administration (NTIA) is
responsible for managing the radio spectrum allocated to the U.S. Federal
Government., Part of NTIA’s responsibility is to: "...establish policies
concerning spectrum assignment, allocation and use, and provide the various
Departments and agencies with guidance to assure that their conduct of
telecommunications activities is consistent with these policies" (Department of
Commerce, 1983). 1In support of these requirements, NTIA has undertaken a number
of spectrum resource assessments. The objectives of these studies are to: assess
spectrum utilization, identify existing and/or potential compatibility problems
between systems of various departments and agencies, provide recommendations for
resolving any compatibility conflicts, and recommend changes to promote efficient
use of the rhdio spectrum and to improve spectrum management procedures. This
spectrum resource assessment (SRA) documents a follow-on study of an assessment
of the 162=174 MHz band and addresses the feasibility of implementing narrowband
techniques for Government fixed and land mobile operations in this. band.

Land mobile radio (LMR) is used extensively by many Government agencies to
assist in accomplishing a variety of missions. The 162=174 MHz band contains
approximately 25 percent of all Government Master File (GMF) records. The vast
majority of these assignments are for land mobile operations and associated fixed
links with necessary bandwidths of 16 kHz. The use of this spectrum is such that
it is often difficult to find spectrum space for new systems, especially in the
larger metropolitan areas,

Over the past several years, extensive investigations of the feasibility of
narrowband modulation techniques for land mobile application has been documented.
Experimental usage of modified Single Sideband (SSB) techniques have been
underway in England since 1979 (United Kingdom, 1980). The test results are not
conclusive, but they support the feasibility of Amplitude Compandored Single
Sideband (ACSB) usage for VHF land mobile operations. In the United States, the

FCC sponsored an investigation  of AGCSB conducted by Stanford University
(Lusignan, 1980). These tests also substantiate the feasibility of using ACSB

for VHF land mobile operations. Both studies point out the potential for more
efficient use of the VHF land mobile spectrum using ACSB technology.

Not everyone agrees with the findings of the studies described above.
Studies conducted 1in England contend that when all operational factors are
considered, more operational channels can Dbe obtained through the use of
narrowband FM (NBFM) with 12.5 kHz channel spacing. In the United States,
similar conclusions have been arrived at by General Electric (GE) and the
Electronic Industries Association (EIA).

At the time of this report, ACSB radios are being produced by two
manufacturers: Sideband Technology, Inc., and Stevens Engineering Associates,
Inc., for marketing within the United States, However, present product lines and



production capabilities are somewhat limited. NBFM equipment 1is currently
available to foreign markets from several manufacturers who also produce
conventional FM equipment. For these overseas markets, a diversity of product
lines and extensive production capability has been reported, but plans for
marketing these NBFM equipments within the United States were not determined.
For both ACSB and NBFM, increasing demand by users in conjunction with rule
changes to allow for regular operations of these narrowband technologies should
encourage more widespread availability and diversity in the United States.

The FCC issued a Notice of Inquiry (NOI) on September 9, 1980, in the matter
of: Amendment to the Commission’s Rules governing land mobile radio stations to
provide for additional technologies which can improve the efficiency of radio
spectrum use (PR Docket 8(G-440). The most widely held view of those who
commented was that the GCommission should c¢ontinue the practice of letting the
marketplace influence introduction of new technology as it is warranted, after
thorough testing in  the rigorous '"real world" of 1land mobile communications.
Subsequently, the FCC issued a Notice of Proposed Rulemaking (NPRM) on April 4,
1984, to authorize narrowband technologies in the 150~172 MHz frequency band (PR
Docket 84=279). The deadline for comments on this NPRM was August 10, 1984, with
reply comments due by September 11, 1984,

OBJECTIVE

The objective of this task was to examine the use of Amplitude Compandored
Single Sideband (ACSB) and/or narrowband FM (NBFM) technologies as possible
solutions to spectrum congestion in the Government Land Mobile Service in the VHF

bands.

APPROACH

The following are specific tasks that were performed to determine the
potential use of narrowband mobile radios.

1. Determine the compatibility (interference/susceptibility
potential) of ACSB and NBFM technologies by performing laboratory and
field measurements on commercially available radios.

a. Technical specification validation (laboratory tests),

b. Cochannel and adjacent channel protection ratios
(laboratory tests),

c. Communication range (field tests),
d. Voice quality comparison (field tests), and
e. Adjacent channel performance (field tests).

2. Determine the presént and future operation and use of land mobile
technology by:

a. Discussing present usage,



b. Exploring spectrum efficient trends, and

c. Relating narrowband land mobile operational experience.
3. Evaluate the technical spectrum efficiency factor of narrowband
land mobile technologies all of which perform the same misson as a
reference system by:

a. Defining the technical spectrum efficiency factor (TSEF),

b. Discussing measurements of ACSB; NBFM, and 25 kHz FM, and‘

c. Calculating the technical spectrum efficiency factor of ACSB
and NBFM utilizing as a reference a 25 kHz FM.

4. Explore the implementation aspects of narrowband land mobile by:

a. Making a general comparison of narrowband and wideband
systems,

b. Discussing possible implementation schemes, and

c. Determining the impact on spectrum management policies.



SECTION 2

CONCLUSIONS AND RECOMMENDATIONS

GENERAL CONCLUSIONS

Two narrowband modulation techniques, amplitude compandored single sideband
(ACSB) and 12.5 kHz narrowband FM (NBFM) have been investigated and found to be
effective spectrum efficient modulation methods that can be implemented by
Federal Government agencies in the VHF bands allocated to the Fixed and Mobile
Services. In an overall comparison of ACSB and NBFM technologies for analog
voice applications, each provided advantages and limitations. AGSB was found to
be as high as 2.5 times as spectrum efficient as 25 kHz FM and NBFM as high as
1.8 times as spectrum efficient (see summary in Section 4). The current
availability of the ACSB equipment offers an advantage over the NBFM which is not
presently marketed in the United States. NBFM, however, offers expected
advantages over ACSB in such factors as interoperability with the existing FM
equipment, common acceptance testing procedures and test equipment, maintenance,
and lower cost., Additionally, 1in congested environments where a large adjacent
signal  protection ratio is required, the spectrum efficiency of NBFM is
commensurate with that of ACSB. The channel spacing associated with both
techniques limits the data rate handling capability to values less .than that of
current 25 kHz FM. In addition, mneither can accommodate currently available
digital voice techniques. Both provided a communication range commensurate with
current 25 kHz FM, but with slightly lower voice quality at the fringe of the
communication range. In other areas of comparison, neither technique showed a
clear advantage. NBFM appears to offer more advantages for Federal Government
land mobile applications considering the overall requirements of the Government
agencies.

Various alternative spectrum management policies towards narrowband land
mobile technologies were explored including adoption of strong regulatory
requirements and a "marketplace'" approach, as well as options in between. An
overall NTIA policy which endorses and actively encourages the continued
development and use by Federal agencies of narrowband technology 1is considered
the most effective approach to stimulate its implementation. Specific
conclusions based on measurements and analysis follow.

SPECIFIC CONCLUSIONS

Operational Considerations

As a result of limited field tests conducted by NTIA, as well as review of
reports from other independent users of commercially available equipment, both
ACSB and NBFM were found to be effective means of voice communication for the
Government Land Mobile and Fixed Services in the VHF band. Specific results are
as follows:

l. The use of average power for FM and peak envelope power for ACSB
was considered the most appropriate method for specifying transmitter
output power.



2. Using equal transmitter power rating (peak envelope power for ACSB
and average power for FM), the communication range for both ACSB and
NBFM was commensurate with current 25 kHz FM.

3. The voice quality of both ACSB and NBFM was similar to 25 kHz FM
in a high signal environment. In a low signal environment, the voice
quality of both narrowband techniques is not as good as that of the
25 kHz FM; thé€ voice quality of the NBFM being slightly better than
that of the ACSB. Under this condition, the NBFM voice signal is
subject to distortion probably due to noise pops and capture, while
the ACSB voice signal is subject to distortion probably due to the
companding, pilot tone circuitry, and/or reduced audio bandpass.

4. The dominant factor affecting the adjacent signal performance of
25 kHz FM  was considered to Dbe the receiver selectivity
characteristics.

5. The dominant factor affecting the adjacent signal performance of
ACSB was found by measurement and ‘analysis to be the transmitter
out-of=~band emissions (sideband spectrum).

6. Measurements and/or analysis of the cochannel and adjacent signal
performance of ACSB and NBFM, as well as conventional 25 kHz FM, give
the results indicated in TABLE 1. (See Section 4).

Spectrum Efficiency

l. For purposes of this analysis the spectrum efficiencies of the two
narrowband modulation techniques were calculated using the Technical
Spectrum Efficiency Factor (TSEF) as defined by the  Technical
Subcommittee (TSC) of the Interdepartment Radio Advisory Committee
(IRAC). Mathematically this factor can be expressed using terms of
the following type:

B xT x 8
Iy r

_ r
TSEF = S (1)
S S S

where:
B is the bandwidth the reference system denies to others,
T 1is the time the reference system denies to others,

S 1is the physical space (e.g., area) the reference system
denies to others,

B 1is the bandwidth denied by the evaluated system,

T 1is the time denied by the evaluated system, and



TABLE 1

COCHANNEL AND ADJACENT SIGNAL PROTECTION RATIOS
(SIGNAL-TO-INTERFERENCE (S/I) RATIO IN dB)

INTERACTION FREQUENCY SEPARATION (kHz)
XMTR RCVR {1 o 5 6.25 12.5 25
ACSB ACSB 8 -47 -58 -70 <-80
25 kHz FM | ACSB 15 - - -70 <-80
NBFM ACSB 15 - - -70 <-80
ACSB 25 kHz FM 9 - - -35 <-80
25 kHz FM |25 kHz FM 5 - - -25 <~80
NBFM 25 kHz FM 5 - - T =35 <-80
ACSB NBFM 9 -- - -70 <-80
25 kHz FM NBFM 9 - - -70 <-80 ’
NBFM NBFM 9 - - -80 <-80

§/1 at Input Required to Reduce SINAD from 18 dB (without interference) to
12 dB (with interference).

-- not availlable

These S/I values represent the best available information. Additional measurements
are needed to verify some of the values given.



S, 1s the physical space denied by the evaluated system.

s
Both the reference and evaluated system accomplish the same mission,
with equal quality of analog voice communication.,

2. The reference system chosen for this analysis was a high-quality
state—of-the~art conventional 25 kHz FM system. Using the above
definition, ACSB was found to have a TSEF as high as 2.5 for a
reference 25 kHz FM. Again, wusing the 25 kHz FM as the reference
system the TSEF of NBFM was found to be 1.8..

Implementation

Means of accommodating and encouraging the implementation of narrowband
technologies into the bands allocated to the Government fixed and mobile bands
were examined. It was not appropriate to identify a single technique because of
the diverse and varying requirements of Government agencies. Specific
conclusions are as follows,

l. An overall comparison of the competing narrowband technologies,
ACSB and NBFM, in fifteen key technical and operational factors was
completed. A summary of the comparison is given in TABLE 2. (This is
further described in detail in Section 5.)

2. Three methods of accommodating mnarrowband technologies into the
present Government VHF fixed and mobile spectrum were examined. The
first approach examined was the interleaving of narrowband assignment
ACSB or NBFM, between existing 25 kHz FM channels. Interleaving is
defined for the purpose of this discussion, as wusing a 12.5 kHz
frequency offset between existing assignable Government channels in
the 162~174 MHz band with 25 kHz channel spacings. Use of interleaved
frequencies by narrowband technologies could also be employed on a
case=by~case basis, A second option—to consider planning of the
216-~225 MHz band jointly with the FCC for exclusive use by narrowband
technologies—offers clear advantages. Chief among these are the
interoperability between Federal Government and non-Government users,
the reduced competition with the existing FM-using community, and the
encouragement provided to equipment manufacturers, A disadvantage is
the limitations imposed Dby sharing among the Government and
non~Government Fixed, Mobile and Amateur Services in a portion of this
band. Exercising a third option would be to designate - certain
channels for exclusive use by narrowband assignments as discussed in
Section 5. This method would involve developing assignable channels
in the radio spectrum allocated to the Fixed and Mobile Services with
6.25 kHz channel spacings and multiples thereof. Center frequencies
with 6.25 kHz channel spacings could accommodate ACSB applications,
and center frequencies with 12.5 kHz channel spacings could
accommodate NBFM equipment. Portions of the spectrum should be
designated for narrowband technologies such as to allow maximum
flexibility for complementing the various narrowband techniques. By
exercising this option, various additional options become available as
to the location of the designated spectrum space, Channels or groups
of channels in the fixed and mobile channeling plan for the



TABLE 2

COMPARATIVE FACTORS FOR NARROWBAND LAND MOBILE TECHNOLOGIES
(SUMMARY CHART)

Evaluation Factors

Comparative Factors 25 kHz FM ACSB NBFM
1.2/channel Spacing (kHz) 25 5-6.25 12.5
2., Spectrum Efficiency 1.0 2.5 1.8
(Relative to 25 kHz FM)
3.1¥kdjacent Channel -80 &/ =47 to -58 -80
Protection Ratio provided (dB)
4. Communication Range Approximately the same for all sets
S. Interoperability with Yes No Yes, with minor
existing equipment performance
(25 kHz FM) degradation
6. Equipment Availability Widespread Limited Not marketed in
United States
(Available in
Europe)
7. Availability of Convenience Yes Yes Yes
Circuits
8. Maintenance/Testing Procedures Same Modified Same
compared to existing environ.
(25 kHz FM)
9, Standardized equipment design Yes No Yes
10. Maximum Data Handling 1.2-1.8 1.2-1.8 1.2-1.8
Capability of Audio
Bandpass (Kilobauds)
11. Maximum Data Handling 10=-12 1.2-1.8 5=6
Capability Using
Full Channel Spacing
(Kilobauds)
12. Channel spacing compatible Yes No No
with current digital
voice techniques
13. Channel spacing compatible Yes Yes Yes
with current analog
encryption techniques
14, Compatability with Yes Yes Yes
trunking techniques
15. Voice Quality compared to Same E/Good 4/ Good
existing environment
(25 kHz FM)
16. Cost compared to existing Same See 5% to 10%
equipments Table 11 increase

3/ Values in this Table are based on these channel separations.
b/ 25 kHz FM vs 25 kHz FM, ACSB vs ACSB and NBFM vs NBFM, respectively.

5/ -47 dB for 5 kHz channel spacing
-58 dB for 6.25 kHz channel spacing

E/ See Section 5 for further discussion



162~174 MHz band can be set aside for narrowband applications. The
military departments could investigate this option for relieving
channel congestion problems in the 138-150.8 MHz band.

3. Chapter 2 of the NTIA Manual (1983) states a policy that "the
Government shall exercise leadership in application of technological
advances of operational procedures that will result in more efficient
and effective use of the radio spectrum." Pursuant to this policy,
effective spectrum management options available to NTIA include:
(a) establishing a clear and positive position in support of suitable
narrowband technologies; (b) committing NTIA funds towards furthering
the technology; (c) continuing to provide information, test results
and/or application results to potential Federal agency users;
(d) introduce regulations and procedures which promote the use of
narrowband technologies; (e) encouraging Federal agency development
funding of narrowband technologies; and (f) identifying a lead Federal
agency in implementation of narrowband technologies.

RECOMMENDATIONS

The following are NTIA staff recommendations based on the technical findings
contained in this report. Any action to implement these recommendations will be
accomplished under separate correspondence by modification of established rules,
regulations or procedures.

In support of NTIA’s goal of efficient use of the radio spectrum by the
Federal agencies, NTIA should adopt a policy of full support and endorsement of
the use of narrowband technologies for land mobile applications when compatible
with agency mission requirements, Specific courses of action which should be
considered are:

l. NTIA should issue a public news release which notes the completion
of measurements and analysis on the subject and states NTIA’s full
support and endorsement of the concepts.

2. NTIA should develop, 1in <coordination with the IRAC, a policy
statement for inclusion into Chapter 4 of the NTIA Manual (1983) which
encourages Federal agencies to use spectrum efficient technologies for
land mobile communication when its wuse is compatible with the agencies
mission requirement.

3. In coordination with other Government agencies, NTIA should take
the following action to encourage the use of narrowband technologies:

a., Fund a joint effort with another Federal agency to obtain a
commercially available land mobile communication system which
employs spectrum efficient technology. The system would serve
both operational needs of that agency as well as being available
to NTIA for demonstration purposes.

b. Encourage an IRAC agency to become the lead Federal agency in
funding continued development of narrowband modulation techniques.



c. Initiate discussions with Department of Commerce (DOC)
spectrum management and administrative personnel to explore the
possibility of DOC assuming the lead role in the Federal
Government in implementing narrowband technologies for fixed and
land mobile applications.

4. NTIA should pursue discussions with the FCC to consider planning
of the 216-~225 MHz band fer shared Government and non-Government use
of narrowband technologies by the Mobile and Fixed Services.

5. NTIA, in coordination with the IRAC, should develop a means to
help identify proposed Federal agency spectrum requirements which are
cost=effective candidates for using narrowband technologies and which
are compatible with agency mission requirements,

6. Government technical standards specifically applicable to
narrowband techniques should be developed to allow maximum flexibility
within  authorized  channels, while minimizing the interference
potential to the existing FM environment,

7. For Govermment applications, NTIA should develop procedures and
policies to accommodate these narrowband technologies to encourage
their further development and deployment: The recommended methods of
accommodating narrowband modulation techniques are: (a) designate
existing channels for exclusive use by narrowband assignments 1in the
162~174 MHz frequency band; Government use of ACSB radios should be
assigned with 6.25 kHz spaced channels, and use of NBFM radios should
be assigned with 12.5 kHz spaced channels, (b) use of 216-225 MHz band
for narrowband techniques, and () interleaving narrowband
assignments, ACSB or NBFM, between existing 25 kHz FM channels on a
case~by=-case basis taking into account that geographic separation may
be required.

8. NTIA should conduct further investigations of these narrowband
technologies to determine the sharing potential, especially the
interactions between ACSB and NBFM, and further define the performance
criteria for these narrowband technologies.

9. NTIA and the FCC should develop channeling schemes for narrowband

technologies which  support interoperability between the Federal
Government and non-Government users to the maximum extent possible.
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SECTION 3

OPERATION AND USE

INTRODUCTION

Land mobile radio (LMR) is used extensively by many Government agencies to
assist in accomplishing a variety of missions. Government non-military and
military non-tactical land mobile spectrum requirements are accommodated on a
primary basis in  three radio frequency ranges: the 29.89-50 MHz,
162.0125~174 MHz, and 406.1-420 MHz frequency bands. In the parlance of the land
mobile user, these three bands are also known as the 'Low=Band," "High~Band" and

"UHF Band", respectively. In terms of number of frequency assignments in the
Government Master File (GMF), the number of assignments contained in these three
bands (most of which are for LMR operations) represents approximately 30 percent
of that file., The total spectrum width of these three bands occupy a little less
than 46 MHz. High-Band frequency assignments, alone, account for about
25 percent of the total number in a range of the spectrum just 12 MHz wide. In
addition to this proportionate number, the demand for future use of these bands
is expected to increase. The growth trend for the High-Band, over the last ten
years, has been on the order of five percent per year. Correspondingly, the
growth trend for the UHF Band, for the same time frame, has been about 14 percent
per year, The greater growth ¢trend in the UHF Band is due in part to the
congestion and lack of available spectrum in the High~Band, particularly in the
major metropolitan areas. Assignment trend data also indicate that these two
bands are used by the majority of Government departments and agencies,
Presently, there are 43 Government departments and agencies with frequency
assignments in both the High and UHF Bands. However, more than 90 percent of the
assignments in these bands are divided between nine agencies and over half of the
total number belong to only three agencies: the Departments of Justice,
Agriculture, and Interior. Other major users of these frequencies include the
Departments of Air Force, Army, Energy and Treasury. The dominant usage of these
bands are for FM land mobile operations and associated single channel fixed
operations. The vast majority of the assignments in the GMF for these bands list
necessary bandwidths of 16 kiHz. The agencies in general wuse conventional
off=the~shelf FM land mobile radios for these operations.

Government requirements for radio spectrum to support respective agency
missions differ from non-Government requirements with respect to the need for
nationwide coverage areas, and missions are mandated by Congress and the
President. The relationship between the basic mission of a given agency, the
facilities needed to fulfill this mission, and the requirement for corresponding
radio frequency spectrum space must be recognized, for these three are
inseparable if the mission is to be accomplished. For example, the firefighting
responsibilities of the Departments of Agriculture and Interior, established by
Acts of . Congress, cannot be accomplished without mobile communications for those
actually fighting the fires; and the Federal law—enforcement activities of the
Departments of Justice and Treasury, as well as many other agencies, require
radio channels dedicated nationwide to perform their national functions.
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As previously stated, the demand for land mobile communications is
increasing. Since the portions of available spectrum have mnot expanded in
proportion to the number of wusers, methods of providing additional channels are
needed for future expansion of mobile radio. There are a number of ways to
provide for additional users in a limited amount of spectrum., One approach is to
re=use -channels by reassigning them on demand, as is done in systems that employ
"trunking” or to limit coverage areas such that the same frequency could be
re-used at closer distances. Another approach is to provide more channels by
reducing channel spacing. Historically, the latter approach has been used to
provide more channels. Channels 100 kHz wide in the 1950’s have systematically
been reduced to the present 25 kHz in the High—-Band and UHF Band as demand
increased. Channel bandwidth requirements, however, depend on current
technology. The trapsmitted bandwidth and acceptance bandwidth of receivers have
steadily decreased as techniques have improved. Further channel reduction will
depend on the verification of new technologies. The following paragraphs examine
some of these techniques to be used in reducing channel bandwidths.

NARROWBAND TECHNOLOGY

In the LMR environment, the use of FM has proven successful in providing
good quality communication service. Conventional FM produces excellent voice
quality, freedom from many types of noise interference, a useful phenomenon
called '"capture effect," and other desirable features which together are
responsible for its universal acceptance. Unfortunately, however, conventional
FM requires a considerable amount of bandwidth relative to the bandwidth of
information to achieve 1its goal. The necessary bandwidth of an FM transmitted
signal is approximately twice the sum of the peak frequency deviation and the
highest modulation frequency as follows:

Bn = 2(Dp + fm) (2)

where
Bn = necessary bandwidth of the transmitted signal in Hz.

Dp = peak frequency deviation in Hz.

fm = highest modulation frequency in Hz.
or alternately in terms of the peak modulation index (8p):

Bn

]

2 (gp + 1) fm (3)

where

Dp/fm (4)

Bp
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Conventional off-the-shelf 25 kHz FM radios wused for LMR operations typically
have peak deviations of 5 kHz and highest modulation frequencies of 3 kHz.
Therefore using conventional 25 kHz FM radios, a 16 kHz bandwidth 1is needed to
transmit a little more than 3 kHz of audio information. In addition, if the
frequency stability of the FM equipment and the acceptance bandwidth.of the
receiver are taken into account, the conventional FM radio operation requires the
present 25 kHz channel spacing. Clearly, the present conventional FM radio
operation could not be accommodated in a reduced channel bandwidth scheme.

Numerous techniques have been proposed to provide equivalent quality with
less spectrum space. Among these techniques are 12.5 kHz FM channel spacing,
single sideband (SSB) and amplitude compandored single sideband (ACSB).

12.5 kHz FM Channel Spacing

As in the past, when channel bandwidths were split from 50 kHz to the
present 25 KHz, the FM standards for maximum permissible frequency deviation,
frequency tolerance, and adjacent channel selectivity were correspondingly
tightened. Further reduction of the channel bandwidth to 12.5 kHz will require
further operational constraints. With FM, the deviation permissible with any
system bandwidth is proportional to the channeling employed; and, therefore,
halving the channels necessarily requires that the deviation be reduced by at
least a factor of two. This will result in an FM signal with an 11 kHz necessary
bandwidth (substitute Dp = 2.5 kHz 1in Equation 2) operating 1in a channel
bandwidth scheme of 12.5 kHz channel spacings. Smaller guard band operations,
such as this, will require tighter equipment frequency stability and receiver
selectivity characteristics, Improved receiver selectivity and  equipment
frequency stability requirements also increase the cost of the equipment.
However, halving the channels also doubles the amount of channels available for
.increased spectrum usage.

Several investigations of 12.5 kHz FM have been made. An investigation by
Japan [CCIR Doc. 8/29~E] deals with 12.5 kHz channel spacing in the 400 MHz band,
which was considered as a replacement for the present 25 kHz channel spacing.
These investigations started in 1976, and various problems in regard to achieving
a 12,5 kHz channel spacing were surveyed. Equipment was built and a series of
laboratory experiments were performed to measure the characteristics of the
equipment under various conditions. Field tests were also carried out in the
Tokyo metropolitan area in order to confirm the effectiveness of the 12,5 kHz
channel spacing. From these considerations, it is concluded that a 12.5 kHz
channel  spacing is  practicable using equipment meeting the technical
characteristics of CCIR Recommendation 478-2., TABLE 3 indicates the final values
of the transmitter and receiver characteristics achieved and which satisfy CCIR
Recommendation 478-2,

Single Sideband (SSB)

SSB is presently the standard mode of voice modulation for HF communications
in the 2=-30 MHz shortwave bands. One major advantage of wusing SSB 1is that it
occupies a much smaller bandwidth than ‘an amplitude modulated (AM) voice signal
or conventional FM. A typical spectral representation of these three signals are
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TRANSMITTER AND RECEIVER CHARACTERISTICS FOR 12.5 kHz

TABLE 3

CHANNEL SPACING

IN FM MOBILE COMMUNICATION SYSTEM

\

Item

Tentative Value

Final Value

Frequency Tolerance

*

*

+3 x 1076 1z +3 x 1078 Hz
Maximum permissible
frequency deviation 2.5 kHz
Maximum modulating
frequency 3 kHz
Transmitter Necessary bandwidth LI *, K%
8.5 kHz 8.5 kHz
Conducted spurious
emission:
* %
(1) for transmitter (1) less than 2.5uW] (1) less than 2.5 uwW
powers up to 25W
# *
(2) otherwise (2) 70 dB below the | (2) 70 dB below the
carrier power carrier power
Local frequency +3 x 1070 u2
tolerance
Reference * *
sensitivity less than 2 uV less than 2 pV
Bandwidth more than 8 kHz more than 3 kHz
* *
Adjacent channel 60 dB below the 60 dB below the
Receiver selectivity carrier power carrier power

Radio-frequency
intermodulation

*
more than 70 dB

*
more than 70 dB

Spurious response

*
more than 70 dB

»
more than 70 dB

Conducted spurious
emission

less than 4 nW

#*
less than 2 nW

*Denotes the value in Rec. 478-2.

**This value should be 11 kHz, as stated in this report.
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illustrated on Figure 1. On the FM signal, the single lines represent sidebands
generated by a single tone., The carrier occupies the center of the bandwidth and
one tone creates a sideband on each side of the carrier and many additional
sidebands spaced at the tone frequency from each other. Since voice varies in
amplitude and frequency, this illustration is of an FM voice signal averaged over
a period of time. The AM voice signal differs from the FM by the fact that a
transmitted single tone generates only one sideband tone on each side of the
carrier., Therefore, typical AM voice 1is substantially narrower in bandwidth than
conventional FM. AM systems are routinely transmitted in 10 kHz channels. The
SSB signal shown next is basically the same as the AM signal, except that the
redundant parts of the signal are removed. The lower sideband is a mirror image
of the wupper sideband and so it is not necessary to convey information. The
carrier wave dogs not relay information so it too can be eliminated; therefore,
the SSB signal bandwidth is much narrower than that of the AM signal.

Conventional S8B has several drawbacks that have prevented universal
acceptance by the LMR community; therefore, it has been rejected as a more
gspectrum efficient replacement for conventional FM in the past. One of these
drawbacks is that SSB modulation 1is very intolerant of tuning errors. The
frequencies are all translated by the tuning error. A tuning error of 100 Hz at
HF will result in a voice signal that makes the speaker sound 1like Donald Duck.
All high frequency SSB radios have a '"clarifier" control to fine tune the
oscillator and clear up the sound. The problem, however, is worse at VHF because
a tuning error of only a few parts per million results in the same effect.
Another problem is that in S8SB modulation, wunlike AM and FM, the carrier wave is
suppressed. This means that power is transmitted only when modulation takes
place, and has the following effect on the SSB. When the speaker pauses, the
power output of the transmitter goes to zero. The receiver circuitry has no way
of knowing whether this is the end of a transmission, there was a signal fade, or
there was actually a pause. 1In any case, the gain of the receiver will increase.
When the speaker resumes, the gain would again reduce. As a result, in typical
SSB  systems the gdin varies up and down rapidly and the resulting sound quality
is reduced. The lack of an exact tuning reference that makes it very difficult
to design an effective automatic gain control (AGC) also prevents effective use
of squelch, tone-coded squelch, and other signaling systems. One other important
disadvantage is that SSB systems do not exhibit the 'capture effect" that is
inherent in FM systems. The FM capture effect causes the desired signal to
completely eliminate interference from the undesired one if it is more than 8 dB
stronger. With conventional §SB, both signals would be heard although the
undesired signal would be much weaker. This 1is important when two or more
systems use the same frequency in nearby cities which would be likely to occur in-
a crowded land mobile environment.

Research, however, has been accomplished to uncover ways to circumvent these
technical difficulties of conventional S8B which would make it more acceptable to
LMR applications, One innovation was the addition of a low—=level pilot tone (=5
to =20 dB with respect to peak envelope power) to the audio band. The pilot tone
provides a reference for automatic tuning and AGC, positive squelch action, and
allows tone squelch and tone signaling. The greater part of research of pilot
tone SSB has concentrated upon three systems which differ in the positioning of
the pilot within the audio band. These systems are: (a) pilot carrier SSB
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Figure 1, Comparison of Voice Spectrum Shapes Using
FM, AM and SSB Modulations.
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developed by Philips Research, (b) pilot tone=in-~band (TIB) SSB researched at
the University of Bath, and (¢) pilot tone~above-band (TAB) SSB investigated at
Stanford University.

At VHF, no one system has clearly emerged as superior. Philips Research
Laboratories in the United Kingdom {UK) has been working on SSB land mobile radio
for five years. The need for these investigations arose because, even though the
UK has successfully wused 12.5 kHz channeling .at VHF for over a decade, the
shortage of capacity in urban areas was threatening to restrict further
expansion. Some experiments were carried out wusing. AM and FM in 6.25 kHz
channels. The SSB work at the Philips Research Laboratories has included the
design and testing of equipment at 88, 170, 450 and 960 MHz. These experiments
indicated that SSB with the addition of a low=level pilot carrier can give a
performance suitable for land mobile purposes.

The research at the University of Bath centered around tone-in~band SSB for
more extended applications to the 450 and 900 MHz band. The original aim at Bath
was to achieve a spectrum efficient speech system which would offer: (1) the
greatest degree of adjacent channel protection, (2) a good correlation between
fades on the pilot tone and fades on the audio signal, and (3) a large
symmetrical pull=in range for frequency control circuitry to operate. These
three points were felt to be particularly important if SSB were to be eventually
extended in its VHF form to the higher bands and are basically the disadvantages
of placing the reference pilot to one side of the audio spectrum (i.e., the other
two systems being researched). Tone~in=band S8SB, 1in which part of the audio
spectrum is removed and tone 1is inserted, has proven to be satisfactory for
speech. The main disadvantage is that the tone is not transparent with all data
‘systems. The tone-above-~band (TAB) SSB investigated at Stanford has been
received favorably at VHF, and TAB SSB is produced commercially by two companies.
Many of the technical problems of conventional SSB in LMR operations were solved
by the use of a low-level pilot signal. One other problem remains to be
addressed: a capture effect similar to that of FM. The Stanford group, in
addition to their development of TAB SSB, offered two other innovations not
previously wused in 1land mobile radio: frequency companding and amplitude
companding. Frequency companding was subsequently dropped because of unfavorable
acceptance of voice quality but amplitude companding was retained. Thus, the
label Amplitude Compandored Side Band or ACSB came into being.

Amplitude Compandored Single Sideband (ACSB)

The UHF Task Force, Office of Plans and Policy, Federal Communications
Commission, sponsored work in spectrum~efficient technology carried out by the
Communication Satellite Planning Center at Stanford University. The results of
the work, presented to the Commission in February 1978, indicated that wuse of
Single Sideband Radio (S8SB) with amplitude compandors could provide major
improvements to spectrum efficiency in mobile radio.

Subsequent work, also sponsored by the FCC, has confirmed the original

conclusions and refined the design of Amplitude Compandored Sideband Radios
(ACSB). A final report (Lusignan, 1980) summarizes work on the use of ACSB in

the mobile radio bands.
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For SSB, the noise level that 1is heard at the speaker is the same as that
received by the radio receiver; there is no signal-to-noise improvement in SSB
equivalent to the FM capture effect. The noise problem is solved by the use of
compandors. The compandors are similar to the circuits wused in the telephone
industry and in satellite 1links. A compandored circuit is a variable gain
amplifier in the transmitter that increases the volume of weak sounds and reduces

the volume of strong sounds. While in the receiver, the compandored circuits
restore the voice to its normal level. An illustration of a four-to-one
compandor system is showm in Figure 2. In a 4:1 compandor system, unwanted

noise signals (being on the same channel) are 8 dB weaker in strength at the
receiver than the wanted signal; expandoring would reduce the unwanted signals by
more than 32 dB with respect to the wanted signal in the audio output while
restoring the normal dynamic range and audio quality,

In summary, the techniques employed in the ACSB radio attempt to overcome
the disadvantages of SSB radios in LMR operations. The pilot tone was added to
provide or reference for automatic tuning, reference for automatic gain control,
positive squelch action, and allows tone squelch and tone signaling. Compandors
are used to improve the signal-to-noise ratio to provide a function similar to
the FM capture effect.

OPERATIONAL EXPERIENCE

Operational experience in narrowband land mobile radio 1is somewhat limited
in the United States. ACSB deployments include 150-=180 systems in the private

business sector., Narrowband FM systems are produced for foreign wuse by
U.S. manufacturers and deployments are unknown in the United States, Several
companies and Government agencies have made independent operational analyses of
narrowband 1land mobile 'technology. These experiments were conducted wusing

various methods and covering several operational conditions (i.e., land mobile,
land mobile with repeaters, maritime mobile, facsimile, voice scrambling).

National Telecommunications and Information Administration (NTIA)

NTIA’s operational experience with narrowband land mobile 1is limited to
several months of testing ACSB, NBFM, and wideband (25 kHz) FM systems. The
systems in use were configured as outlined 1in Section 4 and Appendix A, and
operated in a simple base—~to-mobile environment. Occasional base~to=base links
were established with the FCC lab in Laurel, Maryland (32 km distance). The
operation  and test area could be considered a moderately congested RF
environment., During the period of testing, NTIA made direct comparisomns of ACSB,
FM and NBFM systems to determine operational range, voice quality, and limited
adjacent channel interference behavior. The following discussion summarizes the
details of Appendix A and the field tests of the NBFM in Section 4,

The FM system and the ACSB system had virtually the same operational range
characteristics under the same output power (average power for FM and peak
envelope power for ACSB) and antenna gain conditions. To maintain acceptable
communications, the FM system and the ACSB system averaged the same, 13.1 .km
(8.2 miles). The zone of good communications averaged approximately the same for
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FM and ACSB, 8.0 km (5.0 miles). The average values for NBFM for acceptable and
good communications were 10.3 km (6.4 mi) and 7.5 km (4.7 mi), respectively.
Testing was done in an area of gentle to moderate rolling hills,

The voice quality of both ACSB and NBFM was similar to 25 kHz FM in a high
signal environment, In a low signal environment, the voice quality of both
narrowband techniques 1is not as good as that of the 25 kHz FM, the voice quality
of NBFM being slightly better than that of ACSB. Under this condition, the NBFM
voice signal is subject to distortion probably due to noise pops and capture,
while the ACSB voice signal is subject to distortion probably due to companding
and pilot tone circuitry and/or reduced audio bandpass.

Federal Communications Commission (FCC)

A test program to determine certain technical characteristies of ACSB was
initiated by the FGC in February 1982, The study was undertaken to examine the
spectrum efficient properties of ACSB. It consisted of Dboth objective and
subjective field and laboratory measurements, and the results were published in
October 1983 (FCC, 1983). The study acknowledges that "ACSB 1is a viable
communications medium that compares favorably with FM under certain conditions."
However, it was pointed out in this study, that advances in ACSB technology were
not likely to improve ACSB interference to FM (adjacent channel), but may permit
closer ACSB~to~ACSB channel spacing and better ACSB cochannel re-use performance.

Standard - 0il Company (Indiana)

During 1982, Standard 0il Company of Indiana conducted evaluation testing of
ACSB radios in a land mobile and maritime mobile environment (Standard 0il
Company, Indiana, 1982). The offshore testing was conducted between a base
station in Dulac, Louisiana, and vessels that service offshore platforms. The
land mobile testing was conducted at the Standard 0il Radio Laboratory in
Manhattan, Illinois, about 72 km (45 miles).

The offshore tests consisted of range comparisons of ACSB, FM and Facsimile
(FAX) on the ACSB system only. The following general conclusions were made.

l. FAX transmissions were successfully received using the ACSB
system.

2. The maximum range for voice transmissions was found to be about
30 percent greater for the ACSB system than for the FM system under

the same operating conditions (maritime mobile situation).

3. Davotek voice scramblers were used during testing and found to be
compatible with the ACSB system.
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During land mobile testing, the ACSB system was found to meet or exceed the
performance of the FM system 1in the areas of range, intelligibility, ignition
noise, flutter effect, cochannel capture. effect, facsimile, scrambled voice, DTMF
signaling, and geophysical data transmissions. Voice appeared to sound more
natural on FM than on ACSB. Interference testing indicated that ACSB will cause
severe degradation to an FM system 7.5 kHz away. At 12.5 kHz spacing,
interference is apparent out to 1.6 km (1 mile). It was found that the potential
of FM to interfere with ACSB was much less than the reverse case.

Martin Marietta

Martin Marietta Aerospace conducted ACSB and 25 kHz FM comparison testing in
January and TFebruamy 1982 (Martin Marietta Aerospace, 1982). The following
summarizes the results.

l. The system tested 1included two mobile stations and one base
station employing Sideband Technology, Inc., ACSB Pioneer 1000 Mobile
Radio units. These units were employed on a daily courier service 1in
the southwest Denver metropolitan area. The terrain varies from
rolling foothills to flat, highly developed urban areas. Tests varied
from several hundred meters to 26 km (16 miles).

2. During the tests, no significant 1interference, noise or other

reception impairments were noted. The overall quality exceeded that
experienced on standard mobile radio nets that operate in the same
area.

Storno A/S

The Danish affiliate of General Electric, Storno A/S, conducted a series of
tests designed to make a comparison of narrowband FM, ACSB and wideband FM, among
others (Storno A/S, 1980). The systems were compared with respect to signal
quality, speech intelligibility, propagation range, spectrum utilization,
applicational flexibility and pulse mnoise susceptibility. The most important
results of the study are as follows.

1. Both 25 kHz FM and 12.5 kHz FM provide better receiver sensitivity
than ACSB at 12 dB SINAD (5 to 6 dB better). However, at 20 dB S/N
(voice peak to quieted mnoise) ACSB provides better sensitivity than
12.5 kHz FM and about the same as 25 kHz FM. ‘

2. At 20 dB weak syllable (=20 dB relative to peak syllable level) to

noise ratio, both narrow and wideband FM are equally more sensitive
than ACSB.

3. Both FM systems provided better speech intelligibility than ACSB.

4., TFor the same peak transmitter power, the greatest range was
provided by 12.5 kHz FM.
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the

5. For voice as well as for tone modulation, ACSB needed much higher
cochannel protection margins than FM.

6. The addition of multipath fading increased the protection margin
by only a few dB, The 12.5 kHz FM and 25 kHz FM margins were almost
equal.

7. ACSB was shown to have only slightly higher spectrum utilization
than narrowband FM.

8. FM systems will generally tolerate a 10 to 25 dB higher pulse
noise (60 Hz) level than ACSB.

9. The highest level of application flexibility is provided by the

system with the largest channel bandwidth, i.e., 25 kHz FM.

The general conclusion of the Storno A/S study is that 12.5 kHz FM provides

best compromise between transmission quality, spectrum wutilization

application flexibility.

Philips Research Laboratories

not

and

Philips Research Laboratories in the United Kingdom have been studying the
feasibility of SSB for mobile radio for years (United Kingdom, 1980).
recent field tests were conducted to compare SSB and FM performance. ACSB was
considered because Philips feels that amplitude companding may give some

improvement in performance but is not essential, For all measurements,

envelope power average of the SSB

the FM system. The studies found that:

l. For strong received signals, very little difference in quality was
detected; only experienced listeners can tell one from the other
readily.

2. TFor weak signals, the recovered audio sounds "different." The
fading of ‘the FM signal is more obtrusive but the effective range of
the equipments is the same. Different individuals prefer ome or the
other system in about equal numbers. Ignition is equally troublesome
in each system,

3. For intermediate signals, the FM has less background noise but the
occasional loud noise bursts due to deep fades are annoying. The SSB
has slightly higher background noise but the fades are much less

disturbing.

4., When cochannel interference is present, the differences between

the SSB and FM systems are not very great and are unlikely to have
much effect on the relative wutilization of one system or the other

under mobile conditions.
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SUMMARY

Generally, operational experience with narrowband land mobile technology is
limited to the private sector. Most exposure to spectrum efficient land mobile
has been with ACSB. Several companies have carried on independent analyses of
ACSB in varied operating enviromments, and NTIA and the FCC have gained limited
operational experience through experimental usage. A number of other companies
are using ACSB land mobile radios in their operations, Use of narrowband FM land
mobile radios is limited to foreign markets, and investigations have shown this
technology to have merit as a spectrum efficient approach.

The following points summarize the major conclusions drawn as a result of
this operational and experimental usage.

1. NTIA’s experience shows that ACSB and Wideband FM (WBFM) are
approximately the same in communication range and general operational
behavior. The voice quality of ACSB and NBFM was similar to 25 kHz FM
in a high signal environment., However for a low signal condition both
the ACSB and NBFM experienced distortion. For FM the distortion was
probably due to mnoise pops and capture, and for ACSB it was probably
due to factors such as companding, pilot tone circuitry, and/or
reduced audio bandpass.

2. Other accounts indicate a wide variation of experiences ranging
from definite superiority of one technology over the other to close

comparisons of range and voice quality characteristics,

3. Both ACSB and narrowband FM are viable spectrum efficient LMR
technologies that work in actual operating enviromments.
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SECTION 4

SPECTRUM EFFICIENCY

INTRODUCTION

In this section the spectrum efficiency of the ACSB and NBFM radios is
addressed. The spectrum efficiency of one system relative to another is defined
in terms of bandwidth, space and time required by both systems. This is a
general definition and can be wused for a large class of tommunication systems.
The relative spectrum efficiency 1is calculated both for the AGCSB and NBFM
relative to conventional 25kHz FM using two different approaches. The first one
considers the case of one base station interfering with another base station or
its associated mobile unit., This is referred to as the one~on-one approach. The
second one considers a large number of base stations that are randomly located in
a given area. This is referred to as the simulation approach. Each of these
approaches  uses a computer program to calculate the respective spectrum
efficiency values. Inputs for these programs are the nominal characteristics of
the systems (e.g., transmitter power, antenna gain, propagation parameters,
receiver sensitivity, etc.) and the cochannel and adjacemt signal protection
ratios  that were measured on the ACSB and NBFM radios. Since these measured
parameters were a vital input to the computer programs, the measurements on the
ACSB and NBFM made by NTIA and the FCC are discussed in this section along with
an analysis of the results.

DEFINITION OF SPECTRUM EFFICIENCY

For purposes of this analysis the spectrum efficiencies of the two
narrowband modulation techniques were calculated using the Technical Spectrum
Efficiency Factor (TSEF) as defined by the TSC of the IRAC. Mathematically this
factor can be expressed using terms of the following type:

B xT x8
r r r

TSEF = (5)
B xT. xS
S S S

B  is the bandwidth the reference system denies to others,
T_ is the time the reference system denies to others,

S is the physical space (e.g., area) the reference system
denies to others,

B is the bandwidth denied by the evaluated system,
T 1is the time denied by the evaluated system, and

S is the physical space denied by the evaluated system.
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Both the reference and evaluated system accomplish the same mission of voice
analog communication. The reference system chosen for this analysis was a
high~-quality state~of=-the=art conventional 25 kHz FM system.

MEASUREMENT OF ACSB

In order to thoroughly understand the technical aspects of a relatively new
land mobile technology and to investigate its likely behavior in the existing
environment, a series of laboratory tests was conducted to measure the technical
characteristics of the equipment.

A joint NTIA-FCC effort was planned and a test plan was written to verify
the operational characteristics of ACSB and to determine  the
interference/susceptibility  potential of the technology (NTIA/FCC, February
1982). The plan was organized under three phases of tests including objective
laboratory  measurements (verify specifications), subjective laboratory
measurements (céchannel and adjacent channel interference) and subjective field
tests (operational behavior). Due to limitations in resources, NTIA and the FCC
pursued individual portions of the measurement plan. The major differences
involved NTIA accomplishing detailed objective laboratory measurements and
subjective field tests, while the FCC performed subjective laboratory and field

tests.

The adjacent signal interference (ASI) degradation criteria used by NTIA was
a 12 dB SINAD signal which would represent the minimum acceptable audio quality.
This is similar to the EIA measurement method for FM radios. It was also decided
that two steps of degradation would be wused 1in the ASI tests: 18 dB SINAD
degraded to 12 dB SINAD and 12 dB SINAD degraded to 6 dB SINAD. An 18 dB SINAD
signal is considered to be a good quality signal; a 12 dB SINAD signal 1is
generally considered to be "just acceptable" audio quality; and a 6 dB SINAD
signal is generally considered to be of unacceptable audio quality. These two
steps would give a quantitative indication or measure of the susceptibility of
the desired signal to a cochannel or adjacent channel interfering signal. This
method offers several advantages, The results are repeatable, and it does not
require cumbersome procedures such as articulation score (AS) tests.

The degradation criteria selected by the FCC for their ASI tests were
subjective in nature. Data obtained from the measurements reflected ratios of
the input desired voice signal to the undesired (or interfering) voice signal for
two levels of interference (degradation). These ratios are referred to as the
input desired=to~undesired (D/U) or input signal-to-interference (S/I) ratios and
are defined in the Radio Regulations as protection ratios. The levels of
degradation used were '"just noticeable" and 'words missed" Dbased on the
subjective opinion of the listener (FCC, 1983).

National Telecommunications and Information Administration (NTIA)

NTIA funded the Electromagnetic Compatibility Analysis Center (ECAC) to
conduct a series of laboratory measurements on selected ACSB and conventional FM
land mobile radios. The vresultant report was published as NTIA-CR=83-25
"Interference Measurements on Amplitude Compandored Single Sideband (ACSB) Land
Mobile Radio." A general discussion of the conduct and results of this effort

follows.
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The major objectives of the measurement program were to:

o Validate nominal characteristics,
o Reveal the compandored signal characteristics, and
o Determine ASI interactions of the systems tested.

The approach used included obtaining a basic understanding of the design and
operation of ACSB land mobile radios, measuring the nominal characteristics of
the ACSB and FM radios used in the study (STI Pioneer 1000, Motorola MAXAR, and
G.E. MASTR Progress Line), and investigating the EMC interactions by performing
numerous interference tests, During the testing, the manufacturer of the ACSB
radios, STI, provided new audio boards for the receivers with improved audio
quality and sensitivity. Tests involving the ACSB receiver were repeated with
the new audio boards dinstalled. Tape recordings were made of all interference

tests.,

Each of the transceivers were initially subjected to a series of tests to
verify nominal characteristics supplied by the manufacturer. The parameters
included power output,l emmission spectrum, frequency stability, sensitivity,
selectivity and dynamic range. As a result of this preliminary testing, it was
found that the STI ACSB, Motorola FM, and the G.E. FM units generally met the
manufacturers specifications.

Prior to conducting the interference ACSB tests, two ACSB test parameters
had to be identified: the frequency of the tone used to modulate the transmitter
of the desired signal and the pilot=to~tone modulation ratio of the desired

signal link. 2

Since the EIA SINAD method for evaluating the performance of FM systems in
the Land Mobile Service employs a 1000 Hz tone as the modulating frequency, it
was desirable to determine if the 1000 Hz tone would be acceptable for this
evaluation,. Figure 3 depicts a plot of audio response vs frequency in Hz. The
results show that at 1000 Hz the response 1is within + 2 dB of the maximum
response of the system, and therefore 1000 Hz was chosen as the modulating
frequency for the ASI tests.

To determine the pilot~to=tone modulation ratio (Ap/Am)3 that would result
in the maximum sensitivity, a 1000 Hz tone was used and various ratios were
employed while observing the output for both 18 dB and 12 dB SINAD. The results
(see Figure 4) show that a pilot=to=-tone (Ap/Am) ratio of =5 dB produces maximum
sensitivity., However, in a test using a recorded male voice reading from a
Harvard list of phonetically balanced sentences (a more realistic determination),
the Ap/Am was measured at =10 dB. Since this 1is near the point of maximum
sensitivity and represents the average voice tone used, =10 dB was selected as
the pilot=to=-tone ratio for the ASI testing.

lPeak-envelope-power was considered a more practical measure of transmitter power
for ACSB than the suggested 'Peak=syllable=~Power" (FCC, 1983).

2This is not to be confused with the pilot tone=in=band (TIB) and pilot
tone=above band (TAB) discussed in Section 3., The "tone" in this context is a
modulating signal frequency.

3This designation was used in the ECAC measurements (NTIA, 1983) for the ratio of
pilot to modulating signal power.
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ASI tests were conducted with ©both the original and the new audio boards
installed. Only those tests affecting the ACSB system as the victim were
repeated with the new audio boards installed. ASI tests were conducted under the
following situations: ACSB interfering with ACSB, G.E. FM interfering with ACSB,
Motorola FM interfering with ACSB, and ACSB interfering with Motorola FM. The
tests were run with as many off frequency Af combinations as possible, and for
some AF’s, a fader was wused. A fader is a device that simulates multipath
fading.

The method for the ASI tests used a 1000 Hz tone as the desired signal and
voice-modulated noise. Figure 5 shows the spectrum of voice=-shaped noise used 1in
this test as the undesired signal. The desired test tone selected was at or near
the maximum audio response frequency and the pilot—to-tone ratio used for the
"desired" signal was =10 dB (a level at which the sensitivity was maximized).
The desired signal was then coupled into the desired receiver and the input level
was adjusted until the output was at an 18 dB SINAD level. An interfering signal
was then inserted and increased in intensity until the output SINAD was 12 dB.
The level of the interfering signal was recorded and the tests were repeated for
a 12 to 6 dB degradation at the SINAD level, By measuring input desired signal
power before degradation and the interfering power required to degrade the SINAD,
the input signal=to=-interference (S/I) ratio was obtained. Recordings of all
tests were made using a taped male voice as the desired and interfering signals.
(Substituting for the 1000 Hz tone and voice modulated noise) in order to enable
the listener to form a qualitative opinion. Tests for a variety of AF’s were
conducted and the results are represented in Figures 6 (ACSB vs ACSB, desired vs
undesired), 7 (G.E. FM vs ACSB), 8 (Motorola FM vs ACSB), and 9 (ACSB vs Motorola
FM). These results are discussed ‘in the summary of this section.

Federal Communications Commission (FCC)

The Federal Communications Commission conducted an independent analysis of
ACSB technology compared to conventional FM (FCC, 1983). The objectives of the
FCC study were to determine: '

o How ACSB affects the existing FM environment,
o The re=use potential of ACSB channels, and
o The ACSB-to-ACSB minimum channel spacing.

The FCC measurement program was separated into four phases: objective laboratory
measurements (transceiver nominal parameters), subjective laboratory measurements
(static cochannel and adjacent channel protection ratios), subjective field
measurements (dynamic cochannel and adjacent channel protection ratios), and
objective field measurements (field intensity, non-interfering). The study
resulted in establishing protection ratios (S/I or D/U ratios) using various
desired/undesired system combinations, power levels, and frequency separations.
For purposes of comparison the D/U ratios obtained by the FCC for ACSB
interfering with ACSB and ACSB interfering with 25 kHz FM are plotted with S/I
ratios for the NTIA measurements for the same conditions. The results are shown
in Figures 10 and 11 respectively. It 1is interesting to note that for the
condition of ACSB interference to ACSB the results obtained by the two test
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methods are very close. The S/I ratios obtained by the SINAD method lie between
the FCC’s "JUST NOTICEABLE" and '"DISRUPTIVE" wvalues. In the case of ACSB
interfering with FM, the results are not as close. This can be explained by the
fact that the FM receiver used by the FCC (Motorola Micor) is more selective than
the receiver used in the NTIA measurements (Motorola Maxar).

MEASUREMENT OF NBFM

Subsequent to the measurement and analysis of the ACSB radios, two 12.5 kHz
FM (NBFM) radios were obtained from Motorola for  laboratory and field
measurements. These radios were ‘the Motorola Model CD 100, serial numbers {(SN’s)
004 and 005.

Laboratory Measurements

Laboratory mearsurements were made on the NBFM radios at the Department of
Agriculture’s Beltsville, Maryland, laboratory. These measurements consisted of
a number of the Forest Service standard land mobile measurements (excluding
shock, vibration, thermal, etc.) and several measurements requested specifically
by NTIA. The laboratory measurements conducted are listed below:

Standard Forest Service Measurements

Transmitter
Power Output
Frequency
Frequency Error
Microphone Sensitivity
Audio Distortion
Modulation Limiting
Spurious Emissions
Sideband Emissions (2.5 kHz modulation)

Receiver
Sensitivity
Audio Output
Audio Distortion
Audio Bandwidth
Adjacent Channel Selectivity
Intermodulation

Special Measurements
Transmitter
Sideband Emissions (voice~shaped noise modulation)

Receiver
Protection Ratio Curve

The single value parameters (everything except the spurious emissions,
sideband emissions and protection ratio curve) are shown in TABLE 4. The
spurious emissions for SN 004 is shown in Figure 12, while the sideband emission
with 2.5 kHz tone modulation and 1.5 kHz frequency deviation is shown in
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TABLE 4

NARROWBAND FM RADIO (12.5 kHz) MEASURED PARAMETERS

MOTOROLA MODEL CD 100

Serial no.

004 005
Parameter
Transmitter
Power Output (Watts) 8.9 9.5
Frequency (MHz) 172.05005 172.05001
Frequency Error (Hz) 50.0 10.0
Microphone Semsitivity (dBV) -5.0 -6.2
Audio Distortion (%) 2.9 7.1
FM Hum and Noise (dB) -46.9 -46.8
Modulation Limiting (kHz)
at 1 kHz(kHz) 2.1 1.9
at 400 Hz(kHz) 2.4 2.3
Receiver
Audio Output (Watts) 4.4 3.0
Audio Distortion (%) 5.0 5.0
Sensitivity (dBm) -115.8 -118.0
Hum and Noise (dB) 68.7 64.0
Audio Bandwidth (kHz) 4.8 4.5
Adjacent Channel Selectivity (dB) (upper) 85.2 74.9
(lower) 85.1 74.1
Intermodulation (dB) (upper) 70.5 70.8
(lower) 72.5 71.0
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Figure 13. A special test was conducted to measure the emission spectrum under
the condition of voice shaped noise as the modulation signal. The resulting
spectrum is shown in Figure 14. Another special test was the measurement of the
adjacent signal protection ratio for the condition of NBFM interfering with NBFM.
The method of EIA RS-204~C to measure the adjacent channel selectivity was
extended to other values of frequency separation between the transmitter center
frequency and the receiver tuned frequency. A plot of this data is shown in
Figure 15.

Field Measurements

Field measurements were conducted on the NBFM radios by setting up a NBFM
radio as a base unit at the NTIA Annapolis office and another NBFM radio in a car
to act as a mobile unit. The same three routes used for measurement of the ACSB
and FM radios (see Appendix A) were used for the NBFM tests. 1In addition to the
NBFM radios in the mobile unit, a FM radio was also installed. A pretaped voice
message (phonetically balanced) was used as the modulating signal in the mobile
unit. The received signal was recorded at the base. For each route, the point
between good communication and acceptable communication (point 1) and between
acceptable communication and marginal communication (point 2) was determined.
For the three routes, point 1 had an average value of 7.5 km (4.7 mi) while
point 2 had an average value of 10.3 km (6.4 wmi) for NBFM. These values compare
to 8.0 km (5.0 mi) for ACSB and FM for point 1 and 13.1 km (8.2 mi) for ACSB and
FM for point 2. (See Appendix A.) It should be noted that the NBFM and FM
transmitter powers were tested at 10 watts.

In addition, tests were conducted with the NBFM transmitting and FM
receiving and vice versa. For the case of NBFM transmitting and FM receiving
there was no problem in understanding the message up to the range limit of the
NBFM.

ANALYSIS OF RESULTS

Based on the measurements that have been completed on the ACSB, NBFM and FM
radios, a number of observations and <conclusions can be drawn relative to
adjacent signal performance. The discussion will be presented in three parts,
addressing the impact of adjacent signal interference on ACSB, comnventional
25 kHz FM, and narrowband 12.5 kHz FM receivers, respectively.

Amplitude Compandored Single Sideband (ACSB)

As part of this study effort fairly extensive adjacent signal interference
tests were completed both between ACSB radios as well as between ACSB and
conventional 25 kHz FM radios (ECAC, 1983).

Considering first adjacent signal interference between ACSB radios, the
inherent limiting factor is related to the degree of non=linearity of the final
transmitter RF amplifier and hence the level of intermodulation output.
Figure 16 shows measured emission spectrum of an ACSB transmitter using tome
modulation. It is seen that the intermodulation products follow expected trends.
The 