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FOREWORD

In preparing the Digital Microwave System Design Guide for Task TC-21, many
reference sources were surveyed. The survey showed very little user experience
in the Department of Defense community in digital microwave systems. A decision
was made by the Communications and Data Transmission Committee of the Telecommu-
nications Group to use the manual prepared for the Philippine Mindanao Microwave
Communication System as the best source material available at this time. This
Design Guide is expected to be updated periodically for the use of digital micro-
wave system designers and planners at the member and associate member ranges of
the Range Commanders Council.

The source material from the manual is the property of the U.S. Government,
prepared under contract by the Rockwell International Collins Transmission Sys-
tems Division through the U.S. Army Communications-Electronics Engineering
Installation Agency, Fort Huachuca, Arizona. No attempt was made to delete
references to Rockwell International or other manufacturers' equipment in this
Design Guide, but no endorsement of performance or reliability is intended.

ix

r—

e




R LA S

Y
\

1.0 INTRODUCTION

1.1 Purpose. The purpose of this design guide is to provide a digital micro-
wave system planning guide for use by digital microwave systems engineers at
Department of Defense ranges. —

1.2 Objectives. The objectives of this design guide are "

a. To furnish a guide for digital microwave system design to be used by
microwave engineers to implement a standardized apprcoach to digital microwave
systems for U.S. national ranges, .,

¢ b. To provide and maintain cognizance of applicable technical publica-
tions available by submitting on a timely basis those technical directives,
standards, and references that impact on digital system design and may be
included as an update to this planning document. -

1.3 Discussion. (Most of the telecommunications plants throughout the world
have been built for analog transmission. In that mode, analog signals remain
in analog form throughout the transmission process, while digital signals must
be converted into a quasi-analog type signal. Digital transmission is the
transfer of information by digital signals._-Information represented by digi-
tal signals is referred to as digital data, information is conveyed by
arranging this digital data into patterns having~assigned meanings in accord-
ance with a coding scheme.

\_- e T 1
i

User equipment represents a wide variety of types. Typical types are found
in the fields of telephony, telegraphy, data, and facsimile. In general, any
input-output device that effects an interface between the human and an elec-
tronic circuit may be considered as user equipment. Teletype, computer, and
various other user equipment initiate transmissions that are inherently digital
in nature and readily encoded for transmission via the digital transmission
system. Analog signals such as those produced by a microphone in response to
audio stimulation present a more complex problem for digital communications.
This type of signal is continuous, following the amplitude variations of the
message waveform. For digital transmission, it must be converted into a sig-
nal that is discrete in both amplitude (or polarity) and time. This conver-
sion process must appear transparent to the user of the transmission medium.

The problem of the communications engineer is to design a system to transmit
intelligence from one location (source) to one or more other locations (sinks)
with 1ittle change in the information content. In the well-defined communi-
cations system, the output is essentially the same as the input, only delayed
and slightly modified due to input-output device characteristics, transmission
circuit distortions, and system-generated noises. Speech is transmitted with
reasonable likeness, while drawings and teletype transmissions result in a
received printed page resembling the original copy. The nearer the communi-
cation channel approaches perfection, the more it resembles a direct connec-
tion between sending and receiving user equipment.




Because of the many factors involved in communications system design, the
importance of starting with accurate definitions of user requirements cannot
be overemphasized. To accomplish this, the transmission systems engineer,
traffic analyst, users, and managers must coordinate their requirements into
an effective communications requirements plan.

1-2
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2.0 SYSTEM REQUIREMENTS

2.1 System Designer Requirements

2.1.1 Problem Definition. The initial step in designing a communications sys-
tem is the problem definition stage, which involves determining the types of
information or intelligence that must be transmitted (voice, data, video, tele-
type, etc.) and the objectives of the user of this inteiligence. The effective
3 design of a communications system must satisfy both the immediate and future

X ' requirements, providing for flexibility, growth, and new services. If the

B requirements and objectives have not been cleariy stated, the systems engineer
1 must continue to query management and users to insure that the basic criteria

E for the design are defined as fully as possible. If certain factors cannot be
determined, the known requirements can be used in the evaluation process, with
a range of solutions available to the designer in defining the final communi-
cation requirement.

-

2.1.2 Communications Volume. The next question to be addressed is the volume
of communications needed. This is determined by examining traffic statistics
and loading and by predicting future requirements from study of past growth.
In complex communications networks, traffic analysis is a continuous effort,
setting parameters for subsequent stages of expansion after the system design
H is finished.

y‘y;:‘. N

2.1.3 Quality of Service. Following logically must be a question of service
needed. This involves matching the design objectives with volume requirements
and desired technical performance. Additionally, system operating requirements
; and system geography may be addressed at this point. If applicable, existing

o facilities may be evaluated against the new system requirements to determine

‘ their adequacy. This process may involve tradeoffs necessary to avoid the

time and cost of new facility construction.

2.1.4 Modulation Techniques. Various techniques of digital transmission and
signal processing must be goals of the above criteria. When techniques have
been selected and the proper equipment has been identified, all factors are
subjected to a communications-systems evaluation. Of concern at this evalua-
tion are the comparison of quantitative and qualitative aspects versus the

) initial capital cost requirements and the cost of maintaining quality service.
; The system design is examined to determine the degree of flexibility, growth
potential, and new service it can support. When all these factors are satis- N

factorily evaluated, the design specification and the communication objectives
are satisfied.

2.2 Mission Requirements

2.2.1 Mission Analysis. While voice and data make up the bulk of range commu-
nications requirements, other considerations may be facsimile and television
transmission. The engineering design process of a digital communications sys-
) tem for any range environment must include mission analysis. This analysis
... identifies the communication requirements imposed by a military mission. Its
purpose is to quantify communications needs to obtain the basic requirements

2-1




for systems planners and engineers, including information concerning user
locations, volume and types of traffic, and quality of service to be provided.

A critical element of mission analysis is the prediction of traffic volume.
These predictions determine the required number of trunks, switching system
size, and overall network configuration. A study of telecommunications sys-
tems indicates that voice traffic loads follow well-defined patterns. An
understanding of the mission and users will indicate obvious peak loads, by
time of day, days of the week, and times of the year. The accepted standard
on which to base traffic projections is the "daily busy hour." Typically,
this occurs during the late morning of working days, as shown by traffic
load distribution charts.

Predictions of traffic volume for the design of new systems entail identifying

communities of interest and surveying the users in these communities to determine

their communications needs. Historical traffic records of similar systems will

provide valuable input by indicating busy hour timing. The pattern of these

statistics is known as Poisson distribution. The Poisson distribution is based

on the randomnes< of events. It can be used effectively to calculate traffic :
* loading for new sys;tems, where no historical record is available from which to
derive statistical traffic distributions.

The Poisson distribution can also be used in computer communications traffic
engineering, since messages are likely to enter systems in random fashion and
be of random length. However, statistics of computer data versus voice com-
munications are not so well defined and are, in fact, variant depending upon
application. Therefore, with regard to computer communications, the functions
of mission analysis are to determine the following requirements:

a. Numbers of specific-length messages to be sent.
b. Times that messages are sent.

¢. Response time reguirements.

d. Computer processing time,

2.2.2 Geographic Requirements. The locations of the potential users of the
communications system determine the geographic and network configurations of

the system. This, in turn, will dictate to the designer the types of systems,
transmit power, diversity protection, fade margin, path propagation requirements,
and other criteria necessary for an effective system design.

One of the fundamental steps in traffic engineering is the identification of
user communities of interest. A community of interest exists between users
having a need to communicate with each other on a frequent basis. By deter-
mining the numbers and locations of the users within a community of interest,
the traffic engineer is able to identify the number of facilities needed to
service that area. It is implied here that the user community of interest

is strategic in nature and will therefore be located in a fixed area. If the
communications facility is to support a tactical-type operation, the user
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community of interest may include changing geographic locations, and the impact
on the system configuration will vary. In this case, the approach to system
design must provide the flexibility to accommodate this movement. Therefore,
the traffic engineer/system designer must be aware of the organizational and
operational structure of the user for whom he is providing service.

‘ 2.2.3 Quality of Service. In digital communications, the basic performance
i parameter is bit error rate (BER). User tolerance will vary depending on

) whether the communication is voice or data. Voice transmission can tolerate

a BER as high as 1 x 1073, but the nature of data equipment requires a reli-
ability BER of 1 x 107% or greater. Military communications encompass vir-
tually all communications types, although most requirements are handled by
voice. Because various forms of data communications {(computer data, teletype,
etc.) are becoming more prevalent, the communications system must be designed
to give a reliable BER performance of 1 x 1078 or greater,

2.2.4 Throughput. The faithfulness with which information is transferred
H depends upon the design, engineering, and maintenance of the system. In
digital communications, the basic interpretation of system performance is
measured in terms of a single parameter, throughput. Throughput can be
defined as the number of messages {message blocks, information bits, etc.)
correctly transmitted and received per unit of time.

) 2.2.5 User Grading. The user of a communications system will grade it accord-
x| ing to two concepts, reliability and availability. Both reliability and avail-
, ability are mathematically defined in terms of probabilities. This allows for

7 a "math model" to be developed during the design stage as an aid to the systems
7 engineer.

a. Reliability

Reliability is the probability that a device or system will perform its
intended function for a specified time period, under its prescribed operating
conditions,” given that it was operating properly at the start of the period.
It is only valid for a specified period of operation, with the operational
conditions as prescribed, and with the system operating properly at the start
of the time period. The time period must be stated in order to give meaning
to reliability, because it is a measure of operating time as compared to mean
time between failures (MTBF).

The use of reliability as a rating factor is associated with the need for
a device or system to function properly over a specified time period, when the
operation is of a critical nature. Reliability is not a practical measure of
quality for a continuous service system; it is most meaningful when the mission
period is short in relation to the system MTBF. It is extremely useful when
addressing special operating periods of a continuous service system, such as
the scheduled test operation of a weapons system. Reliability can be used to
assess the chances of completing this scheduled test operation without a commu-
nication system failure. It can also be used to assess the requirement for
on-site maintenance during critical scheduled activities.
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b. Availability

Availability is the probability that a device or system will operate properly
when called upon at any randomly selected time. The concept of availability sup-
plies the means of determining the probabilities that a system will be up and
ready for operation when required. Probability, in this case, refers to the
number of times, out of a specified number of trials, that the device will be
able to support a mission period; i.e., that it will not be in a failed state
at the start of the mission period.

Availability of a device or system provides a measure of the likelihood
that it will be operating properly at the start of any randomly selected mis-
sion period. In a sense, availability complements reliability, in that both
are closely associated with the success of a mission. A balance is usually
required between the two parameters, and this introduces the concept of sys-
tem effectiveness. System effectiveness, a combination of reliability and
availability, is the probability that a system will enter and complete a mis-
sion period and is, therefore, a meaningful concept to the user.

2.3 User Requirements. The user of a communications system has the responsi-
bility to provide certain basic information that will clarify his communications
requirements. This information will impact heavily on the design planning of a
new system and will assist the systems engineer in determining necessary exten-
sions and/or modifications to existing facilities.

2.3.1 Intelligence to be Moved, Communications Objectives. To establish the
variety and type of intelligence to be moved and the communications objectives,
the following facts must be established:

a. What is the reason for the communication, or what is the use that wil)
be made of the information at the receiving end?

b. Will the communications require use of simplex or duplex circuits?
»

c. If the required service is other than voice, what minimum amount of
intelligence is required to successfully interpret the information at the
receiving terminal?

d. What amount of time can be tolerated to successfully transmit and
receive the above information? ODefining the information in relationship
to transmission time limitations will, in general, define the bandwidth
requirements of the system,

e. Is the intelligence to be moved in real time, or will a store-and-
forward system meet the objectives (i.e., does the requirement dictate a
continuous transmission)?

2.3.2 Traffic Analysis. In order to determine the amount of intelligence the
system must handle, it is necessary to analyze the traffic volume and distribu-
tion patterns. The system designer should furnish to the user a definition of

a communications unit that can be used throughout the traffic analysis. Separate
units must be defined for each type of service: data, telephones, teletype, etc.
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2.3.3 Required Quality, Grade of Service (GOS) and Reliability. In order to
determine how good the communications service must be, the minimum acceptable
level of intelligence and GOS must be established. Each basic type of commu-
nications service has established quality factors and standards of measurements.
The required criterion of acceptability can be specified by referencing existing
standards of performance that pertain to the particular class of communications
and modifying these standards to suit the given objectives. The GOS refers to
the quality of an established connection as well as to the probability of the
connection being available when required.

2.3.4 Operating Requirements. The operating requirements and schedule of opera-
tions must be established with some degree of accuracy. This will impact heavily
on the "system effectiveness” described above.

2.3.5 Geography of the System. The geography or physical extent of the desired
communications services will determine whether existing facilities will support
the user requirements. It will also impact on the requirements of alternate
routing schemes. A network layout should also include possible future expansion
plans of the user sources and destinations.

2.3.6 User Equipment Interface. If the user has equipment that must interface
with existing or planned communications systems, the following information must
be established:

a. Determine the locations of intersystem interfaces.
b. Identify the interfacing systems.

c. Determine what standards and specifications apply to the interfacing
systems.

d. Identify the end-to-end performance parameters when the user equipment
is to be a link of the circuit.

e. Identify the interface criteria, to include control lead and signal
lead connector arrangements.

f. Identify the line protocols of the interfacing systems.

The system must then be designed to match all parameters of the interfacing sys-
tems, using special interface circuitry and devices where required. In summary,
it is the requirement of the user to provide maximum information on the support
requirements, types and classes of service, and geographic locations to ensure
that all areas of communications support are considered. The systems engineer
and/or traffic analyst must work to ensure that the user is cognizant of the
user information that is necessary to establish a firm data base of communica-
tions requirements.
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3.0 SYSTEM DESIGN

3.1 System Constraints. The digital microwave system, to be useful when
designed, must be based on available devices and techniques. Operational
requirements usually require a system design approach based on techniques

and hardware that have been proven and are compatible with presently installed
equipment. This approach is not meant to inhibit the advance of the state of
the art or discourage innovation. New devices and techniques made available
through development can be incorporated into later models when shown to be
cost effective.

3.2 System Architecture. At the time this Digital Microwave System Design

Guide task was started (1979), the Kwajalein Missile Range (KMR) was faced with
the choice of adopting the triservice Digital Radio and Multiplexer Acquisition
(DRAMA) system or a state-of-the-art commercial system to be manufactured from

a performance specification. The DRAMA system had not been tested and evaluated
for applicability by any of the members or associate member ranges of the Range
Commanders Council (RCC) at the time the KMR was required to decide on the system
design. Detailed comparisons were made between the specifications for typical
state-of-the-art commercial digital microwave communications equipment and the
DRAMA system. Taking into consideration delivery times, flexibility requirements,
and other aspects pertinent to KMR, the state-of-the-art commercial system was
selected.

Another digital microwave system was being procured by the Pacific Missile Test
Center (PMTC) during the period this design guide was being prepared (1980-1981).
The system architecture and an overview of the system design considerations that
entered into the decision to procure the Rockwell International system are dis-
cussed in appendix A.

3.2.1 Communication Security. One of the characteristics of military communica-
tions that impacts heavily on both cost and time in network organization is the
need for communications security (COMSEC). Although this section is primarily
concerned with the electrical/electronic compatibility of integrated systems, it
is necessary to discuss briefly some additional considerations related to COMSEC.
Four aspects of COMSEC are physical, compromising emanations, cryptographic, and
transmission security. Each will be given brief attention here.

a. Physical Security

Physical security is a facility consideration that addresses limiting or
controlling the personnel access into areas where crypto equipment is opera-
tional. The extent of protection required depends upon the nature, size, and
location of the communications facility. The need for COMSEC limits the pos-
ible geographic locations of network points to installations that can be
physically secured against intrusion. Physical security considerations are
presented in NACSIM 5203 and applicable service guidelines.

b. Compromising Emanations Security

Electronic and electromechanical systems used in the handling and transmis-
sion of data are prone to acoustical and electromagnetic emissions that may be
received by undesired persons. The concern over such emanations is determined
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by the classification of the information to be handled. The final system defi-
nition is the result of tradeoffs between equipment and facility design; ema-
nations may be restricted to prescribed limits by the effective combinations of
the two. The objectives of the TEMPEST program are to measure such emanations,
determine the extent to which they contain usable information, and define those
steps necessary to correct site deficiencies. When engineering for on-line
encryption devices, careful consideration must be given to the directives of
NACSIM 5203 regarding the RED/BLACK interface.

¢c. Cryptographic Security

The purpose of cryptographic security is to avoid unauthorized disclosure
of message traffic during transmission. On-line crypto operation provides real-
time protection to traffic transmission.

d. Transmission Security

Transmission security protects all message traffic from interception and
deception. For electrical communications, transmission security is provided
by adherence to those equipment installation criteria presented in NACSIM 5203.
On operating crypto systems, transmission security is provided by constant
attention to circuit discipline and message handling techniques.

Of equal importance and concern to the design engineer of COMSEC facilities

is the power and cabling interface to the crypto systems. Power used to supply
crypto facilities may require special filtering in order to maintain communi-
cations security. Wiring and cabling techniques, as well as power lines and
grounds, are subject to special treatment, as detailed in NACSIM 5203.

The heart of all crypto systems is the key generator (KG). The KG acts on the
serial, digital representation of the message traffic, scrambling this message
according to a predetermined code that is available in the KGs at both ends of
the circuit. Some crypto devices are equipped with interface circuitry that
will convert message traffic from analog to digital, if required, as in the
case of voice encryption. This is normally accomplished in a two-step pulse
amplitude modulation/pulse code modulation (PAM/PCM) conversion at the trans-
mitting device, with restoration to analog at the receiving device. The crypto
device is transparent to the digital transmission medium and the information
user, adding no additional bandwidth requirements other than that inherently
associated with the digital representation of an analog signal.

Crypto devices are basically designed for two types of applications: end-to-end
and bulk encryption. End-to-end encryption devices provide a dedicated, secure
transmission circuit from the originator to the terminal end user. This type of
circuit is treated as unclassified in its application to the transmission medium.
The devices are operationally and key compatible at both source and sink. Bulk
encryption devices operate on the multiplexed signals of a number of channels.
These devices are normally located at the telecommunications centers and are end-
to-end compatible (source and sink) over the transmission medium. If interim
breakout of data is necessary, as at a repeater, the complete data stream must
be deencrypted and reencrypted for transmission to the next location.
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Network synchronization implies that all terminal devices that are intercon-
nected operate from a common time base. Crypto units, as a part of the network,
also require this common timing. Due to the classified nature of the crypto
systems and their interface specifications, no details will be presented here.
Suffice to say that the input timing synchronization, data, and master station
clock follow closely the requirements of MIL-STD 188-114,

Various types of COMSEC devices are available to meet a myriad of security
applications. Each system has its own salient characteristics. Therefore,
the transmission system engineer who has secure communications requirements
should seek assistance from his appropriate branch of service or from the
National Security Agency, Fort Meade, Maryland.

3.2.2 Diversity Plans. In microwave system engineering and design, diversity
is a method of improving the radio frequency (RF) received signal and providing
redundant paths. Depending on the type of diversity used, full or partial test-
ing is possible while transmitting and receiving radio traffic. Presented are
two basic types of diversity, frequency and space, as well as combinations of
the two. Each has its advantages and disadvantages.

Space diversity is accomplished by using two receivers, with the antennas
vertically or horizontally separated by some multiple of the received fre-
quency's wavelength. The major advantage of space diversity is that it
requires only one frequency to implement. As the RF environment becomes
more congested, this becomes a very attractive characteristic. The major
disadvantage is that the link using this diversity scheme must be shut down
in order to be tested.

Frequency diversity, on the other hand, requires a minimum of two freguencies
in order to operate. In many frequency-congested areas this is not possible.
The major advantage of frequency diversity is that it allows a radio link to
be fully tested without interrupting traffic. Both frequency and space diver-
sity provide a measure of equipment or path redundancy.

Figures 3-1 through 3-4 show the two basic diversity methods and some of their
variations. The methods illustrated are, in sequence by figure:

a. Space diversity - hot standby transmitters.

b. Space diversity - no standby.

c. Space and frequency diversity.

d. Hybrid diversity.
Hot standby space diversity provides automatically switched transmitters. It
gives full equipment redundancy (excluding antennas and waveguide). However,

this arrangement does not provide separate end-to-end operational channels.
That is, radio traffic must be interrupted to perform link testing.
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Frequency diversity also provides complete equioent redundancy. (This does not
include antennas and waveguide if one antenna is used.) In addition, this type
of diversity also provides two separate end-to-end paths for testing. The link
can be fully tested (excluding waveguide and antennas) even while traffic is
being transmitted.

Of all the types of diversity, the most elaborate is a combination of frequency
and space diversity, also called quad-diversity. This arrangement involves two
frequencies and two antennas at each site. It creates two totally independent
end-to-end paths, allowing a test team to completely test the system without
interrupting traffic.

Another method of diversity, though not in widespread use, is hybrid diversity.
This involves two antennas at one end, one at the cther, and the simultaneous
use of two frequencies. Both transmitters and receivers on one end use one
antenna, but each transmitter and receiver pair on the other end uses a sepa-
rate antenna (see figure 3-4).

Availability is defined as the amount of time (A) a link is operating properly
during a specific period of time (T), divided by that specific period of time,
or (A/T) x 100 percent. A is time available (hours) and T is period of time
over which available time is measured. For instance, if a microwave link
worked 10 hours out of a 20-hour period, its availability would be 50 percent.
On the other hand, if it were available 19.97 hours out of 20, the availability
would be 99.85 percent. The greater the system availability, the better the
system.

Each diversity scheme has its own availability. The availability of the Yink
is a result of factors such as antenna separation, frequency separation, trans-
mission power, and antenna gain. Consequently, the type of diversity used
should be determined by the required availability. The goal in diversity is

to increase the availability. Generally, the combination of frequency and
space diversity is the most expensive and provides the best availability.
However, it is not always practical or affordable.

3.2.3 Multiplex Plans. The basic methods used for digital transmission are
discussed in the following paragraphs.

3.2.3.1 Time Division Multiplexing Fundamentals. Time division multiplexing
(TOM) or digital multiplexing is the simplest form of multiplexing in existence
today. Figure 3-5 shows the basic concept used for TDM. Instead of separating
each voice frequency (VF) channel in frequency, each one of the channels shares
the transmission medium in time by using sampling technigues, encoding each
sample, and interleaving the pulse trains.

3.2.3.1.1 Modulation Techniques. In order to multiplex by time division, VF
signals must be changed to some form of pulse modulation. Five of the most
common methods of pulse modulation are

a. Pulse amplitude modulation (PAM).

b. Pulse duration modulation (PDM).
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c. Pulse position modulation (PPM).
d. Pulse code modulation (PCM).

e. Delta modulation (DM).
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Figure 3-5. Time division multiplexing.

Of these five methods, the two most frequently used with TDM transmission are
PCM and DM. PCM is the most widely used means of multiplexing and is there-
fore discussed in depth in paragraph 3.2.3.2. The five techniques are briefly
described in the following paragraphs, and figure 3-6 illustrates the five
methods.

a. Pulse Amplitude Modulation (PAM)

In PAM, the amplitude of each pulse represents the amplitude of the
modulating wave at a specific instant in time. PAM is a preliminary step used
in constructing PCM. PAM is a simple method, but is quite susceptible to noise
in the transmission medium. Because the signal intelligence is represented by
the pulse height, a small amount of noise can change the pulse height enough to
affect the signal intelligibility.

b. Pulse Duration Modulation (PDM)

In POM (often called pulse-length modulation or pulse-width modulation),
the instantaneous value of the modulating wave is represented by the width of
the pulse.
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Figure 3-6. Types of
modutation employed.

c. Pulse Position Modulation (PPM)

In PPM, all pulses are the same size and the same shape. The instantaneous
value of the modulating wave displaces the pulse from its normal position by an
amount proportional to the amplitude of the modulating wave.

d. Pulse Code Modulation (PCM)

In PCM, the message is sampled periodically and the values observed are
coded into arrangements of binary digits (bits). The transmission of these
bits has a broad tolerance to transmission system noise and distortion.

e. Delta Modulation (Differential PCM)

Delta modulation, or differential PCM, is the most straightforward method
of encoding a voice channel for transmission. The sample rates used are higher
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than standard PCM, i.e., >8000 Hz for voice frequencies. Each sample amplitude
is compared to the prior sample to establish a binary digit for that clock
period, as shown in figure 3-7. Generally speaking, delta modulation is used
at lower bit rates than PCM and thus provides increased channel capacity, much
simpler circuitry, and lower cost. As illustrated in figure 3-7, the quality
of the output digital signal is dependent upon the relation of the clock rate
to the frequency of the input signal.

pirtrrrrrrtrned CLOCK

1
L 1 1 11 .
T 17 1 “TIHT OUTPUT 4 v

0

INPUT SIGNAL

SIMPLE DELTA MCDULATICN

i o STRAIGHTFORWARD CIRCUITRY
f LOW COST

o LIMITED HIGH-FREQUENCY/HIGH-AMPLITUDE
RESPONSE FOR MODERATE CLOCK RATES

Figure 3-7. Delta modulation or differential PCM.

3.2.3.1.2 TDM Hierarchy. The buildup of tiers of TDM is called the digital
hierarchy and has been established for North America by the Bell System.
Table 3-1 and figure 3-8 show bit rates and voice channels used, which are
comparable to the group, supergroup, mastergroup, and jumbo group of analog
multiplexing. This digital hierarchy is established in conjunction with PCM
because of its wide usage in TDM today. Note the multiplexer scheme used in
transition from T-1 to T-2 (DS-1 to DS-2) or DS-2 to DS-3.

TABLE 3-1

PCM BIT RATES

Bit Rate Number of Voice WECo

(Mb/s) T Streams Channels Name

1.544 1 24 DS-1 Digroup

3.152 2 48 DS-1C (Two Digroups)

6.312 4 96 DS-2 Supergroup
38.345 24 576 1/2 FCC 1152 Channel
44,736 28 672 DS-3 Masterdigroup

274,176 168 4032 DS-4 Undesignated
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At present, DS-1 and DS-3 are the CCITT North American standards and, there-
fore, present the most logical choices for multiplex radio interface. DS-4
(T-4) is currently being used in some applications involving fiber optics.
Table 3-1 is provided for quick reference to the standard PCM bit rates in
use today.

The 3.152-Mb/s signal, designated as DS-1C, consists of two 24-channel PCM
digroups and constitutes a unique signal generated by only certain manufac-
turers of channel bank units (ITT does currently supply M12 multiplex).

An elementary digital multiplex system, such as an M12, M13, or an M23 multi-
plexer, would have the output series stream bit rate at exactly the algebraic
sum of the input parallel bit rates. However, this mode of operation can
neither accommodate variations or clock tolerances in the parallel streams
nor provide for framing. Both these features are necessary in practical
service. Therefore, in digital multiplexers the output bit rate is always
somewhat higher than the sum of the input rates at their maximum tolerance.
The excess bit time slots are called overhead and are used for various house-
keeping functions, as shown in figure 3-9.

As each tier of multiplexing builds up, it must have more elaborate frame i
formats to keep the receiving terminal in synchronization. A control word
must be included to indicate to the receiver which bits are overhead and
are to be discarded when clocking out the traffic signals. To accommodate
{ the variations in the parallel stream rates, a scheme of "stuffing" or jus-
tification is used (see figure 3-9). Stuffing bit slots are time slots in
which an overhead bit stream may be inserted if there is not a bit ready to
! be clocked out of the next channel register. The control word indicates which
& of the time slots contains a stuffing bit that must be removed at the end ter-
; minal. Obviously, this feature creates an empty time slot at the receiver,
which is accounted for by an elastic storage register and smoothed output
clock so that a continuous information bit stream results,

The concept of pulse stuffing, as it relates to the DMX-13B upper-level muldem,
is described in more detail in paragraph 3.2.5, Hardware Realization/Design
Considerations.

3.2.3.1.3 Other Considerations. Another point especially noteworthy is that
of the various waveforms used in the TOM system today. Figure 3-10, taken
from the Interrange Instrumentation Group (IRIG) 106-77 document, provides a
summary of the various waveforms commonly encountered in digital communication
systems. The bipolar output format encountered in standard T-1 transmission
is not shown, however, in figure 3-10. This waveform, in a non-return-to-zero
(NRZ) format, places the majority of the energy in the transmitted pulses at
one-half the pulse repetition frequency. This concept is illustrated in
figure 3-11.

The multiplexer or channel bank unit performs all logic operations in a uni-

: polar PCM format. In a unipolar format, PCM pulses make only positive tran-

e sitions from the baseline. The appropriate multiplexer output circuit then
converts the unipolar PCM signal to bipolar for external interface purposes.
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As shown in figure 3-11 (B), in a bipolar format pulses are transmitted
alternately in positive-going and negative-going directions with respect
to the zero voltage baseline, regardless of the number of intervening no-
pulse time slots. The bipolar signal is 6 volts peak-to-peak and has the
following advantages over unipolar:

a. It halves the frequency at which the principal energy component l
occurs. Compare figure 3-11 (A) and (B). The principal energy component '
of bipolar occurs at 772 kHz rather than 1.544 MHz. The transmitted band-
width is effectively reduced from 3.088 MHz to 1.544 MHz.

b. Because the bipolar pulses alternate, the signal has no direct cur-

rent (dc) component. This allows intervening components, such as regenerative
repeaters, to be transformer-coupled to the line.

c. Violations of the bipolar format are easily detected.

The minimum bandwidthr that a pulse of some fixed width can pass through and
still get to its full amplitude is called the Nyquist bandwidth. CZonsider an
alternating NRZ bit stream or square wave of some frequency, as shown in fig-
ure 3-12. If this square-wave voltage were applied to a Gaussian low-pass
filter that could be tuned and if the output were examined, the square wave
would reduce to a trapezoid wave and finally to a sine wave as the filter
bandwidth was reduced (see, for example, figure 3-13). A critical point
would be found where the sine wave would start to reduce in amplitude as
further band 1imiting was applied. This point defines the Nyquist band-
width and assumes no phase delay variation in the filter.

When a filtered random data stream is displayed on an oscilloscope that has
been adjusted to show several clock periods, the picture is called an "eye
pattern."” It consists of an upper horizontal line representing a "1," a
Tower line representing a "0," and several crossings representing transi-
tions. Exampies of eye patterns are illustrated in figures 3-14 and 3-15.

Monitoring the eye pattern is an excellent way to observe the quality of a
digital signal. If impairments (such as insufficient bandwidth, phase or
delay nonlinearities, or noise) are introduced, the eye will start to fill
in and the picture will blur. Closing of the eye indicates impairment of
the digital signal in the transmission medium. Blurring of the eye is
caused by impairments other than noise (called intersymbol interference)
and reduces the noise tolerance or error threshold of the system.

A special case of controlled intersymbol interference is sometimes used.

In the example above, consider that the band 1imiting continued until it
reached exactly one-half of the Nyquist bandwidth. In this case, it would
take two adjacent like symbols (square-wave element of one-half frequency)
for the output voltage to reach either a maximum or minimum. Alternating
symbols would remain near the center between the maximum and minimum voltage,
which creates a three-level signal occupying one-half the bandwidth that can
be resolved at the receiving end by 1 bit of storage and differential com-
parison. This technique (illustrated in figure 3-16) is called partial




RANDOM
BIT STREAM

@ SANDWIDTH NARROWED = EFFECT ON PULSE SHAPE

® NYQUIST BANDWIDTH = CRITICAL BANDWIDTH
THAT ALLOWS PULSE TO JUST GET TO
UNIT HEIGHT

Figure 3-12. Bandwidth and pulse shape.
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® WHEN SEVERAL CLOCK PERIODS OF NYQUIST-FILTERED
,{ RANDOM DATA ARE DISPLAYED ON AN OSCILLOSCOPE,
THE RESULTING PICTURE IS CALLED AN “EYE PATTERN"

@ AS NOISE IS ADDED TO THE DATA SIGNAL, THE EYE
PATTERN WILL “SQUINT’* OR START TO CLOSE AT CLOCK
PERIOD TIMES

® PULSE DISTORTION DUE TO FILTERING AND DELAY
CAUSES EYE TO BLUR AND 1S KNOWN AS INTERSYMBOL
INTERFERENCE

Figure 3-14. Eye patterns.
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® AN EYE PATTERN DETECTOR IS A TIME-GATED VOLTAGE
SENSOR THAT LOOKS FOR SIGNALS NOT AT MINIMUM OR
MAXIMUM VOLTAGE

® |F EYE PATTERN TRANSGRESSIONS ARE COUNTED AND
INTEGRATED A PREDICTION OF PROBABLE ERROR RATE
PERFORMANCE CAN BE MADE WITHOUT KNOWLEDGE OF
INFORMATION CONTAINED IN DATA STREAM

Figure 3-15. Eye pattern detector.
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response filtering and can be used to conserve bandwidth whon modulating a linear

transmission system with a digital signal. An extension of multilevel signaling

to seven levels may be used to reduce the required bandwidth of the 1.544-Mb
stream to about 400 kHz. This signal is then inserted into the lower 50C-kHz
baseband spectrum of an FM/FDOM system, and is called data under voice (DUV).

The partial response method of transmission is especially suitable in applica-
tions in which less than 192 PCM channels are used. Referring to figure 3-16,
the center level ambiguity indicating either 1,0 or 0,1 can be resolved by
merely observing the previous value to see if a logic 1 or logic 0 existed.
The partial response technique as applied to radio interface and transmission
is further discussed in paragraph 3.2.3.3.

3.2.3.2 Pulse Code Modulation (PCM). PCM is used for the generation of a
serial bit stream that represents the digitization of a group of voice cir-
cuits, along with their supervision or signaling in the North American DS
hierarchy.

This signal is at 1.544 Mb/s; is made up of 24 VF channels that have been
sequentially sampled, encoded, companded, and framed; and is known as the
DS-1 or digroup signal.

PCM requires more bandwidth than amplitude modulation, but it uses the band-
width more efficiently than any other modulation method in overcoming noise
and distortion factors. Figure 3-17 shows the principle of converting one
of the 24 voice signal inputs into the digital PCM sample. Each of the 24
voice channels is sampled sequentially 8,000 times per second.

By sampling each channel at 8 kHMz, a frequency which is greater than twice the
3.1-kHz bandwidth of a voice channel, good fidelity is ensured even at the
upper limits of the channel. Figure 3-18 demonstrates the principle of sequen-
tially sampling each of the 24 channels.

This sampling operation produces a pulse amplitude modulated (PAM) signal in
which the sampled ampiitudes from all 24 channels occur sequentially every
125 microseconds (refer to figure 3-17). Each PAM pulse is then coded into
a digital 8-bit word by quantization.

In order to minimize the distortion of lower level signals, the PAM samples
are digitally encoded according to a u-law compression scheme. This method
of compression, illustrated graphically in figures 3-19 and 3-20 and applied
in figure 3-17, is comparable to emphasis in FM/FDM systems.

This compression law is defined by
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where
u = 255
x = compressor input
y = compressor output.

If linear amplitude steps were encoded, low-level signals would have coarse
steps that would increase the quantizing noise. In order to re@uce the noise,
the amplitude quantizing steps are made smaller near the zero signal level and
are made considerably larger at higher levels. Improvements of up to 30 dB are
achieved by using this companding technique. The .-law technique uses the fol-
lowing rules in encoding each PAM sample:

Moons e PP

a. Bit 1 includes the polarity of the PAM sample. Logic 1 represents
a positive level.

Adnes e

b. Bits 2, 3, and 4 encode the number of the segments within which the
sample falls. Adjacent segments are in the ratio 2:1.

; c. Bits 5, 6, 7, and 8 encode the step within the segment in which the
g PAM amplitude falls. Each segment is divided into 16 equal steps.

Figure 3-20 demonstrates the code building principle. Since 8 bits are used,
S 256 (i.e., 27) quantizing steps are realized. Thus, with each of the 24 voice
p ! channels sampled once and coded into 8-bit words, a bit stream of 192 bits is
generated:

: 8 bits

24 channels x Channel = 192 bits.

The 192 bits, which represent each of the 24 channels being sampled once, con-
stitute a frame. A framing bit is added at the start of each frame to provide
synchronization of the receiving channel bank unit. This brings the total
] number of bits in a PCM frame to 193. Since there are 8,000 frames generated
4 per second, the T-1 signal has a bit rate of 1.544 Mb/s.

The PCM channel bank unit performs one other significant operation on the bit
stream before the addition of necessary channel signaling takes place. The
specifications of a T-1 signal require an average pulse density of one logic
1 per 8-bit period, with no more than 15 consecutive zeros. If all 24 voice
channels were idle, this condition would be violated. The channel bank unit
therefore complements the 7 bits of the code associated with the segment and
segment step (bits 2 through 8). The most significant bit (bit 1), which
gives an indication of a positive or negative signal, remains unchanged
through this process.

The final operation that takes place on the T-1 signal is the addition of
e necessary channel signaling. This signaling information consists of on-hook,
1 off-hook dial pulses and other indications that must be detected and serviced
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by the appropriate switching facilities in order to provide a usable communi-
cations network. Similarly, the switching equipment must be able to signal
the channel bank when to apply and remove ringing or other appropriate output
functions. This necessary signaling is accomplished by using a PCM code bit
previously dedicated to voice channel amplitude coding.

Two signaling bits are assigned for input signaling to the switching facility
(ISA and ISB) and two for output signaling (OSA and 0SB). Therefore, the
channel bank unit at the subscriber end inserts ISA and ISB, while the
switching facility inserts OSA and 0SB. Insertion of the signaling bits is
accomplished by using the least significant bit (bit 8) from the PCM sample
on every 6th frame of the T-1 format. At frame number 6, ISA {or 0SA on the
output side) replaces bit 8 of the PCM code. At frame 12, ISB {or 0SB) is
inserted for bit 8.

Since the A and B status signaling is specifically loaded in alternate 6th
frames, a means must be provided for the receiving channel bank unit to iden-
tify the 6th (A signaling) and the 12th (B signaling) frames. This function

is provided by specifically controlling the status of each frme bit. A syn-
chronizing pattern is provided, as shown in table 3-2. Frame sync is monitored
by observing the alternating 1-0-1-0 pattern of the odd frame sync bits. The
even sync pattern is monitored for a change from O to 1 at frame 6 and 1 to 0
at frame 12,

TABLE 3-2

SYNCHRONIZING PATTERN

Frame Number 1234567891011 12
Channel Sync 0dd Frames 1-0-1-0-0 - 0 -
Channel Sync Even Frames -0-0-1-1Y- 1 - 0

Combined Sync A1l Frames 100011011 Y 0 O

Figure 3-21 illustrates the final format of the T-1 signal. At the bottom,
the 12-frame repetitive pattern is shown. From right to left above the

12 frames, the alternating 1-0-1-0 sync pattern is shown, which is indica-
tive of the odd frame pattern. Below, the even frame pattern illustrates
how the change of even frame sync from 0 to 1 signals that the next frame
(6) contains the input or output signaling bit A. Whenever the even sync
bit changes back to 0, the next frame is 12, and the B signaling bit is in
all channels. The PCM sample at the top of figure 3-21 shows how the A and
B signaling bits are inserted at frames 6 and 12.

3.2.3.3 Digital Transmission Fundamentals. Two families of digital microwave

transmission equipment cover the majority of communications needs. These two
families are outlined in the following paragraphs.
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a. Low Density Applications (< 192 PCM Channels)

The requirement for low density applications may be effectively satisfied
by a three-level partial response technique that effects medium bandwidth
efficiency, i.e., approximately 1 bit/Hz. Multiplexing techniques may
include PCM and continuously variable slope DM.

b. High Density Applicatiens (> 192 PCM Channels)

The requirement for high density applications is better suited for an 8-phase
shift keyed (8PSK) or other PSK/RF transmission method. On lower density
transmission applications, analog radio using three-level partial response
may be employed, while higher density requirements should be met by using a
transmission approach that has higher bit efficiency (- 2.25 bits/Hz).

{ 3.2.3.3.1 Digital Modulation Techniques. Three primary forms of digita)

’ modulation exist, with numerous variations of each type. These three basic
forms are as follows:

A a. Amplitude shift keying (ASK).

b. Frequency shift keying (FSK).
c. Phase shift keying (PSK).

. Corresponding analog modulation techniques are amplitude modulation (AM), fre-

quency modulation (FM), and phase modulation (PM), respectively. Of the three

y digital methods, the type discussed in depth is PSK, and, more specifically,

.« 8 PSK. As a general rule, the phase-modulated carrier yields the least per-
formance in the presence of random noise, while beirg quite easy to implement
in microwave applications.

Given a digital message, the simplest modulation technique is ASK, wherein the
carrier amplitude is switched either on or off. ASK is illustrated in figure
3-22. The ASK modulation technique is obviously a two-level system and, simi-
lar to AM, has wasted power in the carrier.

FSK is a method whereby the carrier frequency is shifted between f, and f- by
the input bit stream. Figure 3-23 illustrates the technique used in FSK. This
system uses two logic levels and is widely used in teletype communications.

In its simplest form, PSK is better known as binary PSK (BPSK) or 2PSK and con-
sists of a two-level system, as illustrated in figure 3-24. The carrier phase
is shifted 180° from its original phase upon a transition from a logic 0 to 1
or 1 to 0. A1l other PSK methods are based on the BPSK techniques, while

using more logic levels.

anternary phase shift keying (QPSK) or 4PSK, demonstrated in figure 3-25, pro-
vides four logic levels by phase shifting the carrier in combinations of 2 bits
each: 0,0; 0,1; 1,0; or 1,1. This technique increases the bit efficiency
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Figure 3-22. Amplitude shift keying.

3-32




o A M

MODULATED CARRIER CUTPUT

Y
8T MODULATED
' —t SWITCH i
STREAM CARRIER

OuUTPUT

f2

¢ ¢
i

1 ‘2

CARRIER
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Figure 3-23. Frequency shift keying.
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Figure 3-24. Phase shift keying.
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(bits/Hz) of the system over the 2PSK system, while increasing the required
signal-to-noise ratio (S/N) in order to attain the same BER.

The 8-logic level technique (8PSK) allows a higher bit efficiency (theoreti-
cally 3 bits/Hz) by modulation of the RF carrier in combinations of 3 bits

each. This allows for 8 discrete phases or logic levels: 2N = number of
logic levels or phases. A typical 8PSK system is illustrated in figure 3-26.
For the MDR-8-5N, the 45-Mb/s bit stream is divided into three discrete buses
of 15 Mb/s each (X, Y, and A buses). These three data streams directly modu-
late the 8-GHz RF carrier.

0.1.0
%5 C.1, 0.0.1
BS \
3  MOD .00
o =3 = 89 - »0.0.0
=T Bs |MOD CARRIEP
1.1
1.1.0
CARRIER
PHASE
POSITIONS

® USED BY COLLINS IN MDR-( ) EQUIPMENT
® 8-LOGIC LEVEL SYSTEM

Figure 3-26. Eight-phase shift keying.

As applicable to the MDR-() series radio, the actual bit efficiency attained
by 8PSK is 2.25 bits/Hz. This figure, slightly less than the theoretical
3 bits/Hz, is due to RF filtering, equalization, and transmitted spectrum
attenuation. However, this 2.25-bits/Hz efficiency reflects maximum use of
the 40-MHz spectrum allowed by the FCC for transmission of two T-3 carriers.
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The disadvantage of 8PSK is the increased S/N over BPSK or QPSK systems required
in order to receive the same BER. Figure 3-27 reflects the BER comparisons in
PSK systems.

® EQUAL BW
® OPTIMUM SYSTEM DESIGN

S/N IN DB

16 PSK

10~

BER

1075

|
8 10 12 14 16 18 20 22 24 26

Figure 3-27. BER curves, theoretical.

Sixteen-phase shift keying (16PSK) effects a higher bit efficiency (4 bits/Hz
theoretical) at the expense of noise threshold. The problems associated with
16PPSK are the excessively high S/N required to attain the equivalent BER BPSK
or QPSK systems. A 16PSK system is illustrated in figure 3-28.

One of the major figures of merit for any digital communications system is its
BER at a specified S/N. This figure, analogous to the noise-power ratio in
FM/FDM systems, represents an ultimate gage of performance. Figure 3-27 is a
graph of the BER attained with various PSK systems plotted against the S/N
required to acheive the particular BER. It is clear from figure 3-27 that as
the number of logic levels increases, the S/N required to attain a specific BER
increases drastically. From this plot, it is obvious that BPSK offers the
optimum tradeoff in terms of S/N and bits/Hz efficiency.
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Figure 3-28. Sixteen-phase shift keying.

Partial response keying is the modulation technique used with conventional
analog radio. The three-level baseband, either amplitude or frequency, modu-
lates the RF carrier as illustrated in figure 3-29. Also included as partial
response techniques are the QPRS AM and QPRS AM + PS¥ schemes, as illustrated
by figures 3-30 and 3-31. Both these methods provide a 16-level logic output
with a theoretical 4-bit/Hz bit efficiency, sacrificing noice threshold.

Figure 3-32 provides a summary of the digital modulation techniques presented

thus far, showing the various tradeoffs associated with each technique. Note

that Nyquist bits/Hz figures are theoretical and, therefore, are slightly less
when configured in an actual transmission system.

In using the 8PSK modulation technique, it is necessary to band-limit the trans-
mitted spectrum because of restrictions imposed on available bandwidth by the
FCC. For example, the output spectrum of the MDR-() series radio (for two T-3
carriers, 90 Mb/s) resembles that seen in figure 3-33. The optimum filtering

of the signal in order to meet FCC requirements and to minimize noise bandwidth
is accomplished by filtering at both the transmitter and the receiver. This
concept is illustrated by a simplified block diagram in figure 3-34., The FCC
lTimitations on emission of a digital signal dictate the spectrum characteris-
tics of the transmitter, illustrated in figure 3-35. Note that there is no
unique solution for the filter transfer function H.(W). Instead, there may

be many solutions of equal performance, because the emitted spectrum limita-
tions pertain to the skirts of the output rather than to the portion near the
center band. After an acceptable transmitter characteristic has been determined,
the next problem is the choice of a receiver characteristic that minimizes the
effects of noise, illustrated by fiqure 3-36.

The effect of the overall filtering of the 8PSK RF spectrum is called raised
cosine s> ning. Bcth the frequency response and the impulse response are illus-
trated in the common function (Sin X)/X (see figure 3-37). The parameter estab-
lishes the width of the rolloff and can be used to adjust the amount of bandwidth
required for a given data rate. For further information concerning the raised
cosine shaping technique, refer to the Bell Telephone Laboratories text, "Trans-
mission Systems for Communications." This text is listed as a reference document
in appendix B.
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e 4-LOGIC LEVEL SYSTEM
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MOD 10'
CARRIER

BIT PAR 3 LEVEL AM
REAM
S FILT |gaseBaND |RADIO

CARRIER
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® RADIO CARRIER MODULATED OR SWITCHED TO
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@ 4-LOGIC LEVEL SYSTEM
® 3 VOLTAGE LEVELS

Figure 3-29. Tertiary partial response keying
(illustrated for FM and AM).
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FIXED BANDWIDTH
TYPE LOGIC |NYQUIST | SIGNAL-TO-NOISE
LEVELS | BITS/HZ FOR 10-* BER

(COHERENT DET)
AMPLITUDE 2 1 14.4 dB
E3K | 2 1 11.7 cB
PARTIAL RESPONSE FM a 2 21.2 dB
PARTIAL RESPONSE AM 4 2 23.3 dB
2 PSK 2 1 8.4 cB
4 PSK I : 5 114 cB
8 PSK | 8 ] 3 16.5 ¢B
16 PSK 16 3 s 22.1 cB
QPRS AM ‘ 16 ' 4 314 @B
QPRS AM - PSK l T B 28.5 cB

® PRACTICAL SYSTEMS OPERATE AT REDUCED
PERFORMANCE BASED UPON FILTERING. EQUALIZATION.
AND TRANSMITTED SPECTRUM ATTENUATION

Figure 3-32. Comparison of modulation systems.
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Figure 3-33. Occupied RF spectrum.
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XMT FILTER

Solw) — Hilw) — Fi.)

Flw) = Solw)Hy(w)
Flw) = WITHIN FCC RESPONSE LIMITS

Flw)
Hy(w) =
Sol(w)
w=2nf

Figure 3-35. Transmitter filter,

RCV FILTER

Flo) = Wiw) —ad Ho (w) [ S(u)

Stw) = [Fiw) * Wlw)] Hy (w)

S(w)

Hy (w) = ————
Flw)* Wlw)

F(w) = TRANSMITTED PULSE SPECTRUM
W(w) = NOISE SPECTRUM
H2 (w) = RCV IMPULSE RESPONSE FREQUENCY CHARACTERISTIC

Figure 3-36. Receiver filter.
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A(m)=1'2'1-SIN-—T— w—"-)‘—l(‘l-a) < (1
2] ST e @ <T=(1-a)
IMPULSE art) = SIN =t/ T CCS anmt,T
P E e
RESPONSE uT 1-4 02t2,'T

\7 0.5

T 27 37‘\\-//1

Figure 3-37.

Impulse response of raised cosine filters.
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3.2.4 System Gain. Basics of system gain and common diversity techniques are
discussed in the following sections.

3.2.4.1 System Gain Basics. In any microwave transmission system, either digi-
tal or analog, one of the first points to be investigated is system gain. System
gain is defined as follows:

transmitted | -| receiver| - | waveguide branching| = system gain
power threshold losses

where

[transmitted power] is the power output in dBm taken directly out of the
RF compartment or power amplifier,

[recgjver threshold] is the receiver carrier power required to achieve a
BER of 107" in a digital system (see figure 3-38) or a S/N of 30 dB in an ana-
log system (see figure 3-39), and

[waveguide branching losses] are the total losses of all waveguide kits
between output of the power amplifier and the antenna itself. This definition
includes filters, circulators, and other apparatus that may contribute losses
to the overall system. As an example, consider the following.

! Example:

A microwave transmitter has a power rating at the power amplifier output of
7 watts. The receiver requires a receiver carrier of -65 dBm in order to
achieve a BER of 107", while the waveguide, circulators, and filters contri-
bute 3 dB of loss to the overa.l system. Find the system gain required.

First, convert the 7 watts to dBm using the following equation:

P y¢ (4Bm) =10 log "2XE2 - 385 4m
107

Next, perform necessary arithmetic:
[38.5] - [-65] - [3] db = 100.5 dB

Thus, a system gain of 100.5 dB is required for proper BER operation, and all
path engineering must be considered with this figure as the goal.

The system gains associated with the four types of PSK are illustrated in

figure 3-40. Note that a 7.7 dB increase in system gain is required for
16PSK over BPSK or QPSK.
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e EQUAL BIT RATE
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SYSTEM GAIN - BB

Figqure 3-40. Comparison of PSK systems.

3.2.4.2 Basics of Common Diversity Technigues. Naturally, different forms of
diversity must be taken into account when determining system gain. Four types
of diversity are commonly used in the majority of microwave systems. These
four methods are described briefly in this section, while they are considered
in more detail in paragraph 5.2, The four commonly used diversity methods are
as follows:

a. Frequency diversity, single antenna.
b. Frequency diversity, dual antenna.
¢. Space diversity receiverg, hot standby transmitters.
d. Power split receivers, hot standby transmitters.
The frequency diversity arrangement provides full and simple equipment redun-

S dancy and has the great operational advantage of two complete end-to-end elec-
‘ trical paths, so that full testing can be done without interrupting service
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(see figure 3-41). Its disadvantage is that it doubles the amount of spectrum
required. The single antenna version provides an economic advantage over the
dual antenna, but is not optimal for a path with several parallel RF channels.

H { f1 [

XMT 31 xmr XMT :} RCV
2 t4 2 12

XMT XMT XMT p— RCV

. 3
acv +3 A RCV RCV | > i }—-—-1 3 XMT

ta 14 t
RCV 2 RCV RCV ——, XMT

SINGLE ANTENNA DUAL ANTENNA

Figure 3-41. Frequency diversity arrangement.

The space diversity arrangement with automatically switched hot standby trans-
mitters also provides full equipment redundancy, but does not provide a separate
end-to-end operational path (see figure 3-42). Because of the requirement for
additional antennas and waveguide, it is more expensive than frequency diversity.
However, it provides efficient spectrum usage and extremely good diversity pro-
tection, in many cases substantially greater than obtainable with frequency

diversity, particularly when the latter is limited to small frequency spacing
intervals.

The RF power split receivers arrangement (better known as standard A, hot standby
equipment configuration) provides an economic advantage over space diversity in
antennas and waveguide and has the same efficient spectrum usage. The disadvan-
tage of this scheme is the 3-dB loss in the RF power splitter. Although it is

not shown in figure 3-43, the power split receivers scheme can also be arranged
for a dual antenna configuration.

3.2.5 Hardware Realization/Design Considerations. Up to this point, the major-
ity of the information presented pertains to communication systems in general.
The purpose of this section is to provide a brief technical description of the
hardware items required in a digital communication system. These technical
descriptions are organized into four discrete sections as follows:

a. MDR-{) Series Radio.

b. DMX-() Digital Muldem.
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c. MCS-11 Fault Alarm System,
d. ITT 1324 Channel Bank Unit.

Individual module schematics are not discussed; rather, a block diagram level
is used as the baseline so the reader may gain information at the more general
system level.

3.2.5.1 MDR-() Series Radio. Rockwell-Collins currently offers a complete line
of microwave digital radios, as well as a family of analog radios compatible with
partial response techniques. The purpose of this subsection is to introduce these
families of radios, providing a system technical description at the rack level,

as well as individual subsystem descriptions. Table 3-3 summarizes the Rockwell-
Collins digital microwave radio equipment available.

TABLE 3-3

MICROWAVE DIGITAL RADIO COMPARISON

Channel Occupied RF
Type Description Capacity _ Spectrum
MDR-12 12-GHz Digital Radio 672 20 MHz
MDR-11 11-GHz Digital Radio 1344 40 MHz
MDR-11-5 11-GHz Digital Radio 1344 30 MHz (5-watt twt)
MDR-11-5N 11-GHz Digital Radio 672 20 MHz
MDR-11-5N 11-GHz Digital Radio 672 20 MHz (5-watt twt)
MDR-8-5N 8-GHz Digital Radio 672 20 MHz (5-watt twt
adjustable)
MDR-6 6-GHz Digital Radio 1344 40 MHz

3.2.5.1.1 MDR-() Regulatory Constraints. The chief external constraint in the
digital radio design process arises from two FCC dockets. FCC docket 18920 on
local distribution sets many of the criteria for users of digital systems. Among
its other provisions, it establishes minimum distance criteria for microwave
equipment in the 4-, 6-, 11-, and 18-GHz common carrier bands. This docket also
sets minimum channel loading criteria for digital and analog systems. The loading
limits require a digital user to show growth for 900 circuits in 5 years for 40-MHz
bandwidth systems, and for 240 channels in 5 years for 20-MHz bandwidth systems at
11 GHz. At 6 GHz, a digital user must show growth for 900 circuits in 5 years for
30-GHz bandwidth systems. FCC docket 19311 on digital microwave establishes cri-
teria for manufacturers of digital microwave equipment. Included in its provisions
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are limits on emissions outside the authorized bandwidth and on scrambling.

Its major provision is a limitation on the minimum number »f equivalent voice
S circuits to be transmitted. This voice circuit limit was <et at a minimum of
3 1152 channels for 4-, 6- and 11-GHz bands. These two dockets, along with the
general provisions in Parts 2 and 21 of the FCC rules and regulations, establish
the regulatory framework for digital transmission.

3.2.5.1.2 MDR-() System Description. Figure 3-44 is a block diagram of a digi-
3 tal radio terminal. The terminal consists of two main blocks: a muldem (mul-

. tiplexer-demultiplexer) and a microwave digita)l radio. The function of the
muldem is to multiplex as many as 56 DS-1 signals (1.544 Mb/s) up to 2 DS-3
signals (44.736 Mb/s), and conversely, to demultiplex 2 DS-3 signals down to

56 DS-1 signals. The DMX-13 upper level muldem is described in section 3.2.5.2.
The function of the microwave digital radio is to transmit and receive these
DS-3 signals with minimum errors. The transmit side of the interface in fig-
ure 3-45 combines the two asynchronous DS-3 signals and creates the three
synchronous 30-Mb/s rails required to transmit the 90-Mb/s data using 8PSK
modulation. Conversely, the receive side of the interface recovers the two

. DS-3 signals from the three 30-Mb/s rails. The 30-Mb/s output of the interface
) is split and connected to the two transmitters. On the receive side, a switch
¥ selects the better of the two received signals and connects it to the interface.
S A key feature is that the interface between the radio and the muldem meets the
DSX-3 cross-connect criteria.

{ If the MDR-() series radio were to be configured as a repeater with no drops or
inserts, the three 30-Mb/s rails could be carried directly across from receiver
to transmitter (as shown in figure 3-45), thereby eliminating the requirement
for the DS-3 (44.736 Mb/s) interface.

T

The narrowband version of the MDR-() series radio (-5N) would be identical to
that shown in figure 3-44, except the three rails would be running at 15 Mb/s
instead of 30 Mb/s, and there would be only one DS-3 signal at the interface
point.

The MDR-() series radio may be logically divided into four fundamental sub-
sections:

a. DS-3 Interface.

b. Transmitter.

¢. Receiver.
d. Auxiliary Equipment.

The following paragraphs provide the reader with a fundamental block diagram
knowledge of each of these digital radio sections.

3.2.5.1.3 MDR-() DS-3 Interface. The function of the DS-3 interface is to
convert two DS-3 signals at 44.736 Mb/s to three 30-Mb/s signals, and vice
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Figure 3-45. Digital radio repeater configuration
s (with no drops).
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versa. Figure 3-46 is a block diagram of the DS-3 interface subsystem. The
two DS-3 signals (in the transmit direction) enter the DS-3 interface through
splitters to input conditioners. The configuration shown is for a 1:1 protected
terminal. The input conditioners convert the bipolar format of the DS-3 signal
to NRZ unipolar data and recover the clock for each of the DS-3 signals. The
input elastic buffer clocks these two signals in at their 44.736-Mb/s rate and
clocks out the data plus overhead bits at a typical 45.129-Mb/s rate. These
two DS-3 signals are synchronized and are multiplexed with the radio frame and
auxiliary channel data in the input rate converter to form three synchronous
30.086-Mb/s signals. Thus, with an input bit rate of 30.086 Mb/s and 3 input
rails, the total bit rate is 90.258 Mb/s.

TRANSMITTER

) i 1 — '———7 X
! ' | Ly,
I A LA A 2z XMTaA
I | ——
i ' CLK
— INPUT ELASTIC INPUT RATE
- CONDITIONERS STORE CONVERTERS
Prt——— X
by
B 8 8 2 XMT 8
| e
'CLK
|
RECEIVER
)
A A A P ]
’ - I
o ! ! — i X
¢ : S —_— "
a— OUTPUT ELASTIC OUTPUT RATE
-— CONDITIONERS STORE CONVERTERS ol
— CLK
B B B
Ot 016

Figure 3-46. DS-3 interface.

The receive direction through the DS-3 interface subsystem is essentially the
inverse of the transmit direction. The output rate converter recovers the

two synchronous 45.128-Mb/s signals from the three 30-Mb/s signals. The out-
put elastic buffer removes the stuff bits and smooths the two 44.736-Mb/s sig-
nals. Finally, the output conditioner restores the signal to the bipolar format
with the B3ZS coding to meet the DSX-3 cross-connect criteria.
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In 1:1 protected systems, the outputs of the two input rate converters are cross-
coupled through switches to permit output from one or the other upon command of
the switch control unit. The output is then split and fed to both transmitters.
Similarly, the outputs of the two receivers are cross-coupled through switches,
and the output of one receiver or the other is split and fed to the inputs of
both output rate converters.

3.2.5.1.4 MDR-() Transmitter. Figure 3-47 is a block diagram of the transmit-
ter section used in the MDR-() series radio. The input to the transmitter comes
from the DS-3 interface in the case of a terminal or a repeater with drops. If
the configuration is a repeater without drops, the input to the transmitter
comes from the decoder modules in an MDR receiver. This input goes to the
auxiliary channel modulator.

The auxiliary channel modulator serves two important functions. First, it
inserts the data into the three rails for the twelve 32-kb/s auxiliary channels.
These 12 auxiliary channels are provided to permit orderwire, fault alarm data,
and other features to be added directly to the three digital bit streams.
Second, it synchronizes to the radio framing bits and reports "“loss of frame"

if synchronization is lost. Furthermore, the auxiliary channel modulator
monitors the incoming clock from the DS-3 interface and reports a "loss of
clock" alarm if the clock is no longer present.

The encoder module also accomplishes two major tasks. First, it scrambles
the data in a pseudorandom pattern to minimize the transmission of line spec-
tra. Second, it differentially encodes the data to transmit the change in
phase angle from the last phase angle transmitted rather than the absolute
phase angle. This permits detection in the receiver without recovering an
absolute phase angle equivalent to 0°.

Each of the three data lines are scrambled, but the X data scrambler feed-
back is modified by the Y and Z data feedback to the scrambler. This proce-
dure ensures that a high error rate in the Y or Z data path between the
scrambler in the transmitter and the descrambler in the receiver will also
affect the X data. Because the X line carries the radio frame data, a loss
of frame alarm will be generated in the receiver.

The 8 PSK modulator is a waveguide structure with three PIN diode phase-
shift sections. The three data streams from the encoder module are amplified
and applied to the PIN diodes for fast transition-time switching. The three
phase shift sections are circulator combined to form a wavequide path from
the frequency-stabilized Gunn oscillator to the IMPATT amplifier {or in the
case of the 5-watt radios, the twt). In this manner, the phase angle of the
RF signal is modified in accordance with the three data streams, X', Y', and
Z'. The output of the 8PSK modulator is an RF signal modulated by a 90-Mb/s
digital signal at a level of +10 dBm (10 mW).

The IMPATT amplifier module provides 23 dB of gain to the modulator output,
which results in an output of +33 dBm from the amplifier. The amplifier has
five stages. The first stage is a low-level Gunn diode amplifier. This is
followed by four stages of IMPATT amplifiers. The output amplifier uses two
diodes to achieve the output power level. The five cascaded, stable reflection
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amplifiers have no spurious operation characteristics. The output goes to zero
when the input goes to zero. A feature of the amplifier is that, should any of
the diodes fail, the reduction in output power is approximately equal to the
loss in gain of that stage. This feature, referred to as fail-soft operation,
. permits continued operation with slightly reduce” fade margin until repairs can
3 be made. The input, output, and interstage coupling are all protected by iso-
lators to minimize interaction.

The MDR-() radio has the IMPATT amplifier for an output power of +30 dBm (1 watt)

at the output of the transmit shaping filter. The MDR-()-5 uses a twt amplifier

for an output of +37 dBm (5 watts) at the output of the transmit shaping filter.
\ The MDR-()-5 is used for paths requiring extra system gain. In the case of the
3 MDR-8, the radio is currently available only with the twt (5-watt) output, which
3 js adjustable from a 1- to 5-watt output.

5: The transmit shaping filter is a 5-pole Chebischev design. The filter shapes
the transmitted spectra to meet the FCC mask and obtain optimum performance,
: as previously discussed in section 3.2.3.3.1.

3.2.5.1.5 MDR-{) Receiver. The receiver portion of the MDR-() is shown in
block diagram form in figure 3-48. The received signal is coupled through a
preselector filter into a low-noise mixer. The noise figure of the receiver
at the input to the preselector filter is approximately 8 dB and at the input
to the mixer is approximately 6 dB.

The low-noise mixer down-converts the RF signal to 70 MHz with the low side

i injection from the frequency-stabilized Gunn oscillator. The oscillator is
identical to the oscillator used in frequency diversity versions of the MDR
transmitter. The mixer contains an automatic gain control preamplifier at
70 MHz to extend the dynamic rarge of the receiver to 60 dB.

The output of the Tow-noise mixer is coupled to the intermediate frequency

(IF) amplifier module. The IF amplifier sets the receiver noise bandwidth in
the IF filter. The delay equalization for the filter is provided by six equal-
izer sections. These equalizers compensate for the IF and transmit filter
differential delay. The IF signal is apolied to system equalizers to compen-

f sate for system differential delay and small values (5 to 10 nanoseconds) of

: absolute delay. Finally, the output is amplified for coupling to the 8PSK
demodulator unit.

The 8PSK demodulator recovers the data (X', Y', and Z') presented to the pre-
vious modulator by recovering a coherent carrier and comparing the received
signal with that carrier to determine the relative phase angle. The 8-level
ambiguity in the phase of the recovered carrier is resolved by the differential
encoding/decoding. The unit also recovers the clock signal to synchronize an
internal crystal oscillator used to provide noise reduction and timing alignment.
Data detectors sample the phase-detected received signal at the optimal instant
in time to regenerate the data. Eye pattern error detectors monitor the received
signal to statistically determine the BER of the receiver.
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The output of the 8PSK demodulator is coupled to *he decoder module, which
removes the differential encoding and unscrambles the data. The output of the
decoder module then goes to the DS-3 interface {if *he confiquration is a ter-
minal or a repeater with drops) or to the enccder module (if *re configuration
is a repeater without drops).

The auxiliary channel demodulator monitors the radio frame bits on the X data _
bus and selects the 12 auxiliary channels from the Y data bus. The auxiliary é
channel demodulator then demultiplexes these 12 channels and regenerates the ’
32-kb/s clock signal. The auxiliary channel demodulator also generates an
alarm when the frame being detected has been inserted by a previous auxiliary
channel modulator.

3.2.5.1.6 MDR-() Auxiliary Equipment. The auxiliary equipment in an MDR bay
contains the orderwire, fault alarm, display, and switch control equipment
required to permit a protected terminal to be contained in a single bay. The
auxiliary equipment provides the insertion of the :twelve 32-kb/s auxiliary
channels in the transmit direction, while providing for the demultiplexing of
the 12 channels in the receive direction. Table 3-4 illustrates the functions
of each of the 12 channels,

TABLE 3-4

FUNCTIONS OF THE 12 CHANNELS

Channel Function Channel Function

1 Express Orderwire 7 Frequency Diversity
Switching
2 Express Orderwire e Unassigned
3 Fault Alarm q Unassigned
4 High-Speed Analog 10 Unassigned
5 Orderwire 11 Unassigned
6 Frequency Diversity 12 Unassigned
Switching

Channels 1 and 2 are assigned to express orderwire and are extended to equip-
ment outside the rack. Channel 3 is dedicated to fault alarm reporting of the
MDR equipment. Channel 4 is used to monitor and report analog voltages associ-
ated with various power supplies. Channel 5 is assigned for a partyline order-
wire, which is the network primarily used for system maintenance. Channels 6
and 7 are responsible for switching of the appropriate transmitter and receiver
and are used in frequency diversity applications only.
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3.2.5.2 DMx-() Digital Muldem. The purpose of *his paragraph is to provide a
fundamental working knowledge of the Rockwell-Collins product Yine of digital
muldems. Currently, four digital multiplex systems are off. red, as outlined
in table 3-5.

TABLE 3-5

DIGITAL MULTIPLEX SYSTEMS

Type Description
OMXx-12 Combines up to 96 VF channels into
a. 3-level partial response
b. 6.3-Mb/s bit stream

DMX-13 A,B,C* Combine up *o 1344 VF channels into
2 discrete T-3 carriers.

*Differences in the A, B and C models involve means of protection only,
not voice capacity.

3.2.5.2.1 DMX-() System Description. In the design of a multiplexer family
such as the DMX-13 A, 8 and C, one of the fundamental considerations is pro-
viding a low-cost and reliable means of dropping or inserting a sinale channel
(T-1 Tine). In the worst case a* a repeater, it would be necessary to provide
terminal hardware to allow for drop and insert. The design challenge, then,

is to provide a method of drop and insert that uses less hardware than that
provided for the same number of channels at a terminal. In addition, it would
be desirable to use standard interfaces and modules that are identical to those
used at the terminals.

Naturally, another fundamental design criterion is to provide all the necessary
interfaces in a standard fashion. That is, all interfaces should be compatible
with the Bell System digital hierarchy, discussed in section 3.2.3.

Redundancy of the various DS bit streams is also an important design criterion.
TDM systems may be compared to FDM in that the T-1 level (1.544 Mb/s) is com-
parable to a group in FDM. In most FDM systems, the group level is nonredundant.
Similarly, in TOM, the T-1 level is nonredundant. The second multiplex tier
(6.312 Mb/s) is roughly comparable to the supergroup in an FDOM system. In the
majority of FDM systems, the supergroup is protected with standby circuits on

a 1:1 basis. In the TOM world, protection circuits at the DS-2 level are pro-
vided optionally on a 1:N basis. Most TDM systems use 1:7 protection, with a

few using 1:14. In TDM, the DS-3 Tevel (44.736 Mb/s) is equivalent to the
mastergroup used in FDM systems. This DS-3 bit stream is also commonly referred
to as the high-speed equipment and is usually protected on a 1:1 basis. However,
for a dual T7-3 system (i.e., 90 Mb/s) it is more convenient to protect on a

1:2 basis. The following chart reflects redundancy requirements as they differ
among the DMX-13 A, B and C,
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13 A - 1:1 automatic high-speed protection for one 7-3 (672 channels).
1:2 automatic high-speed protectior for two 7-3 (1344 channels).

Provisions for expansion to automatic or manual low-Speed
protection.

13 B - 1:1 automatic high-speed protection for one T7-3 {672 channels).
1:2 automatic high-speed protection for two T-3 (1344 channels).
1:4 manual low-speed protection (DS-1 and DS-2).
Provisions for expansion to automatic low-speed protection.

13 C - 1:1 automatic high-speed protection for one T-3 (672 channels).
1:2 automatic high-speed protection for two T-3 (1344 channels).
1:14 automatic low-speed protection (DS-1 and DS-2).

Also uses a hit-by-bit comparison technique from input to output
for error detection.

Figure 3-49 i< a block diagram illustrating the three basic subsections in the
DMX-13():

a. DS-1/DS-2 equipment.
b. 0DS-3 equipment (high-speed).
c. LBO/switch equipment,

As illustrated, either 56 independent T-1 digital signals or up to 14 T-2 digi-
tal signals may be combined into two T-3 carriers for transmission or decom-
bined in the receive direction. The DMX-13 first multiplexes four 1.544-Mb/s
data streams into a DS-2 (6.312-Mb/s) digital signal. This operation, along
With necessary framing and bit stuffing, takes place in the DS-1 low-speed
equipment. Seven DS-2 signals are then combined in the high-speed equipment

to provide a 44.736-Mb/s output. The LBO/switch equipment is provided only

in the DMX-13 B and C versions to provide necessary redundancy.

3.2.5.2.2 DS-1/DS-2 Equipment. The DS-1/DS-2 equipment (commonly referred to
as the low-speed interface equipment) consists of the following:

a. DS-1 Interface Modules.
b. Low-speed Transmit Common Modules.

¢. Low-speed Receive Common Modules.
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d. DS-2 Transmit Module.

If DS-2 is required.
e. DS-2 Receive Module.

Figure 3-50 illustrates the DS-1 interface equipment. Note the standby rails
existing both from the low-speed transmit equipment and to the low-speed receive
equipment. Four DS-1 interface modules are connected to each set of low-speed
transmit and receive common modules. The transmit module multiplexes four T-1
lines into one DS-2 signal (6.312 Mb/s), while the receive module demultiplexes
each DS-2 line into its constituent T-1 digital signals.

As discussed in section 3.2.3.1, the standard DS-1 digital signal is in a bipolar
format; i.e., it has no dc component. Therefore, in the transmit direction, each
DS-1 interface module must first convert the input bipolar signal to a unipolar
format and then extract the timing from each 7-1 digital signal. Transmit data
is sent to the low-speed transmit unit, which generates the necessary clock for
four DS-1 interface units and combines the data inputs of the four interface
urits, along with necessary framing and stuffing bits, to form a DS-2 bit

stream (6.312 Mb/s).

In the receive direction, the low-speed receive module generates timing signals
for demultiplexing the data stream into four 1.543-Mb/s outputs. Stuff bits
added at the transmit end are detected and deleted. The received data is
routed to the DS-1 interface module, where it is converted back to a bipolar
DS-1 signal.

The DS-2 equipment (illustrated by figure 3-51) is used to provide the necessary
interface between the "S-2 input and the high-speed equipment (44.736-Mb/s point).
In the transmit direction, the DS-2 transmit equipment converts the 6.312 Mb/s to
emitter-coupled logic (ECL) levels used in the high-speed shelf. Necessary stuff-
1ng of the data is also performed, so the 6.312-Mb/s data rate is maintained. In
the receive direction, the DS-2 receive equipment is used to convert ECL to bipo-
Tar Tevels and clock the data from the high-speed receive equipment.

3.2.5.2.3 DS-3 Equipment (High-Speed). The DS-3 equipment in the DMX-13 consists
of the following modules:

a. High-speed Transmit Interface Module.
b. High-speed Transmit Common Module.

¢. High-speed Receive Common Module.

d. DS-3 Interface Module.

Figures 3-52 and 3-53 illustrate the high-speed iransmit and receive equipment
functions.

Either seven low-speed commons or seven DS-2 interfaces connect to one set of

high-speed modules. In the transmit direction, the high-speed transmit modules
combine data streams from seven low-speed transmit units and add overhead,
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i
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DS-3 INPUT
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TO STBY OF LO SPEED
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RCV INTERFACE
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<
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RCV/DS-2 SPARE

Figure 3-53. High-speed receive equipment signal flow.

3-70




consisting of stuff bits and frame synchronization, to form a 44.736-Mb/s data
stream. In the case of the DMX-13 B and C versions, the high-speed interface
module provides for switching of a standby low-speed rail in the event one of
the seven 6.312-Mb/s digital signals fails. This signal is routed to the DS-3
interface unit, where it is converted to a B3ZS (hipolar with three zero substi-
tution) signal compatible with DS-3 interface specifications. The DS-3 inter-
face unit also generates a 44.736-Mb/s clock (master synchronizing signal),
which is routed to the high-speed transmit modules and distributed to seven
low-speed circuits.

In the receive direction, the receive section of the DS-3 interface module con-
verts the B3ZS DS-3 signal to an ECL signal compatible with the high-speed
receive unit. The clock is extracted from the received signal and routed to
the high-speed receive module. The DS-3 signal is demultiplexed into seven
6.312-Mb/s signals, and stuff and frame bits added at the transmit end are
detected and deleted. The high-speed receive unit regenerates the seven
6.312-Mb/s clock circuits for the lTow-speed equipment. In the DMX-13 B and

C versions, the receive unit routes one of the seven data signals to the
Tow-speed protection spare during a low-speed failure.

3.2.5.2.4 LBO/Switch Equipment. A set of four duplex DS-1 signal lines connect
through the input/output wirewrap pin block to a DS-1 LBO/switch module. A set
of duplex DS-2 signal lines also connects through the pin block to a DS-2 LBO/
switch module. The LBO/switch modules provide LBO for extended line use and a
switching path to and from spare low-speed modules.

Each DS-1 LBO/switch connects a group of four DS-1 signal lines to 4 out of !
56 DS-1 interface modules in a muldem. Each DS-2 LBO/switch connects a DS-2
signal line to 1 of 14 pairs of DS-2 transmit interfaces and DS-2 receive
interfaces.

The LBO network used for each DS-1 line is provided in three versions, with the
application dependent upon the type of cable and its length. For pertinent
details concerning the LBO/switch equipment, refer to the DMX-13 A, B and C
Instruction Manual.

3.2.5.3 MCS-11 Fault Alarm System. One of the first decisions to be made in
the design of a monitor and control system for a digital radio is whether to
use analog or digital multiplexing for combining the monitor and control infor-
mation with the digital baseband. Most existing monitor and control systems
were designed for use with analog radio systems and use a combination of TDM i
and FOM. One or several tones in a voice channel are FSK-modulated by the

digital (TOM) monitor and control signals. This results in a basic analog

monitor and control system that, if used with a digital radio, would place

additional constraints on an otherwise all-digital transmission system.

Selection of an all-digital TDM approach is the best choice for interfacing

the digital monitor and control system with a digital radio such as the MDR _
series. Th.,s approach is easy to implement, and no additional modulation or |
multiplexing steps are required. The MCS-11 monitor and control system uses ;
two 32-kb/s auxiliary channels in the microwave digital radio. Auxiliary
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channel 3 is used for polled fault reporting, while channel 4 may be used for
continuous analog monitoring of remote sites. An FSK modem may be added if the
MCS-11 is used with an analog radio system.

Three basic functions are incorporated into the MCS-11 system:
a. Two-level alarm monitoring.
b. Integration of the basic MCS-11 system into the MDR radio.
¢. Discrete alarm display for troubleshooting purposes.

Two-level alarm monitoring provides continuous reporting of summary alarms and
reporting of more detailed module-level alarms, as required for remote trouble-
shooting. Time required to update all alarm reports for a system is considerably
reduced by limiting continuous reporting to only major and minor summary alarms.
Summary alarms provide the operator with system status information while pro-
viding limited diagnostic capability. Detailed module-level alarms are reported
on demand for use by technical personnel in troubleshooting the cause of the
summary alarm before *traveling to the remote microwave station. This enables
the technician to determine the precise location of the fault, so logistics
problems are reduced. Integration of the basic MCS-11 system into the MDR-()
auxiliary shelf reduces the need for an additional rack. External cabling for
connecting alarm points into the MCS-11 is reduced because the radio alarms are
directly connected in the radio rack. Discrete alarm displays are provided at
the appropriate maintenance facility and allow technicians to determine problem
areas from the remote sites.

3.2.5.3.1 System Technical Description. Figure 3-54 illustrates the basic MCS-11
system as used in a totally digital environment. The basic system consists of a
polling transmitter and master station receiver at the master station and a remote
station receiver and remote station scanner at the remote station. These MCS-11
modules use one of the auxiliary channels in the MDR radio for transmission of
data.

Each remote station scanner is strapped for a different binary address, so that
no two stations have the same address. The master station receiver is programmed
to poll automatically each of the remote station scanners that it supervises.
Operation of this basic MCS-11 system is described in the following paragraphs.

The master station receiver provides the polling transmitter with the address of
the next remote station scanner to be polled. The polling transmitter transmits
the remote station scanner address and a request for status serially to the auxi-
Tiary channel insert, which multiplexes the signal into the radio data stream.

At the remote station, the auxiliary channel drop demultiplexes the MCS-11 signal

from the radio data stream and transmits it serially to the remote station receiver.

The remote station re-~eiver provides the received address to the remote station

scanner on a parallel bus. If the received address is the same as the address :
for which the remote station scanner is strapped, then the remote station scanner

loads the 32 alarm inputs and transmits them serially to the auxiliary channel
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insert. The auxiliary channel insert multiplexes the remote station scanner
data into the radio data stream for transmission back to the MCS-11 master
station through the MDR radio system and the auxiliary channel drop at the
master station.

Alarm data is received by the master station receiver, stored internally, and
displayed on the LED (light-emitting diode) pane! of the receiver. Because

the alarm information is stored internally, the operator or technician is not
required to be at the site on a continuous basis. Alarms of a momentary nature
can be cleared at the master station. If an alarm is not of a momentary nature,
it can only be cleared manually at the remote site. Such a fault would require
the maintenance team to travel to the applicable site for further module-level
troubleshooting.

3.2.5.3.2 Master Station Receiver. The master station receiver provides three
forms of information to the operator (see figure 3-55). First, a column is pro-
vided to inform the operator whenever a particular remote station has been placed
into service. An LED associated with the particular remote station will be illu-
minated whenever the station is placed into service. The appropriate LED in the
second column will Tight whenever a change of status (COS) takes place at any
remote station. This LED will JTight o~ a COS from "no alarm” to "alarm" or on

a COS from "alarm" to “no alarm.” The third group of indicators provides the
operator with the ctatus of all 32 alarm points associated with the alarming
station. These 32 points are accessed manually by the operator and will not

be displayed unless requested. When all alarms have been analyzed by the tech-
nician, the location of the fault can be determined and appropriate maintenance
crews, along with test equipment, may be dispatched to the problem location.

The in-service row of lights indicates which stations are active and being polled
at a particular time. Note that up to 16 remote station receiver/scanner combi-
nations may be polled from a single master station receiver. The COS/NRPT lights
illustrate which stations have either reported a COS or did not report (NRPT)
during the last polling cycle. If a particular LED in the COS/NRPT column comes
on continuously, a COS indication is present, and the 32 alarm points associated
with that station may be observed by dialing the appropriate station number with
the switch in the lower right-hand corner of the panel. 1If the LED in the COS/
NRPT column flashes, then the indication is that the station associated with that
LED did not report during the last polling cycle.

The 32 points on the far right of the master receiver (DATA) are the major and
minor alarms associated with the selected remote station. At the remote station
the remote receiver, mounted in the MDR rack, is wired into the major and minor
alarms of the radio. Each MDR rack has associated with it the following eight
summary alarms:

a. 'A' transmit major.
b. ‘A' transmit minor.

c. 'B' transmit major.

d. 'B' transmit minor.




Il
COS/ c
@ SERV —NRPT DATA ———— &
1 1 1 17
2 2 2 18
3 3 3 19
4 4 4 20
5 5 5 21
6 6 6 22
7 7 7 23
8 8 8 24
9 9 9 25
10 10 10 26
11 AR 11 27
12 12 12 28
13 13 13 29
14 14 14 30
15 15 15 3
16 16 16 32
POLL RCV MINOR MAJOR
- RCV STATUS ALARMS )
EXT RESET  MEM SERV STAT!ON
ALM
LAMP DISABLE COS/NRPT HOLD
© e © . B S
/
TEST ENABLE EXT ALM NORM ouT
U ]

Figure 3-55. Master station receiver.
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e. 'A' receive major.
f. 'A' receive minor.
g. 'B' receive major.
h. 'B' receive minor.

Therefore, if a site has two radio racks being serviced by one remote station
receiver, 16 of the 32 alarm points will be used for major and minor alarms,
while the other 16 alarms are left for general housekeeping functions such as
the following:

a. Battery charger alarms.
b. DMX-13 multiplexer alarms.
¢. Channel bank unit alarms.

The MCS-11 system uses a redundant format in the control and data word formats.
Figure 3-56 illustrates the word format used. The poll word transmitted from
the master station to the remote station requests an alarm status report. The
word transmitted contains the address of the remote station scanner.

The data word, which is transmitted from the remote station to the master
station, contains the alarm status report (data) of the remote station. The
address transmitted is the address of the remote station.

In both the data word and the poll or control word, the address, control, and
data transmissions are repeated (transmitted twice), as shown in figure 3-56.
That is, the same eight address bits are transmitted in the first part of the
word and in the last part of the word. Likewise, the same eight control bits
are transmitted in each part of the control word. The start pattern (SP)
identifies the beginning of each word, and the word identification (WID) tells
the kind of word (control, data, etc.) being transmitted. A parity bit (odd
parity) is transmitted as the last bit in each word.

Four checks are made to ensure accuracy of the data and to reduce false alarms
caused by transmission errors:

a. At the remote station, the address and control bits in the two parts
of the poll word must agree with each other before the remote station reports
its alarm status. An error in any of the 32 bits will prevent a status report
on that poll.

b. At the master station, the address and data bits in the two parts of the
data word received from the remote station must agree with each other before the
master station receiver will accept the data.

c. The address in the data word received at the master station must agree
with the address that was transmitted from the master station in the poll word.

d. Each control and data word received is checked for odd parity and
rejected if parity is incorrect.
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r ————

' |
(POLL OR CONTROL WCRD)

' T
,' (DATA WORD) !
t T
! !
i I |
: MASTER REMOTE
3 POLLING STATION
TRANSMITTER SCANNER
' MASTER REMCTE
H STATION | STATION -
bk RECEIVER RECEIVER
MASTER STATION REMOTE STATION

MASTER TO REMOTE)

POLL DR CCNTRQL WORLD

NUMBER CF TS ~am 2 2 R 2 3 2 !

| 5P WIDI ADC ZCN ACC CON ]

(REMOTE TO MASTER)
CATA WORD
NUMBER OF BITS #2 2 8 32 8 32 1
[ SP .wiDI ADD. DATA [ACD! DATA |P|

SP — START PATTERN

WIiD — WORD !DENTIFICATION

ADD — ADDRESS

DATA — DATA FROM REMOTE TO MASTER
CON — CONTROL FROM MASTER TO RFMOTE
P — PARITY BIT

Figure 3-56. Word format.
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The basic MCS-11 system can be expanded to supervise as many as 256 remote
addresses, with an additional master station receiver added for each 16 remote
addresses. When other functions (such as remote control) are added, 128 of the
remote addresses are reserved for these functions. A second auxiliary channel
can also be used to double the size of the system.

Troubleshooting capability is added with the master detail receiver at the
master station and remote detail scanner at the remote station. The master
detail receiver displays 62 alarm points for each rack of MDR-() equipment.
This display gives more troubleshooting information than the eight summary
alarms displayed by the master station receiver. A panel view of the master
detail receiver is shown in figure 3-57. The alarm display part of the unit
is identical to the display unit mounted in each MDR-() rack. The 3-digit
meter display is used to remotely select and read voltages and signal levels.

The master control unit (shown in figure 3-58) at the master station and the
renote control decode and remote control interface at the remote station pro-
vide capability for remote control. Manually controlled switching of communi-
cations functions, such as switching a digital baseband signal to a spare
channel, can be accomplished remotely. Periodic maintenance checks of vari-
ous station equipment, such as diesel engine/generator sets, are also feasible.

A block diagram of the master station expanded to include a second master station
receiver, a master detail receiver, and the master control unit is shown in fig-
ure 3-59, The master supervisory unit is used to control the operation of the
other units, so that each unit polls its remote addresses in turn and only one
unit is transmitting at a time. The master control unit transmits controls only
on operator command.

Figure 3-60 shows a remote station with capability to transmit detail alarms and
to remotely control 16 functions. The remote control decoder associated with
the remote control interface provides control status information to be displayed
on the master control unit.

Space is provided in the auxiliary shelf of the MDR-() at a repeater station
for all of the functions described. At the master station, the MCS-11 equip-
ment is housed in a separate shelf.

3.2.5.4 ITT T324 Channel Bank Unit. The ITT T324 Channel Bank Unit, commonly
referred to as the T324 Trunk Carrier System, multiplexes up to 24 voice channels
into a DS-1 digital signal (1.544 Mb/s). This T-1 carrier is routed to the Yow-
speed DS-1 equipment within the DMX-13 A, B or C for subsequent multiplexing to
the DS-3 level (44.736 Mb/s). Conversely, in the receive direction, the 7324
Trunk Carrier System demultiplexes the T-1 digital signal into its 24 constituent
VF channels.

3.2.5.4.1 System Description. Refer to figures 3-61 and 3-62 for functional
block diagrams of the multiplex terminal in both transmit and receive modes.
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In the transmit direction, the common equipment in the multiplex terminal sam-
ples each of the 24 channel units at a rate of 8,000 times per second. The
transmit channel gate pulse signal from the transmit logic unit gates a sample
of the VF signal out of a channel unit. The VF sample is referred to as the
pulse amplitude modulated (PAM) signal. The PAM highway provides a path for
the PAM signal between the channel unit and the encoder unit. The encoder
unit, under the control of the transmit logic unit, converts the analog PAM
signal into the 7-bit binary code. The transmit logic unit first inserts the
appropriate signaling information into the bit stream and then converts the
binary signal to bipolar PCM by converting alternate pulses. It then feeds
the PCM signal to the upper-level muldem low-speed interfacer.

In the receive direction, the receive logic unit processes the incoming bipolar
PCM into the parallel binary format required by the decoder unit. The decoder
unit converts the binary signal to a PAM pulse (analog) and outputs it on the
receive PAM highway to the channel unit. The receive logic unit gates the
receive PAM highway to the proper channel unit. The channel unit converts

the PAM pulse back to a VF signal and outputs it to the trunk or subscriber
drop.

Note the two general analog categories of equipment are common equipment and
channel units. The analog VF signals are handied by the channel units. The
common equipment controls the flow of data and codes and decodes the data
between analog (VF) and binary.

3.2.5.4.2 Common Equipment. Common equipment in the 7324 Trunk Carrier System
consists of five units:

a. Encoder.

b. Decoder.

¢. Receive Logic Unit.

d. Transmit Logic Unit.

e. Power Supply and Alarm Unit,
Figures 3-61 and 3-62 may be used for the following discussion.
This common equipment is divided into three major functions: transmit, receive,
and power. The transmit function gates VF signais out of the channel units and
codes them into bipolar PCM signals for transmission over a 1.544-Mb/s facility.
The receive function decodes the bipolar PCM signal input from the 1.544-Mb/s
facility into PAM signals and forwards them to the channel units. The power
supply and alarm unit converts the -48-volt (or -24-volt) office supply into
the four common equipment operating voltages, processes alarms, and provides
certain test capabilities for the T324 Trunk Carrier System.

The transmit function is performed by the encoder and transmit logic units.
The encoder unit provides analog voltage storage and comparator circuitry.

3-85




The transmit logic unit provides timing and all digital functions, including
the generation of the bipolar PCM output to the span line termination equipment.

The receive function is performed by the receive lcgic and decoder units. The

receive logic unit provides receive timing and converts the serial bipolar PCM

tc 8-bit parallel words. The decoder unit converts each 8-bit parallel word to
an analog voltage and outputs it to the PAM highway. The PAM highway is gated

into the channel units by the receive logic unit timing.

The power supply and alarm unit provides power supply, alarm, and test control
circuitry. The supply is a dc-to-dc converter that provides the dc voltages
to operate the common equipment and channel units. The alarm circuits monitor
and display local and remote alarms. The alarm circuits generate the carrier
group alarm (CGA) control function furnished to all channel units and to asso-
ciated switching systems. The test control circuits provide control functions
for looping, shifting, and testing a 7324 Trunk Carrier System. The test con-
trol circuits also permit activation of the alarm cutoff (ACO) condition in
both trunk and subscriber applications.

3.2.5.4.3 Channel Units. The T324 Trunk Carrier System will accommodate up to
24 VF channel units in any configuration desired. The trunk channel units used
provide an interface between central office (CO) switching equipment and the
common equipment units in the T324.

The T324 channel units are selected to occupy particular positions in the multi-
plex shelf, based upon the VF (two-wire or four-wire) and signaling requirements
of the connecting trunks or subscriber circuits. Each of the trunk channel units
consists of circuits for transmitting VF and signaling, circuits for receiving

VF and signaling, and circuits that perform disconnect/make-busy (DMB) functions
[except the four-wire transmission-only channel unit, which contains only VF and
out-of-service (0S) circuits].

The transmit VF and signaling circuits accept outgoing voice and signaling infor-
mation from the related trunk or subscriber loop. Samples of this information
are gated to the common equipment units via the transmit PAM and signaling high-
way under control of transmit channel pulses from the transmit logic unit.

The receive VF and signaling circuits demultiplex message and signaling pulses
appearing on the receive PAM and signaling highways from the common equipment
units. The demultiplexing process is controlled by receive channel pulses
from the receive logic unit, and the demultiplexed message and signaling
pulses are converted to VF and signaling information for application to the
associated trunk or subscriber lcop.

The DMB circuits operate under control of CGA signals from the power supply and
alarm unit. This feature is provided so circuits associated with a particular
trunk will be made busy in the event of a carrier failure.
Two general types of channel units are specified:

a. Four-wire units.

b. Two-wire units.
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The 4-wire channel units include the following five types of modules:

a. Four-wire transmission only (4WTO).

b. Four-wire E&M (4WEEM).

c. Four-wire Foreign Exchange Office (4FX0).

d. Four-wire Foreign Exchange Subscriber (4FXS).

e. Four-wire pulse link repeater (4WPLR).
The 4WTO channel unit provides a 600-ohm, 4-wire, 2-way VF message circuit. The
unit is designed for use in exchange, extended area service (EAS), toll connecting,
and intertoll trunk applications. No E&M signaling is provided with this channel
unit,
The 4WEBM channel unit interfaces the 1324 common equipment and the CO equipment
to provide a 600-ohm, 2-way, 4-wire E&M message circuit. As with the 4WTO chan-
nel unit, the 4WESM channel unit is designed for use in exchange, EAS, toll con-
necting, and intertoll trunk applications. This channel unit does, however,
provide for E&M signaling.
The 4WFX0 channel unit interfaces the T324 common equipment and the CO equipment
to provide the office end of a ground start or loop start Foreign Exchange cir-
cuit.
The 2-wire channel cards include the following six types of units:

a. Two-wire E&M (2WEBM).

b. Dial pulse originating (DPO).

c. Dial pulse terminating (DPT).

d. Two-wire Foreign Exchange Office (2WFX0).

e. Two-wire Foreign Exchange Subscriber (2WFXS).

f. Two-wire E&M with 4-wire access (2W/4WACC).
The 2WE&M channel unit interfaces the T324 common equipment and CO equipment to
provide a 600- or 900-ohm, 2-wire, 2-way E&M message circuit. The unit is

designed for use in exchange, EAS, toll connecting, and intertoll trunk appli-
cations.

The DPO channel unit also interfaces the T324 common equipment and CO equipment

to provide the originating end of a 1-way EAS, toll connecting, or intertoll trunk.
This unit is used in conjunction with the DPT channel unit. The DPT channel unit
simply provides the terminating end of a 1-way EAS, toll connecting, or intertoll
trunk.




The 2WFX0 channel unit interfaces the T324 common equipment and the CO equipqent
to provide the office end of a ground start or loop start Foreign Exchange cir-
cuit. The 2WFXO channel unit provides a 900-ohm, 2-wire message circuit.

The 2WFXS channel unit interfaces the T324 common equipment and the subscriber
equipment to provide the subscriber end of a ground start or loop start Foreign
Exchange circuit. The 2WFXS channel unit is used in conjunction with the 2WFXO0
unit described above.

The 2W/4WACC channel unit interfaces the 7324 common equipment and the CO equip-
ment to provide a 2-wire, 2-way E&M message circuit with a 600- or 900-ohm,
4-wire VF termination set.

3.2.6 Path and Site Planning. The first step in planning the system is to
define operational requirements that the overall system is to satisfy. This
initial step is dependent upon growth capabilities the system is to possess,
as well as cost requirements involved in its procurement. Traffic studies
should be performed and reliability requirements should be determined. These
factors all play important roles in the final determination of basic equipment
and site and route selection. System requirement studies and traffic studies
are not discussed within this section. Information dealing with these topics
is contained in other texts, listed in appendix B of this manual.

This section will provide a background in the various disciplines of trans-
mission engineering necessary to design the system for optimal performance.
Usable equations dealing with propagation and path analysis are presented in
order to provide both an interesting introduction to the necessary transmission
problem and a usable reference for future use. Other information on the topics
discussed in this section may be found in the texts referenced in appendix B.

3.2.6.1 Site Selection. The preliminary site selection can usually be made from
various map and/or aerial photographs of the terrain. Until the site survey is
performed, however, the exact site selection will not be made. Maps typically
prove to be the best source of information for initial system layout, while the
aerial photographs prove to be of more use after the system has begun to take
shape.

One excellent source of information is the aeronautical chart, which is published
for most countries that use commercial and private air navigation. The U.S. Coast
and Geodetic Survey publishes and distributes aeronautical charts of the United
States, its territories and possessions. Charts of other areas are published by
the U.S. Air Force Aeronautical Chart and Information Center (ACIC) and sold to
civil users by the U.S. Coast and Geodetic Survey. A catalog of aeronautical
charts is available from one of the following field offices, which will also
supply the aeronautical charts desired on a specific order,

Chief, New York Field Office West Coast Field Director
U.S. Coast and Geodetic Survey U.S. Coast and Geodetic Survey
Room 1407 Federal Office Building Room 121 Courthouse
90 Church Street 555 Battery Street
New York, NY 10007 San Francisco, CA 94111
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Mid-Continent Field Director
U.S. Coast and Geodetic Survey
Room 1436 Federal Building

601 East 12th Street

Kansas City, MO 64106

The aeronautical charts typically show elevations in contours of 500 or 1,000
feet and are therefore not very useful in the actual plotting of the path pro-
file. However, these charts do show airports, airways, major aerial obstruc-
tions, air navigation routes, and large topographical features such as lakes
and mountain ranges. Also, they may be ordered with the flight chart overlay,
which shows the established commercial airways.

By plotting the tentative transmission terminal locations on the aeronautical
chart, an overall view of the route may be seen. Generalizations can also be
made concerning features to be avoided. After an overview is gained of the
desired route and site, the systems engineer can turn to more in-depth mapping
tools for basic path and site selection. Among these are aerial photographs
and the field survey itself. Aerial photographs are often very useful in rough
terrain, because they show trees and other pertinent information in greater
detail than can a topographical map.

Two types of site requirements exist in the design of a system: terminal
sites and repeater sites. Terminal sites are usually fairly well defined, and
the design of the path is a function of these locations. The terminal site may
use an existing facility that is high enough and structurally sound enough to
permit mounting of antennas on the building itself, thereby eliminating the need
for adjacent towers at the terminal sites. Repeater sites may be of two types,
depending upon the application of the system:

a. Repeater with drops and inserts.
b. Repeater with no drops or inserts.

The choice of intermediate repeater sites is greatly influenced by the nature of
the terrain between sites. In preliminary planning it may be assumed that in
relatively flat areas the path lengths will average between 25 and 35 miles for
the frequency bands from 2 GHz through 8 GHz, with extremes in either direction
depending upon terrain. In the 11-GHz and higher bands, the pattern of rainfall
has a large bearing on path length.

The possibility of other forms of interference, internal or external to the system,
must also be considered. Internal interference may take the form of overreach,
junction, or adjacent section interference. External interference may take the
form of radar interference, interference from nearby radio systems of similar
frequency, or interference induced from unfiltered lower frequency radio systems.

Maintenance access is another important consideration. Maintenance costs are
the highest operational cost incurred in a system. Therefore, a significant
reduction in total Tife cycle cost may be realized by minimizing the overall
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maintenance costs. If possible, access roads should be considered for equipment
maintenance, both routine and otherwise. If site access by road is impossible,
then the additional cost of airlift access must be considered.

In selecting a site for either a terminal or an intermediate repeater, a number
of other factors must be considered. These considerations fall into the fol-
lowing categories:

a. A full description of each site must be given by geographical coordi-
nates (longitude and latitude), access roads, and physical objects with which
it can be identified. Geographical coordinates should be computed to the
nearest second of latitude and longitude for the exact location recommended
for the tower. These characteristics are pinpointed during the field survey
phase, so final path profiles and system calculations may be performed.

b. Any unusual weather conditions to be expected in the area should be
considered, including the amount of snow and ice accumulation, maximum expected ;
wind velocity, and range of temperatures. i

¢. A description of the physical characteristics of the site should be
prepared, indicating any required leveling, removal of rocks, trees, or other
structures, etc.

d. The relationship of the site to any commercial, military, or private

airport should be considered. It is very important to determine the relation-

‘ ship of the site to the orientation of runways where planes may be taking off

{ or landing. This information is needed to determine problems that may induce
' potential obstructions to air traffic. Radar systems associated with air traffic
control may also create interference problems if not properly taken into account.

e. The mean sea level elevation of the site shouid be determined at the
recommended tower location, together with the effect that site leveling will
have on that elevation,

f. If possible, a full description or recommendation should be prepared
for an access road from the nearest improved road to the proposed building
location.

g. Commercial power sources should be considered. It may be advantageous
to relocate a particular site near a commercial power source rather than near an
access road, for instance. Diesel engine/generator sets may not be cost-effective
when considering the initial cost and the routine maintenance involved.

h. Any other factors that may be relevant in site planning should be
recorded for future use. Factors that may not seem important initially may
become significant as various tradeoffs are analyzed.

3.3 System Operational Reliability. Hardware for a digital microwave communi-
cations system should be designed and configured using redundant, dependable
circuitry to provide high quality, reliable operation with minimum traffic
interruption. Once a failure has occurred, modular construction of the system
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components permits rapid fault isolation and repair. The ease with which the
equipment can be maintained in an operational status and the length of time
between failures are factors that determine the kind of support that must be
provided to ensure optimum equipment operation. This support includes the
necessary tools, test equipment, and spare modules, as well as adequate
maintenance facilities and trained personnel.

The use of built-in test equipment (BITE) and fault indicators minimizes the
need for additional test equipment. In many cases, the malfunctioning module
or assembly can be detected using BITE and fault indicators. Once the defec-
tive module is replaced, the support test equipment is required to align or
adjust the system components to ensure optimum operation. By using plug-in
modules and screw-down assemblies, the units may be replaced with a minimum
number of common tools. The defective module or assembly is shipped to the
factory for repair, necessitating a logistics system and a local supply of
spare assemblies.

3.3.1 Performance Standard. Quality, as a degree of excellence, may be described
by many different terms: superb, bad, sufficient, and marginal. Comparison of
any two of these words would indicate a degree of quality, but comparison would
only reflect a relative meaning with no measurable value. Statements of quality
are only meaningful when we express them in terms of specific quantitative char-
acteristics. In microwave systems, such characteristics are performance and
reliability. Performance information is typically published in technical data
sheets, but reliability information, as measured by failure rate predictions,

is not always published by all equipment manufacturers.

Predictions are ultimately based upon the individua) component failure rates,
expressed in failures or fractions of a failure per million hours. Ffailure
rates are tabulated for various environmental and operational conditions,
which vary for all types of equipment applications Equipment mean time
between failure (MTBF) is an important element in determining the worth of

a microwave system. A properly designed microwave system is not necessarily
the one that provides the required performance with the lowest initial pur-
chase price. It is the system that provides the regquired performance with
the lowest total lifetime system price (including both equipment and operation).
The following paragraphs provide an introduction to the theory, practice, and
application of microwave equipment reliability predictions.

At the outset of a system conception, system reliability must be discussed and
defined in terms of the required installed system performance. Four essential
system parameters describe the installed system performance and, together,
define the system <*andard. These parameters are illustrated in figure 3-63.

3.3.1.1 System Design. The factors which must be considered by the system
designer in providing the optimal system for the application have already been
discussed. The installed equipment performance can only be as good as the
weakest component in the system. The system configuration is one such link.
The module design is on the same hierarchy chain as the system design, and

the overall system performance is dependent upon both.
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3.3.1.2 System Installation. A poorly designed system will inherently yield
poor performance. In the same way, the system performance will only be as good
as the installation. Incorrectly matched waveguide will yield intrasystem inter-
ference in the same manner that configuring the path incorrectly may create
interference. Therefore, the system installation is just as important as the
other three factors illustrated in figure 3-63.

3.3.1.3 System Propagation Reliability. Just as the system design and installa-
tion affect the performance criteria of the total system, propagation reliability
also plays an important role. This topic, discussed in section 5.2.1, equates
percentages of outage time of the communications circuits to the parameters
associated with the path in question.

3.3.1.4 System Hardware Reliability. System hardware must provide the hardware
reliability specified by the customer. Equipment reliability is defined in either
of the following terms:

a. Availability of the system to transmit and receive information between
two end users, i. percent of time.

b. Equipment MTBF.

Hardware reliability is predictable and measurable. Estimation of hardware
reliability involves the following steps:

a. A block diagram model of the proposed system is prepared, including all
equipment that could cause a system failure and indicating redundancy.

b. Equipment failure rates are calculated for equipment ambient temperature
plus internal heat rise, using component failure rate data.

c. Actual equipment failure rates are obtained from life cycle tests and
field data collected on the basis of warranty, service, and spare parts orders.

d. Mean time to restore (MTR) information should be derived based on the
following data:

(1) Mean time to repair/replace (MTTR) failed module.

(2) Travel time required for maintenance personnel to reach the site
of failure.

(3) Probability of having a spare module of the failed type on hand.

(4) Time required to obtain a spare from another site or an outside
source when no spare is on hand.

In summary, while the science of statistics may seem to defy precise definition

of reliability in terms of commonly used system techniques, a microwave communi-
cation system cannot be adeguately designed to a given performance goal without
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an explicit knowledge of the required reliability. This design process defines
the means of measuring the installed system.

The purpose of the discussion of equipment reliability is threefold in nature.
First, the fundamental definitions, equations, and mathematical laws applicable

to reliability predictions and evaluations of microwave systems will be discussed.
Evaluations must include consideration of both hardware and propagation outages.
The effects of maintenance and sparing practices upon operating system reliability
will be examined, and the basic elements necessary to ensure reliability in design
and production will be defined. Secondly, typical configurations of microwave
radios will be covered. Predicted MTBFs for various system configurations will
show a comparison between analog and digital systems. Finally, the comparative
worth of reliability in microwave systems will be discussed. Without attempting
to list all of the aspects of a full-scale, life-cycle cost analysis, a simple

and straightforward method for performing preliminary analyses of the worth of
higher reliability ecuipment in any type of system will be presented.

3.3.1.4.1 Definitions of Equipment Reliability Parameters. The following para-
graphs provide definitions of terms useful in understanding and calculating
various parameters associated with hardware reliability.

MTBF is defined as the mean value of time between successive failures of a system
or component of the system. This is the ratio of operating time for a population
of a given eauipment type divided by total failures in the same period. For sin-
gle units it is also the reciprocal of the failure rate, . Therefore, the
larger the value of the MTBF, the greater the reliability. MTBF is given by

MTBF = ours of Operation _ 1
Failures :

where
\ = the failure rate of the equipment in failures/hour.
Failure rate (1) is often given in failures/hour. This parameter is defined as

the number of failures divided by the operating time interval in question. Failure
rate is given by

N P
b * MTBF
where
a = number of failures, and
b = duration of operation (hours).

Reliability (R) is the probability that no failure will occur on the system
during a certain period of time. Reliability is given as a function of time:

R(t) = e\t
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where
e = natural logarithm base (2.71828)
= failure rate (failures/hour)
t = operating time (hours)

Mean time to repair (MTTR) is the average time required to repair a fault. This
includes fault ispolation time, repair time, and test time, but excludes adminis-
trative time. Travel time (TT) is the travel time to the site of failure, nor-
mally expressed in hours. The probability of having a spare on hand (PS) is
self-explanatory. The time required to procure a spare (TR) is the time neces-
sary to obtain a missing spare, expressed in hours. These parameters can be
used to determine the mean time to restore (MTR), which is the average time
required to restore system cervice by the quickest means, such as module
replacement. The time required to replace defective components within a
defective module is not included in MTR. The equation that gives MTR is

MTR = MTTR + 7T + (1-PS) TR

where MTTR, TT, PS, and TR are as defined above.

Availability (A) is expressed as the possibility that a device or system will
be operable at any given point in time. Availability is also defined as the
ratio of "up time"” to total time. A is given by equation

A up time MTBF 1

T up time + own time MT8F + MTR ~ 17+~ MIR
Unavailability (U) is the complement of availability. U is expressed by

- . down time
U=(1-4)-= down time + up time

Outage (0) in hours is merely the product of U and hours in one year, or

0 = Ut
where
t = 8760 hours/year.

3.3.1.4.2 fundamentals of Hardware Reliability Predictions. Predictions of
failure within electronic devices and systems are based primarily on statistical
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information. With the notable exception of electromechanical and mechanical
devices, most components exhibit an exponential failure density function; that
is, the reliability of the device decays exponentially with time. It is known,
however, that electronic equipment may contain parts subject to early defects,
or “infant-mortality” failures. It is also known that the rate of failures
increases as the device nears the end of its life. During the useful life of
the equipment, however, the rate of failures tends to remain constant. These
tendencies are illustrated in the familiar “bathtub" curve in figure 3-64,
where failure rate is plotted against time,

The rate of failures tends to decrease after the burn-in or debugging period
takes place. The length of this period is predominantly dependent upon the
complexity and type of parts employed in the unit. Useful lifetimes of elec-
tronic devices are quite long (from 10 to 30 years). As the individual parts
begin to reach the ends of their useful lifetimes, the rate of failures in the
equipment begins to rise. When piece parts are replaced before the end of their
useful Tife, however, the constant failure rate portion of this curve may be
extended indefinitely. As seen in figure 3-64, the reliability of a component
during its useful life is expressed in exponential form:

failure rate,

14
"

a constant, and
t = time.

Since reliability is a probability function, the basic laws of probability may

be employed to determine the probability that the system will perform within
specifications. For example, the reliability function for a series system is

the product of the availability (A) functions for each part within Fhe system,
This concept is illustrated by figure 3-65. Availability for a series of non-
redundant system blocks is the product of each block's availability, as expressed

by

AS=A1XA"“"'XAN=1;1 Ai

The failure rate for a series of system blecks is the sum of each block's failure
rate:

n
LU R T U I W 2: i
S ‘ "R
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Figure 3-65. Calculation of
reliability for a series sys-
tem configuration.

Therefore, the reliability of the total system is
= e st
Rs (t) = e

Availability of a parallel network of system blocks is calculated by

where U = unavailability of the block =1 - A.

{ Given MTR, the . for the system can then be found by
i
| 1-A
SO
p Ap MTR

Therefore, the reliability of the parallel network is Rp(t) - e 'PL,

A simple parallel (redundant) configuration is illustrated in figure 3-66. This
configuration requires at least one functioning unit to be available. This sys-
tem availability is equal to 1 minus the arithmetic product of all the unavail-

abilities.
1
' 2 \ A'*
l |
1 |
! '
n ~
Figure 3-66. Calculation of
reliability for a parallel
(redundant) system.
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A more complex configuration is shown in figure 3-67. This system includes a
number of series and parallel configurations, which are connected in different
ways. For example, a number of subsystems with redundancy, i.e., parallel con-
figurations, can be connected in series, or, on the other hand, a number of
series structures can be connected to form a parallel combination. 1In this
way, parallel-series and series-parallel connections are obtained, for which
one can derive single formulas for reliability calculations. However, the
same result may be obtained through a systematic reduction procedure. This
method entails grouping the units into suitable reliability blocks, which are
then combined in accordance with simple rules for series and parallel configu-
rations. This procedure is illustrated by figure 3-67 and expressed by

A system = AI X AII x A

111
and
1
A system =
1 + lsys MTRSyS
] l | |
| | | |
| 5 : ] 7 9 |
— — 2 3 4 —
o L l | 8 — 10 l
l l |
|  BLOCK I l BLOCK i | BLOCK 1l |
| i i |
Figure 3-67. Reliability calculations ‘
for a mixed (series-parallel) network. {
Therefore,

1 - Agys

A system =
sys sys l
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An important point should be made concerning the block diagrams used in fig-
ures 3-65 through 3-67. These are called reliability block diagrams and are
used to indicate how the parts of a unit or system are connected, from a
reliability point of view, for one or several given operational modes. A
reliability block diagram is not the same as an electrical block diagram, but
rather is a technique used by the reliability engineer only. The correct
reliability block diagram is not always easily determined. A good knowledge
of the system, as well as the individual modules and components, is necessary
to accurately derive it.

3.3.1.5 Reliability Summary. In summary, a few important points should be

made concerning system reliability and, specifically, the hardware reliability
element. Two reliability elements must be considered when determining the over-
all system reliability: propagation reliability and hardware reliability. Both
elements play equal roles in the determination of system reliability from a user's
viewpoint.

In general, reliability is defined as the probability that a system will operate
as intended during a certain period of time. [t is normally presented in the same
way as probability, that is, either in decimal form or as a percentage. There-
fore, a reliability of 0.85, or 85 percent, for a period of 1 year, obtained for
a transmission system, means the chance is 85:100 that the equipment will operate
without failure for 1 year. This reliability fiqure is a function of the fail-
ure rate (-) and the time (t). The failure rate ( ) is typically defined for
three periods throughout the equipment lifetime: the early or infant failure

( period, the constant failure rate period, and the wear-out failure rate period.

i These three periods were illustrated in figure 3-64.

The MTBF is simply one method of describing the behavior of a repairable system
or unit. This figure, usually stated in hours, designates the mean value of the
times between successive failures and is usually expressed as the reciprocal of
the failure rate, or 1/:. The availability, on the other hand, is the most
important parameter from the user's viewpoint. This figure is described as

the probability that a system is in operation when it is needed. The usefulness
of the terms described in this section is illustrated in the following section,
which covers the determination of adequate spare module quantities.

3.3.2. Spares Requirements. Spare parts are an essential element in any logis-
tics support process. This element must be properly planned and inteqrated with
all other elements (publications, test and support equipment, personnel training,
facilities, etc) to ensure optimal performance of the support program and thereby
achieve a viable system.

The spare parts process, often called "provisioning,” is not a new concept. Pro-
visioning has been employed for hundreds of years by various means. In the early
days, individuals were primarily concerned with determining the items (food, fuel,
clothing, etc) to meet their basic needs, whereas in today's highly technical
environment we encounter more complex situations.

When procurement of a new item of equipment takes place, prior to its development
a decision must be made about the spare parts required to support and maintain the
new equipment. Incorrect decisions, poor estimates of service life, and improper
selection levels can result in inadequate spares and lead to inoperative equipment.
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On the other hand, poor decisions can result in excessive support, reflecting
needless expenditure of funds for unnecessary spares, warehousing, and disposal.

3.3.2.1 Spares Theory. The requirement for spares is a direct result of cor-
rective and preventive maintenance actions. To ensure that the necessary spares
are available to fulfill these needs, it is important that the selected spares
support the maintenance levels established by the maintenance plan and be located
at the appropriate maintenance area. The following paragraphs provide the infor-
mation on which the spares allocation is based.

To determine the optimal set of spare parts to fulfill the system requirements,
it becomes necessary to predict the number of expected failures during the
spares provisioning (stockage) period. It has been determined, through con-
siderable testing and experience from field failure data, that electronic
equipment and part failures occur at random intervals and reflect a relatively
constant failure rate during their useful lives. The typical failure rate pro-
file, better known as the "bathtub" curve, is illustrated in figure 3-64. Since
the anticipated failures occur at random intervals and the expected number of
failures is the same for equally long operating periods, the reliability is
defined by the familiar exponential formula: '

R(t) = et
where
e = natural logarithm base (2.71828),
= failure rate, and
t = operating time.

Spare provisioning normally deals with the spares requirements during the useful
1ife period. Special considerations and adjustments must be made when the equip-
ment is deployed prior to its burn-in or when it enters the wear-out period.

Assuming the exponential density function as a model, Poisson distribution can

be utilized to determine the probability of having a specified number of failures
during a given period of time. The Poisson distribution includes a number of
terms, and each represents the probability of 0, 1, 2, 3, or more failures for
the period under consideration. The formula used to calculate these probabili-
ties, discussed in the following paragraphs, considers a constant failure rate.

It is desirable to have a certain level of assurance of having the necessary
spare parts available when replacements are needed; therefore, it becomes
necessary to determine the required individual probability levels to provide
the desired overall probability. In the equation below, the probability cal-
culated for P(X) represents the probability for an individual item:

X (gat)" _-gat
P(X)=r§0—qﬁl—-eq
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where

P(X)

probability of having X or less failures in time ¢,

r = range of X,

x = number of spares required to achieve the required P{X) value,
- = failure rate of individual device,

t = total mission hours, and

q = total quantity {individual device).

Since the individual spare parts that make up a spares inventory are independent
items, the Multiplication Theorem can be used to determine the individual prob-
ability which must be provided by each item to achieve the desired overall spares
probability. The Multiplication Theorem states: "When the probabilities of inde-
pendent events are known, the probability that all of the independent events will
occur is the product of the individual events.” This probability is illustrated
by the following equation and considers the probability level of each independent
event being equal.

oc = (1c)
where
0C = overall confidence level,
IC = individual confidence level, and

N

number of line items.

For example, what would be the required individual confidence level to achieve a
95-percent overall confidence level when there are 10 different items? The
required individual confidence is 99.49 percent, as expressed by the equation
below and illustrated in fiqure 3-68.

oc = (1c)N

¢ = (oc)!'/N
- (0.95)'/10
= 0.994884

3.3.2.2 Operational Suppor “oancept. Determining the appropriate spares inven-
tory to properly support a communications system requires certain basic support
considerations. Two major categories that must be considered in the initial
spares planning phase include the system/equipment operational acpect and the
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maintenance approach. The basic system/equipment operational and maintenance
considerations include the planned deployment of equipment by geographical loca-
tion, maintenance levels, equipment redundancy and criticality to mission success,
and operational environment. Maintenance levels are often placed in three general
categories (organizational, intermediate, and depot); however, the categories may
vary among programs. These maintenance levels are sometimes categorized as levels
1, 2, and 3, respectively. Each of these maintenance levels is discussed in sec-
tion 3.3.3.3.

To ensure the correct level of spares is properly positioned for each maintenance
Tevel, the selected spares must be compatible with the specific maintenance base-
line established for the program. The maintenance levels established will define
the tevel of maintenance to be performed at each echelon, thereby eliminating any
doubt about the level of spares required for each maintenance level. This is an
important aspect in the spares selection process, since all support elements
evolve around the same maintenance approach and must be compatible to be effec-
tive. The following are some other individual spares parameters that must be
considered in determining the correct level of spares:

a. Provisioning period.

b. Equipment operating hours.

c. Maintenance level.

d. Operating environment type (fixed ground, airborne, shipboard, etc).
e. Repair turnaround time.

f. Required spares probability level.

g. Special considerations (budget constraints, custom impacts, etc).

3.3.2.3 Spares Computation. One of the final phases of the spare parts provi-
sioning process is the determination of the required spares quantities to meet
the demands of both preventive and corrective maintenance actions. The three
phases of the provisioning process establish the LEVEL of spares required,
WHERE the spares should be stocked, and also the required QUANTITY to satisfy
the particular demands for spare parts during a given time period.

As noted previously, the Poisson distribution can be used to predict the proba-
bility of a certain number of failures in a given period of time. This statis-
tical prediction method becomes a very useful means in the determination of
spare parts requirements. Poisson distribution consists of a number of terms,
each of which gives the probability of 0, 1, 2, 3, or more failures during an
increment of time. To illustrate the distribution, the Poisson distribution
formula can be explained as follows:
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0 -t 1 -q't 2 -q-:t
(q-t)" e {(qgrt) e (q-t)° e
P(X) = _ELTTT_ + —QTT—_' + —S?T——
PR . n
(a:t)” -qot (q:t)" ,-q-t
* 3! ¥ * n!
where
13;522 ettt probability of 0 failure in time t and is equivalent to
0! the probability of survival,
(q)t)] P [ probability of 1 failure in time t,
1T
(gat)? €79t = probability of 2 failures in time t,
2!
(q:x.t)3 st probability of 3 failures in time t, and
3!
n _-g\t _ Y . . .
(g:t) e = probability of n failures in time t.
n!

In the following paragraphs, a sample spares equipment calculation will be
presented. The sample spares calculation considers a consumable type item
with the following support parameters:

a. Provisioning period: 1 year.

b. Total quantity: 10.

¢. Equipment operation: 4,000 hours/year.

d. Failure rate: 1.000 percent/1,000 hours.

e. Overall confidence level: 0.90.
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NOTE

The required individual confidence level mus* be
calculated. Assume the spares complement heing
concidered in this example consists of 110 dif-
ferent items; therefore, the required individual
confidence level must be 0.999 as illustrated
below:

1c = (oc)'/N

- (0.90)/110

0.9990426

In the above example, how many of this particular item should be procured as
spares to ensure the required spares probability level is obtained? To deter-
mine the required quantity, the Poisson equation must be expanded until the
probability of having X or less failures is greater than or equal to the
required individual probability level. As illustrated in table 3-6, three
spares would be necessary to achieve the required spares probability level.

There is one caution to heed when calculating the spares for repairable systems.
When the reliability of a repairable item is such that its probability of surviv-
ing the repair cycle without a failure is greater than or equal! to the required
spares probability, another calculation must be made in regard to the provi-
sioning period. Providing the probability of the item surviving the provi-
sioning period without a failure is also greater than or equal to the required
spares probability, the required number of spares would be 0. 1f the proba-
bility of surviving the provisioning period is less than the required spares
probability, a quantity of one spare would be required. The check with the
provisioning period is not necessary for repairable items when the probability
of having one or more failures during the repair cycle is less than or equal

to the required spares probability.

The calculation of spares requirements for a particular system is not normally
within the scope of a systems engineer's task. They have been provided within
this subsection to give the system designer a general understanding of the
mechanics of spares provisioning requirements.

3.3.3 Maintenance Fundamentals. Maintenance and sparing practices affect the
operational reliability of a microwave system. The practice of repairing or
replacing defective units immediately upon receipt of an alarm on a continuous
basis is often called an "alarm-and-renewal” policy. It is also knrown as
"continuously manned" or "round-the-clock maintenance." By contrast, the
practice of inspection and renewal requires only that the system be periodi-
cally inspected to detect failures and effect repairs. This practice is also
sometimes referred to as "unmanned maintenance." Both maintenance practices
are commonly in effect within an operational system. It is convenient, there-
fore, to define a "split-maintenance period" as that smallest repetitive period
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